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Foreword

Sex-Specific Anaysis of Cardiovascular Function

Cardiovascular disease is the leading cause of morbidity and mortality for
women in the Western world, and a major contributor to their illness spectrum
in developing countries. Despite these facts, until recent decades, cardiovas-
cular disease was considered a man’s problem. The consequence was that the
major evidence base, randomized controlled trials of cardiovascular diseases
and their therapies, were conducted predominantly or exclusively in middle-
aged Caucasian men, with results extrapolated (albeit inappropriately) to
multiple other populations. Clinical research related to women’s health
involved largely what I have termed “bikini medicine,” addressing the body
systems covered by the bikini bathing suit, i.e., the breast and the reproductive
system. Only in recent decades have we seen attention to broader aspects
of sex-specific medicine, alternately termed gender medicine, and its
consequences have been far reaching. Sex/gender differences entail both
those characteristics specific to one sex and those that differ in prevalence,
manifestations, and/or outcomes between the sexes.

In their innovative and comprehensive textbook, “Sex-Specific Analysis of
Cardiovascular Function,” Professors Peter Kerkhof and Virginia Miller pro-
vide an amazing resource for the research and clinical adult and pediatric
cardiovascular communities. In chapters ranging from basic cardiovascular
physiology, genetics, hormonal status, genomics, proteomics, metabolomics,
biomarkers, biomedical engineering, biostatistics, and the like; to epidemiol-
ogy, translational issues, and clinical aspects of a broad spectrum of cardio-
vascular illnesses, the recently identified sex/gender differences (as well as
similarities) are explored. The widespread sex differences in cardiovascular
structure and function highlight the importance of consideration of sex as a
biologic variable and of sex influences on cardiovascular disease both in
preclinical research and in the planning and analysis of cardiovascular clinical
trials. Although the coronary circulation and coronary heart disease have been
the most intensively studied in the arena of cardiovascular sex-specific medi-
cine, the editors and their authors appropriately explore the domains of the
cerebral circulation, pulmonary arterial hypertension, etc.

As recently as 2015, the Heart Research for All Act of the US Congress
mandated that there be adequate representation by sex, race/ethnicity, and age
for federally funded clinical research studies, with the results disaggregated by
these parameters. The same mandate applies to the basic science arena.
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Scientists are required to provide the provenance of their cells and tissues, i.e.,
whether they derived from male or female animals, as well as the sex of the
animals studied, again disaggregating the results by sex. This legislation thus
further highlights the importance of sex as a biological variable in preclinical
research. The same mandates are in effect for clinical research studies submit-
ted to the US Food and Drug Administration for drug and device approval.

Given the major sex-specific aspects of cardiovascular function both in
health and in major cardiovascular diseases; and the substantial sex-based
variation in the prevalence, expression, and costs of multiple cardiovascular
problems, several chapter authors suggest to their readers the use of gender
innovations and the mandate for development of new technologies, new
pharmacotherapies, and new diagnostic modalities. The knowledge gaps
highlighted in multiple chapters define a sex-based agenda for basic, epidemi-
ologic, translational, and clinical research, with the outcomes likely to benefit
both women and men. The terms “personalized medicine” and “precision
medicine” are recurrently cited as advances in patient care; sex/gender
considerations are obvious pivotal components and contributors.

A woman’s health relates to the health of her family, the health of her
community, and thereby to the health of the nation. Thus, efforts to improve
women’s heart health, evidence-based application of sex-specific preventive,
diagnostic, and therapeutic interventions, have the potential to improve
national health status. Advances in the USA offer support to this thesis. In
the early years of sex-specific cardiovascular medicine, and prior to intensive
educational and advocacy campaigns regarding heart disease in women, 1 of
2 US women died of cardiovascular illness. In 2018, this has decreased to 1 in
4 US women, a stunning accomplishment.

Nanette K. Wenger, MD, MACC, MACP, FAHA
Professor of Medicine (Cardiology)
Emory University School of Medicine
Consultant, Emory Heart and Vascular Center
Founding Consultant, Emory Women’s Heart Center
Atlanta, Georgia
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Preface

One of the most fascinating aspects to explore in living systems concerns a
comparison between females and males. In humans, various findings regard-
ing anatomy and physiology differ considerably for both sexes, while cultural
and social factors may also have distinct impact on the course of life,
including aspects of health and disease. Every parallel description of health
and disease in women and men is best interpreted against the background of
the age considered. The present book addresses all these elements as far as the
cardiovascular system is concerned.

Deciphering underlying properties and mechanisms of cardiac and vascular
functioning will contribute to the formulation of effective guidelines to
promote health, to timely take preventive measures, to more precisely estab-
lish a diagnosis in case of disease, and to undertake curative action on a
personalized basis. In fact, application of precision medicine begins with
considering sex and age.

The book presents an updated survey of sex-specific characteristics of the
cardiovascular system, based on (epi)genetic, molecular, cellular, anatomical,
(electro)physiologic, and epidemiologic studies written by eminent experts in
those fields. The contents cover important clinical data, spanning from the
fetus to newborn, child, adult, and up to the elderly. This range also includes
pregnancy and associated cardiovascular adaptations, as well as related
disorders. In fact, four chapters are devoted to cardiovascular disorders typi-
cally or predominantly encountered in women.

The biomedical engineering spectrum of sex-specific items starts with
basic disciplines such as a refreshing presentation of elementary
cardiophysiology, to continue with insightful outlines of modern approaches
including wave intensity analysis, robot-assisted rehabilitation, big data anal-
ysis, and heart rate variability. Furthermore, due attention is given to circula-
tory system–related effects of exercise and aging in both women and men.

Starting with a short historical introduction, the book ends with annotated
reference values, along with guidelines for their prudent interpretation.

This carefully selected anthology is intended both as an eye-opener for
students and as a solid resource for clinicians dealing with sex-specific aspects
of cardiovascular disease, either at the first encounter level of general
practitioners or for the medical specialist dealing with comorbidities
associated with cardiovascular disease. The editors expect that the present
comprehensive collection will stimulate sex-specific cardiovascular research
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and will be of distinctive importance in diagnosis and patient management.
The extraordinary contributions by all clinicians and basic scientists involved,
often delivered during evening and weekend hours, are very much
appreciated. They originate from 17 countries around the world, often forming
multinational teams, which fact provides evidence that diversity in thinking
leads to innovation in science and medicine with a global impact. We are
proud to mention that 60% of all authors are women.

Amsterdam, The Netherlands Peter L. M. Kerkhof
Rochester, MN, USA
March 7, 2018

Virginia M. Miller
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lence (2)
HRV Heart rate variability
hs-CRP High-sensitivity C-reactive protein; cf. CRP
hs-cTnI High-sensitivity cardiac troponin I
hs-cTnT High-sensitivity cardiac troponin T
HTN (Arterial) hypertension; cf. PAH

I/R Ischemia/reperfusion; cf. injury
IBD Inflammatory bowel disease
ICD Implantable cardioverter-defibrillator; cf. S-ICD
ICV Intracerebroventricular
IFN Interferon
IGF-1 Insulin-like growth factor 1
IHD Ischemic heart disease; cf. ACS, CAD, CHD
IJD Inflammatory joint disease; cf. RA
IL Interleukin
IMID Immune-mediated inflammatory disease
INOCA Ischemia and no obstructive coronary arteries; cf. MINOCA
INR International normalized ratio
IPAH Idiopathic pulmonary arterial hypertension; cf. HPAH, PAH
IPC Ischemic preconditioning
IPF Idiopathic pulmonary fibrosis
ISH Isolated systolic hypertension
ISHLT International Society of Heart and Lung Transplantation
IUGR Intrauterine growth restriction

JAMA Journal of the American Medical Association; cf. AMA
JNC Joint National Committee (on the prevention, detection, evalua-

tion, and treatment of high blood pressure)

KNDy Kisspeptin/neurokin B/dinorphin
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L-NAME Nitro-L-arginine methyl esther; non-selective NOS inhibitor
LA Left atrium/atrial; cf. RA
LAD (Proximal) left anterior descending (coronary artery); cf. LCX,

RCX
LAVI Left atrial volume index
LBBB Left bundle branch block; cf. RBBB
LBNP Lower body negative pressure
LDL Low-density lipoprotein; cf. ATP3, HDL
LF Low frequency; cf. HF
LI Leak index; cf. venular permeability
LLN Lower limit of normal; cf. ULN
LMS Lambda-mu-sigma; cf. BIC, z-score
lncRNA Long ncRNAs
LPS Lipopolysaccharide
LS Longitudinal strain; cf. GLS
LV Left ventricle/ventricular; cf. EDP, EDV, ESPVR, ESV
LVAD Left ventricular assist device; cf. VAD
LVEF Left ventricular ejection fraction
LVH Left ventricular hypertrophy
LVM(i) Left ventricular mass (index)
LVOT(O) Left ventricular outflow tract (obstruction)

6MWD Six-minute walk distance
MACE Major adverse cardiovascular event; cf. AE, SAE
MAP Mean arterial blood pressure; cf. DBP, PP, SBP
MAPK Mitogen-activated protein kinase
MAPSE Mitral annular plane systolic excursion; cf. TAPSE
MAST Military antishock trousers
MBF Myocardial blood flow; cf. CBF
MDCT Multidetector computed tomography
2ME1 2-Methoxyestrone
2ME2 2-Methoxyestradiol
MESA Multi-ethnic study of atherosclerosis; cf. FHS
MetS(y) Metabolic syndrome; cf. AO
MHR Maximum heart rate
Mhrt Myosin heavy chain-associated RNA transcript
MHT Menopausal hormone treatment/therapy
MI Myocardial infarction; cf. AMI, INOCA, NIMI, NSTEMI,

STEMI
MINOCA Myocardial infarction with nonobstructive coronary arteries
miRNA microRNA
ML Machine learning; cf. AI, SVM
MMF Mycophenolate mofetil
MPI Myocardial perfusion imaging
MR Male recipient
MRA Magnetic resonance angiography
MRI Magnetic resonance imaging; cf. CMR
mRMR Minimum redundancy maximum relevance
mRS Modified Rankin scale
MSC Mesenchymal stem cell
MSIMI Mental stress induced myocardial ischemia; cf. MI
MSNA Muscle sympathetic nerve activity
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mtDNA Mitochondrial DNA
mTWA Microvolt T-wave alternans

NAMS North American Menopause Society
NBSR National Bariatric Surgery Registry
NCDR National Cardiovascular Data Registry
ncRNA Noncoding RNA; cf. lncRNA
NE Norepinephrine
NET Neutrophil extracellular trap
NHANES National Health and Nutrition Examination Survey
NHS National Health Service (in the UK)
NIH National Institutes of Health; cf. FDA, PMI
NO Nitric oxide
NOAC New oral anticoagulant; cf. AF, CVA, DAPT
NOS Oxide synthase; cf. eNOS
NRI Net reclassification improvement; cf. GRS, IDI
NRVM Neonatal rat ventricular myocyte
NSTEMI Non-ST-elevation myocardial infarction; cf. STEMI
NT-proBNP N-terminal pro brain-type natriuretic peptide; cf. BNP
nu Normalized unit
NYHA New York Heart Association; cf. AHA

OHT Orthotopic heart transplant
OR Odds ratio
OSA Obstructive sleep apnea; cf. CPAP
OSSD Organization for the study of sex differences

PAD Peripheral arterial disease
PAEC Pulmonary arterial endothelial cell; cf. PAH, PASMC
PA Pulmonary artery
PAD Peripheral artery disease
PAEC Pulmonary artery endothelial cell
PAH Pulmonary arterial hypertension; cf. HPAH, HTN, PH
PAMP Pathogen-associated molecular pattern; cf. DAMP
PASMC Pulmonary artery smooth muscle cell; cf. PAEC, SMC
PCI Percutaneous coronary intervention
PCOS Polycystic ovary syndrome; cf. AE, POI
PDA Patent/persistent ductus arteriosus
PE Peak effort; cf. HRV
PEA Pulseless electrical activity
PDE Phosphodiesterase
PDE3 Phosphodiesterase isoform 3
PE Preeclampsia
PET Positron emission tomography; cf. FDG, MPI, SPECT
PH Pulmonary hypertension; cf. experimental model of PAH
PI Principal investigator
PICO(t) Patient, intervention, comparison, outcome measure (time)
PINK1 PTEN-induced putative kinase 1
PKA Protein kinase A
PKG Protein kinase G
PLB Phospholamban; a small inhibitory phosphoprotein that in

humans is encoded by the PLN gene
PLM Phospholemman; phosphoprotein, in humans encoded by the

FXYD1 gene
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PMI Precision Medicine Initiative; cf. NIH
PNEI Psycho-neuro-endocrine-immunology
PP Pulse pressure; cf. DBP, HTN, MAP, SBP
PPAR Peroxisome proliferator-activated receptor
PPHN Persistent pulmonary hypertension of the newborn
PPHTN Portal hypertension; cf. HTN, PAH
PROCAM Prospective Cardiovascular Muenster (Heart Study); cf. SCORE
PRR Pattern recognition receptor
PSD Power spectral density
PSP Peak systolic pressure
PTEN Phosphatase and tensin homologue deleted in chromosome 20;

cf. PINK1
PTH Parathyroid hormone
PTP Permeability transition pore
PTT Pulse transit time; cf. PWV
PVC Premature ventricular complex
PWV Pulse wave velocity; cf. PTT

QoL Quality of life; cf. CR, HRQOL

RA Right atrium/atrial (1); cf. LA; ¼ rheumatoid arthritis (2); cf. IJD
RAAS Renin-angiotensin-aldosterone system
RAS Renin-angiotensin system
RC Respiratory compensation; cf. AT
RCA (Proximal) right coronary artery; cf. LAD, RCX
RCT Randomized controlled trial
RDN Renal artery denervation; cf. SNS
RF Random forest; cf. ML, VSM
RFE Recursive feature elimination; cf. SVM
RNS Reactive nitrogen species; cf. ROS
RNV Radionuclide ventriculography
ROC Receiver operating curve; cf. AUC
ROS Reactive oxygen species; cf. RNS
RP Real picture; cf. EF
RR Relative risk
RRS Reynolds Risk Score; cf. CRF, FRS, GRS
RSA Respiratory sinus arrhythmia
RUPP Reduced uterine perfusion pressure
RV Right ventricle/ventricular; cf. DORV
RVIT Right ventricular inflow tract
RVOT Right ventricular outflow tract
RVSP Right ventricular systolic pressure
RVH Right ventricular hypertrophy

S-ICD Subcutaneous implantable cardioverter-defibrillator; cf. ICD
SA Sino-atrial; cf. AV
SAN Sino-atrial node
SBP Systolic blood pressure; cf. BP, DBP, HTN, MAP, PP
SCAD Spontaneous coronary artery dissection; cf. ACS, OCT
SCD Sudden cardiac death
SCORE Systematic coronary risk evaluation; European scoring system;

cf. PROCAM
SD Standard deviation
sEng Soluble endoglin
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SERCA Sarcoendoplasmic reticulum Ca2+-ATPase
SERM Selective estrogen receptor modulator
SGBA Sex- and gender-based analysis
sGC Soluble guanylate cyclase
SHBG Sex hormone binding globulin
SHEP Systolic hypertension in the elderly program; cf. HTN, ISH
SHR Spontaneously hypertensive rat; cf. SSH
SI Stiffness index
sIB Sequential information bottleneck
SKM Skeletal muscle
SLE Systemic lupus erythematosus
SMAD Homolog of sma gene and Drosophila
SMC Smooth muscle cell; cf. PASMC
SNP Single-nucleotide polymorphism
SPECT Single-photon emission computed tomography; cf. MRI, PET
SPRINT Systolic blood pressure intervention trial
SPWVD Smoothed pseudo Wigner-Ville distribution
SR Sarcoplasmic reticulum (1); strain rate (2)
Sry Sex-determining region on the Y-chromosome
SSH Salt-sensitive hypertension; cf. SHR
SSRI Selective serotonin reuptake inhibitor
STE Speckle tracking echocardiography
STEMI ST-elevation myocardial infarction; cf. NSTEMI
STI Speckle tracking imaging
SV Single ventricle; cf. SV(i)
SV(i) Stroke volume (index); cf. CO(i), EDV(i), ESV(i)
SVM Support vector machine; cf. ML, AI, RFE
SySc Systemic sclerosis, scleroderma

T2D(M) Type 2 diabetes (mellitus); cf. DM, GDM
TAC Transaortic constriction
TAPSE Tricuspid annular plane systolic excursion
TCR Torsion to circumference ratio
TDI Tissue Doppler imaging
TET Ten-eleven translocation
TGA Transposition of great arteries
TGF-beta Beta-transforming growth factor
TLR Toll-like receptor; cf. PRR
TMS 2,30,4, 50-tetramethoxystilbene
TnC Troponin C
TNFa Tumor necrosis factor alpha
TnI Troponin I
TnT Troponin T
TOF Tetralogy of Fallot
TP Total power; cf. HF, HRV, LF
tPA Tissue Plasminogen Activator
TPH Tryptophan hydroxylase
TPR True positive rate
TSH Thyroid stimulating hormone
TTE Transthoracic echocardiography
TTh Testosterone therapy
TTR Transthyretin; cf. amyloidosis
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UA Unstable angina
ULN Upper limit of normal; cf. LLN
UNOS United Network for Organ Sharing [USA]

Vo Volume axis intercept of end-systolic elastance; cf. Emax,
ESPVR

VA Ventricular arrhythmia; cf. VT
VAC Ventriculo-arterial coupling
VAR Variance accounted for
VDAC Voltage-dependent anion channel
VEGF Vascular endothelial growth factor
VF Ventricular fibrillation
VIP Vasoactive intestinal peptide
VSD Ventricular septum defect
VSM Vascular smooth muscle
VT Ventricular tachycardia; cf. VA

WBC While blood cell (count)
WGHS Women’s Genome Health Study; cf. GWAS
WHI Women’s Health Initiative; cf. MHT
WI(A) Wave intensity (analysis)
WPB Weibel-Palade body
WSDM Women and sex differences in medicine
wt Wild type

XBcy Cross-bridge cycling rate
Xic X-inactivation center
Xist X-inactive-specific transcript
XWAS Software toolset for genetic data analysis and association studies

of the X chromosome
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Women and Men in the History of Western
Cardiology: Some Notes on Their Position
as Patients, Role as Investigational
Study Subjects, and Impact as Professionals
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Adam and Eve (after Jean Gossaert). Illustration by Piet Michiels, Leuven, Belgium.

Abstract

Nowadays, it is generally appreciated that
studies in the medical field should not only
include sex-related aspects but also consider
age. In the past, taking the era of Hippocrates
as a starting point for the Western medical
sciences, such aspects were less urgent and
barely relevant. However, considering such
details during daily life became increasingly
important as the traditional roles of men and
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women in society and household converged.
In the Western world, this fundamental transi-
tion process started recently and is advancing
at an accelerated pace. Research about the role
of women has also evolved, starting from plain
history about the lives of women to a descrip-
tion of the relation between men and women,
resulting in the gender concept. The present
survey highlights a historical selection of
observations referring to the impact of men
and women on the medical sciences, as patient,
study object, and professional. Whenever rele-
vant, focus will be on the field of cardiovascu-
lar investigations as documented in the
Western world. Rather than being exhaustive,
we focus on a few remarkable icons, including
Trota of Salerno, Hildegard von Bingen, and
Miguel Serveto.

Keywords

History of cardiology · Heart research · Heart
as symbol · Merit Ptah · Trota of Salerno ·
Hildegard von Bingen · Miguel Serveto ·
Theresa of Avila · Dario Maestrini ·
Bloodletting · Midwifery · Bicycle face ·
Anorexia religiosa · Lady’s heart · Soldiers
heart · E-patient · Pulsology · Epistotherapy ·
Cardiomythology

Naturae morborum curatrices

(William Douglass 1755)

Introduction

The historical description regarding attention for
the heart should not only be viewed against the
general developments observed in medicine in the
broadest sense but also incorporate the exclusive
symbolic meaning of the heart during various
epochs and in a variety of cultures [117]. In
Mesopotamia [98] and likewise in most ancient
cultures, the concept of disease, the mediation by

healers, and the practice of healing were very
similar. A disease was considered a divine pun-
ishment for disobedience or resulting from an
external malign influence. Therefore, medicine
started by being preventive, by the use of appro-
priate amulets, and by offerings or sacrifices
intending to pacify those malign forces. No
organ besides the heart has received permanent
and outspoken attention in religion, art, and the
fundamentals of living systems, not to forget the
numerous emotional connotations [137].

The basic reason for a delayed clinical interest
in cardiology likely stems from the absence of
direct applications in view of the relative short
life span, even more so than in other directions of
medicine. In his monumental book on the history
of cardiology, Snellen [129] describes the dilemma
of pointing to the origin of cardiology. When
going back thousands of years and taking feeling
the pulse as first indicator, there is no connection
with the heart as a pump. Therefore, this author
considered Harvey as a “very good” starting point,
thereby neglecting contributions by Servetus,
Colombo, and other even earlier candidates.

Wound care (following battlefield activities or
hunting), for example, was a relevant field to be
explored, as well as removing decayed teeth,
treating headache, eliminating kidney stones, and
similar inconveniences of daily life and old age.
For other areas, there was often simply no rationale
or tool available to make any appreciable progress,
and therefore those attempts were left to quack
doctors. Vision problems may have existed similar
as in our era, but with the absence of knowledge
about optics little remains to be done. Therefore,
we follow another path and look into the nature of
favorable circumstances and bright or devoted
people who have promoted the advance of medi-
cine. Herbal medicine has certainly contributed to
the study of diseases, with respect to cause, course,
and treatment. Later, convents, monasteries, and
prototypes of clinics have facilitated more system-
atic analysis and the introduction of bedside teach-
ing [5, 57].
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How to Define the Origin of Western

Cardiology?

• Thousands of years ago (when consider-
ing pulsology)

• Around the year 1500 (if pointing to the
cardiac pump, as conceived by Borelli,
Colombo, Servetus, and later by
Harvey)

In terms of the cardiovascular system, it is not
so much the heart that was initially investigated
(apart from all sorts of symbolic connotations),
but rather the blood as a fluid that has fascinated
people, possibly regarded as the nourishing juice
of the living organism [82, 93]. Apart from
pulsology, the primary fascination may be related
to the ostentatious confrontation while blood
leaves the body, both in men and in animals,
such as during penetrating injury, and in women
during their periods and at the time of childbirth.
Interventions based on phlebotomy (including the
use of leeches and cupping glasses) as well as
transfusion were (understood to be) among the
lifesaving procedures applied in relation to the
cardiovascular system. Notably, massive blood
loss such as during accidents, fighting, or delivery
was unmistakably associated with fatal outcome.
After all, bleeding by severing the carotid vessels
was known as an effective means to introduce
rapid death with early loss of brain function,
already described in the bible for sacrificing
animals with minimal discomfort.

The Antiques in the Western World
and Dealing with Illness

The splendor and superficial anatomical richness
of sculptures representing gods, heroes and
statesmen as created by antique Greek and
Roman artists is considered unparalleled. In con-
trast, the internal anatomical structures and
workings of the human body remained mysteri-
ous in classical times [130], apart from some

dissection findings based on animals at the
butcher’s shop after hunting or observed follow-
ing entertainment involving wild animal fights in
the arena. Mythological inhabitants of Mount
Olympus were considered to rule unexplained
events in daily life. Natural disasters were
attributed to anger of the gods. Philosophers still
argued whether the soul is seated in the heart or
in the brain. Against this sober and naïve back-
ground, we place the origins of Western clinical
medicine in the fifth century BC. Greek
practitioners commonly referred to themselves
as τεχνιται (craftsmen), mastering various skills
such as cauterization or extracting antidotes from
plant roots [130]. Longevity mainly depended on
the number of slaves available. However, the
plague attacked the strong and the weak alike, as
described by Thucydides (431 BC).

Initially, care for the sick was provided by
family members and (if they were lucky) under
the guidance of an acknowledged healer.
Privileged groups such as gladiators received
advanced assistance, and Galen learned a lot by
observing and treating the wounded heroes in the
Colosseum. Besides, there were court physicians,
often with famous reputation, for the kings and
emperors. Until a few hundred years ago, patients
with nonfatal ailments were often “treated” by
communication based on writing letters, termed
epistotherapy [52, 119]. The route was particu-
larly suitable for women patients, as the (typically
male) doctor was not supposed to touch a woman.
The great invention of the stethoscope, inspired
when Laennec watched a boy using a tube to
listen to a remote sound, was instrumental to
bridge the desired distance between the female
patient and the investigating physician.

The bodies of both men and women have
served to advance medical sciences. Historically,
there has been a keen strategic interest in curing
warriors and maximum prevention of inflicting
wounds especially at vulnerable anatomical
structures. Galen had direct access to a number
of organs in wounded but still living gladiators,
permitting him to assemble a model about bodily
functions which survived for nearly one and a half
millennium. Within this scheme, the medical care
of women was of less interest, unless this
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concerned childbearing and delivery. The situa-
tion changed with the introduction of autopsies in
Padua, Leyden, and a few other medical centers,
either for investigational purposes or for forensic
medicine.

Time is nature’s way of keeping everything from
happening at once.

(Dossey [43])

Historical Perspective

The traditional portrait of the classical gallery of
woman icons features Penelope and Cleopatra,
besides the brave amazons. It remains unclear if
besides beauty and fighting spirit, qualities such
as mastering the healing arts were refined by
gifted women in those times. During recent
decades, the study of women in Greek and
Roman times has been advanced with the
repeated analysis, reevaluation of sources, and
the introduction of new translations of older
documents, culminating in reports facilitated by
feministic movements. The ensuing masterpiece
by Sarah Pomeroy [114] is nowadays considered
a turning point in the study of women in ancient
history. Foxhall [58], writing about the historiog-
raphy of gender in classical antiquity, has
described her book as “revolutionary” and “a
major step forward” compared to existing
scholarship [45].

The notion that women bleed and breed [114]
has certain relevance for the circulation of blood
and physiological adaptation of the heart. Apart
from the extreme biological simplicity of the for-
mulation, a more respectful understanding can
be obtained from studying historical material
available to analyze daily life. Part of the relative
roles of women and men, including their social
and hierarchical interaction, may be derived from
classical plays where tragedy and comedy
addressed contemporary issues [110], as well as
from extant recordings about possessions, gifts,
rituals, clothing, and even the mythology
concerning the Olympian gods which likely
reflected many aspects of (sometimes idealized)
society [23, 45]. Some studies have been
criticized as disappointing pointillism, floating

in the direction of what is in vogue and being
short on historical perspective [45]. Hence, the
term “gender,” while often referring to “sexual
asymmetry” [16], tended to appear in titles and
subtitles of publications in order to be taken more
seriously [45]. After all, it is nearly impossible to
compare the intrinsic “value” of female and male
lives. There is one exceptional character who
from experience can talk about both sides.
Beyond the own will (and thus in contrast to
transgender cases), the blind clairvoyant Tiresias
from Thebes, son of the nymph Chariclo, had
been woman for 7 years and gave birth to several
children. When asked, he reported that certain
pleasures were clearly superior, while he experi-
enced the female phase [23, 113].

Monogamy seems to have been the rule, if we
discount gods, whose norms often seem to be
slightly different from humans because of their
divine immortality [3]. If offspring is lacking or
insufficient, however, we find reproduction “by
proxy”: men turn to co-wives, concubines, or
slaves [16]. A study about the physiology of the
marriage provides some mathematical insight:
physically a man is a man for a longer time than
a woman is a woman [10], or “men not only
cycle, but cycle faster, for longer than
women” [78].

Leaving the sunny side, we must admit that
little is known about human suffering due to
disease in antiquity. A bit more is known about
the heroic art of healing. In the ancient Greek
world, the field of medicine [110] belonged to
the category of τεχνη (skill or craft, i.e., the
purposeful application of human intelligence to
some aspect of the real world as observed around)
in contrast to τυχη (fate, i.e., a factor controlled
by external elements, sometimes simply referring
to human shortcomings). Hippocrates of Kos
(c. 460–377 Larissa) in his Περι Αρχαιες
Iατρικης was the first to explicitly define the
foundation of systematic medicine, implying gen-
eral applicability, being based on reproducible
experience, having a high level of precision
(ακριβεια), and clearly directed toward providing
an explanation [110]. Hippocrates categorized all
foods and herbs by fundamental qualities – hot,
cold, dry, or damp. In his view, good health was
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maintained by keeping these qualities in balance,
as well as by taking plenty of exercise and fresh
air. Remarkably, current research on obesity
and fine particulate matter arrives at similar
recommendations. When Hippocrates had
reduced medicine to a system, observation was
abandoned and philosophy was introduced into
medicine [57].

Medical treatment serves to help the ones
suffering from disease. As we gradually learned
to understand, diseases do not result from the
anger of the gods but often originate from
zoonoses, with cattle transmitting tuberculosis,
mosquitos being responsible for malaria, and
rats for rapidly spreading plague, to name a few
examples. The scale of some disasters was
beyond the casualty size of atomic bombs thus
far, with nearly one-third of the European popu-
lation wiped out in the 1340 black death episode.
Nowadays, we face a potential newcomer, (tick-
borne) Lyme disease, which during an advanced
stage may severely affect various organs includ-
ing the heart.

Central Discoveries in Medicine
with Relevance for Cardiology

Under different aspects of space and time, all
phases of folk medicine and ancient medicine
have been essentially alike in tendency, differing
only in unimportant details [59]. Ancient physi-
cians did not receive scholarly, scientific training
but rather steered to philosophy and rhetoric
[74]. This mixture of individual clinical experi-
ence and higher-order insights has dominated
medical practice for centuries. However, a few
exceptional minds provided incentives for future
directions. As far as known from antique litera-
ture, Rufus of Ephesus (c. 80–c. 150) composed
the first treatise devoted to anamnesis. His oeuvre
Medical Questions was rediscovered and trans-
lated from Greek into French in the nineteenth
century. Rufus attached great importance to the
interview with the patient and in particular to
questions concerning the patient’s lifestyle prior
to the illness. In this respect, modern views
closely resemble his approach. The term

“anamnesis” was not used in this sense by other
physicians in antiquity. Actually, the expression
for “history taking” only came into use since the
mid-nineteenth century in German-speaking
countries and in the Netherlands [68, 69]. For a
wider perspective, we refer to the section on
pulsology. Albrecht von Haller (1708–1777)
refers to Rufus as illustris medicus. In 1806 a
collection of previous unpublished fragments
was printed in Moscow [69]. Rufus recom-
mended “it is eminently necessary for those who
would learn the art of medicine to be instructed on
the name that should be given to each part of the
body” [73]. It took about seven centuries before
this task was realized by Meletius.

The Greek medico-philosopher Hippocrates
and his followers contributed to the treatment of
patients and the ethical code of physicians, partly
by introducing an uncoupling of medicine and
religion. They also composed a medical dictio-
nary, called Corpus Hippocraticum [136], which
is actually a collection of some 60 documents
composed over a longer period, but mostly
between 430 and 350, with further additions dur-
ing the first century BC [68]. De Medicina is a
first-century medical treatise by Aulus Cornelius
Celsus, a Roman encyclopedist [108]. It is the
only surviving section of a much larger encyclo-
pedia (now available from the Perseus Collection,
Tufts University, Boston). The work draws upon
knowledge from ancient Greek documents, prob-
ably being the best surviving treatise on Alexan-
drian medicine [7]. The prolific Greek-Roman
physician Galen (130–201) wrote a text which
served as the standard during 13 centuries and
contributed to knowledge about the cardiovascu-
lar system. However, his erroneous theory of
blood circulation blocked any new ideas in this
field for a long period [85].

The Byzantine monk Meletius Monachus
(eighth to ninth century), reportedly practicing
cautery and bloodletting, is the author of De
Natura Hominis [73]. This much copied work
describes in detail physiological components
and functions of all regions of the body, from
head to feet, concluding with a chapter on the
soul. Like many ancient medical compendia, the
collection forms a deliberate pastiche of earlier
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patristic, philosophical, and medical texts, often
apparently preserving fragments otherwise lost.
His combination of gendered concepts does not
occur in any other ancient source [73].

Paracelsus (1494–1541), born Bombastus von
Hohenheim, was a Swiss physician, alchemist,
and astrologer, also known as the Hippocrates
of the Renaissance. He directed therapy to causes
rather than to symptoms. His sober spirit of sci-
entific observation and critical reason was
accompanied by emotional turbulence and a vol-
canic temperament. He remains both a mystery
and an object of nostalgia. He treated the poor
for free and is today celebrated as the first
modern medical scientist [60, 128]. Also from
Switzerland was Caspar Bauhin (1560–1624),
anatomist, physician, and botanist. He
commenced the study of medicine in Basel but
had to move to Padua after an outbreak of plague
in his native city. In Padua, he was privileged to
study under Fabricius. His treatise, Theatrum
anatomicum (1605), forms a major contribution
to descriptive terminology in anatomy [62].

Between the thirteenth and eighteenth century,
eight sages discovered that the air we breathe
contains something that we need. Severinghaus
[124] provides an excellent account which is
summarized here. Ibn al-Nafis (1210–1288) in
Cairo published on the pulmonary circulation
[1, 138]. The Spaniard Michael Servetus, while
in France, accurately described the pulmonary
circulation and its effect on blood color. The
long and fascinating trajectory leading to the
identification of oxygen is revealing [124].

The French barber-surgeon Ambroise Paré
(1509–1590) worked for the army where he
treated wounded soldiers, for example, by tying
off lacerated blood vessels. Based upon his wide
experience he stated: “There are five duties of
surgery: to remove what is superfluous, to restore
what has been dislocated, to separate what has
grown together, to reunite what has been divided,
and to redress the defects of nature.” [44, 60]. His
motto was: “I treated the patient, and God cured
him.”

Measurement, Diagnosis, Treatment,

and Cure

Arterial pressure: Stephen Hales, Scipione
Riva-Rocci, Nikolai Korotkoff

Ventricular volume: Stephen Hales, Allan
Cormack, Godfrey Hounsfield

Bioelectricity: Luigi Galvani, Augustus
Waller, Willem Einthoven

Ambroise Paré (1509–1590): “I treated
the patient, and God cured him.”

Giovanni Alfonso Borelli was an Italian
scientist (Naples 1608–1679 Rome). He was the
first to demonstrate that cardiac muscle contrac-
tion is associated with the heartbeat and that
the circulatory system resembles a hydraulic
system [60]. The Austrian physician Leopold
Auenbrugger (1722–1809) introduced the percus-
sion technique as described in his Inventum
Novum ex Percussione Thoracis Humani (1761)
[15, 60] in 1816 followed by the introduction of
the stethoscope by the French physician René
Laennec (1781–1826) [60, 119]. In 1887, the
Paris-born British physiologist Augustus Waller
(1856–1922) recorded the first electrocardiogram
using surface electrodes on his dog Jimmy [26],
which followed the contemporary fascination
about mesmerism, the experimental studies on
bioelectricity described by the Italian scientist
Luigi Galvani (1737–1798) in De viribus
electricitatis in motu musculari (1791). This
type of studies was continued by the Dutch
Nobel laureate Willem Einthoven who at Leyden
University in 1903 designed the galvanometer-
based ECG recorder.

The first successful operation on the heart was
carried out by the African American surgeon
Daniel Williams (1856–1931) in the Provident
Hospital (Chicago) in 1893 [49]. In 1896 the
Italian Scipione Riva-Rocci (1863–1937) devel-
oped a cuff-based version of the mercury
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sphygmomanometer for the measurement of
blood pressure, providing a practical instrument
after the initial studies by Stephen Hales
(1677–1761) in horse [60]. The Russian physician
Nikolai Korotkoff (1874–1920) related vessel
sounds to systole and diastole. Further technologi-
cal advancements followed rapidly, such as the
heart-lung apparatus in 1934 [63]; the implantable
artificial pacemaker by Greatbatch and Chardack
in 1958 [14, 33], culminating in heart transplanta-
tion [11, 39]; and the development of artificial
hearts [81, 102].

Ratio of Finger Lengths and In Utero
Exposure to Sex Hormones

When considering various anatomical aspects
and physiological process, it is universally noted
that sex and age matter. Size is a key feature
of any organism since it influences the rate at
which resources are consumed and thus affects
metabolic rates. In the 1930s, size-dependent
relationships were codified as “allometry,” with
most of these being quantifiable using the slopes
of log-log plots of any relevant pair of variables.
Physiologists explored how animal respiration
rates varied as a function of body size, expecting
rates to scale as the 2/3 power of body size, thus
reflecting the ratio of surface area to volume.
However, Max Kleiber (1893–1976) in his book
The Fire of Life [90] revealed that animal respira-
tion rates apparently scale more closely as the 3/4
power of body size [109].

The sex-specific ratio of finger lengths has
perplexed scientists and travelers alike. Any
book on sex-related differences in the field of
medicine is not complete if without a detailed
treatise on the ratio of index (D2) to ring finger
(D4) length. The issue has been controversial
since the days of Giacomo Casanova [27], who
criticizes digital details of a portrait by Anton
Raphael Mengs [95] and states in replying to
Mengs: “It is certain that you are not of my
species.” Studies of D2:D4 as a function of sexual
orientation have produced discrepant results,
while support for the prenatal hormonal hypothe-
sis is also lacking [92]. Thus far, no study has

considered a connection between D2:D4 and the
observed sex-specific differences in cardiac size
and vessel diameter. Yet, the fewer the scientific
foundations, the more room for discussions.
While the capacities of nonverbal communication
using the index finger [132] are explored in detail,
and The Finger Handbook [135] discusses Hox
genes, the latter does not really touch the issue of
finger length, with the exception of the right D4
of Franz Liszt. This omission is largely
compensated in the work by Manning [95],
explaining the success of soccer players and
attractive women on the basis of hormonal effects
during their prenatal life. Other accomplishments
important during life can be predicted, such as the
first heart attack, simply by estimating left- and
right-sided D2:D4. The Hoxa and Hoxd genes are
reported to be essential for growth of digits and
also strongly expressed in the genital bud
[91]. Removal of the posterior Hox gene function
in mice leads to concomitant loss of digits and
bud derivatives. Apart from horrifying pathology,
the consequences of a “normal” pattern have been
studied. Women of reproductive age often expe-
rience a variety of unpleasant symptoms prior to
the onset of menstruation. While genetic factors
may influence symptom variability and severity,
the exact causes remain unknown. A recent
study [84] hypothesized that symptom variability
originates from exposure to sex hormone
differences in the embryonic environment. The
authors measured D2:D4 in 402 young women
and investigated the potential relationships of this
ratio and premenstrual symptoms. They
concluded that the embryonic environment, nota-
bly the relative concentration of sex hormones an
embryo is exposed to, is associated with the
severity of premenstrual symptoms.

Bloodletting as Therapeutic
Intervention

The practice of bloodletting began around
3000 years ago with the Egyptians; then
continued with the Greeks and Romans, the
Arabs, and Asians; and spread through Europe
during the Middle Ages and the Renaissance
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[87]. It reached its peak in Europe in the nine-
teenth century but subsequently declined and
today in Western medicine is used only for a
few select conditions [67]. To appreciate the
rationale for bloodletting, one must first under-
stand the paradigm of disease in the time of
Hippocrates. He believed that existence was
represented by the four basic elements – earth,
air, fire, and water – which in humans were
related to the four basic humors, blood, phlegm,
black bile, and yellow bile, each corresponding
with a particular personality type (sanguine,
phlegmatic, melancholic, and choleric). Being ill
meant having an imbalance of the four humors
and the need to remove excessive humor by
bloodletting, purging, catharsis, diuresis, and so
on. When Galen declared blood as the most dom-
inant humor, the practice of venesection gained

even greater importance. Thus, the phlebotomy
therapy was equivalent to “one strategy (bene)fits
all.” Not only do Rabbis argue whether or not
bloodletting is a therapeutic remedy, but many
physicians in antiquity from Hippocrates and on
ask the question as to where and when to perform
phlebotomy. The necessary information is to be
found in Coelius Aurelianus [116].

Bloodletting is divided into a systemic method
performed by venesection (usually the median
cubital vein) using a lancet and a localized
method employing scarification combined with
cupping. The latter route involves scraping the
skin and then placing a dome-shaped glass while
creating vacuum by suction or heating. Certain
women were often specialized to perform the
intervention (Fig. 1.1). An alternative service is
provided by a leech (Hirudo medicinalis) which

Fig. 1.1 The practice of
cupping was often taken
care of by specially trained
women. (Painting by
Q. Gerritzn van
Brekelenkam
(Zwammerdam
c.1620–1668 Leyden).
Mauritshuis collection,
The Hague)
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ingests 5–10 mL of blood, almost ten times its
weight. Their use was promoted by the Parisian
physician François Broussais (1772–1838).

Famous therapeutic bleedings have been
described in the medical literature [120]. One
well-documented case concerns the retired presi-
dent George Washington (1732–1799) who after
riding in snowy weather developed a fever and
respiratory distress. His wife asked her husband’s
secretary, Col. Tobias Lear. Seeing how ill the
general was, Lear immediately sent for Dr. Craik,
who had been Washington’s physician for more
than 40 years, and Rawlins, who was well
practiced in the art of bloodletting. Later Craik
ordered another bleeding, even though Dick, the
second physician to arrive at Mount Vernon,
objected to such a heroic measure. A third doctor,
Brown, made it to the mansion at 4 p.m. Thus,
under the care of his three physicians,
Washington had copious amounts of blood
drawn (a total of >2 L), followed by emetics and
laxatives (Fig. 1.2). Ever the gentleman, even in
extremis, general Washington made a point of
thanking all three doctors for their help. He died
the next night (December 14) of what has been

diagnosed retrospectively as epiglottitis and
shock. His medical treatment aroused significant
controversy, particularly the repeated bloodlet-
ting procedure. Among others, Dr. Morens
[107] wrote about these harrowing last hours.

Human Beings as Investigated Subjects

Anatomical studies: Tryn van Hamburch
and many others who remained
anonymous

Phlebotomy: George Washington and many
less known (e.g., promoted by the
Parisian physician Broussais)

Partial ventriculectomy: patients
investigated by Batista and other centers
around the world

Heart transplantation: Louis Washkansky
and Denise Darvall and all those with
nondisclosed names

Heart failure phenotyping based on ejec-
tion fraction: millions of “hidden”
patients giving informed consent

Fig. 1.2 Bloodletting therapy and George Washington (https://www.pbs.org/newshour/show/bloodletting-blisters-solv
ing-medical-mystery-george-washingtons-death)
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We Stand on the Shoulders
of the Giants of Cardiology

If we are to have a clear view of the panorama of
medical history (Fig. 1.3), we must necessarily
stand upon the shoulders of our predecessors
[59]. The history of medicine is, in fact, the his-
tory of humanity itself, with its ups and downs, its
brave aspirations after truth and finality, and its
pathetic failures [59]. The first institute on the
history of medicine was founded in Leipzig in
1906 [86] and is now called Karl-Sudhoff-Institut.

In a semi-biographical Festschrift, Hurst [80]
lists the giants of cardiology which he calls
“pilgrims” in analogy with Chaucer’s tales:
among them at least 24 men with no single
woman. Looking at a wider horizon, landmark
publications of the last five centuries have been
nicely presented in the richly illustrated book by
Gedeon [60]. The author identified 99 scientists
(including one woman, Maria Curie, winning the

Nobel Prize twice) who pioneered advances in the
biomedical sciences. Gedeon elucidates their
background and motivation, while documenting
the significance of their contribution(s). Alterna-
tively, Table 1.1 lists Noble prize winners who
contributed to the field of cardiology. Here
Gertrude Elion is the only woman. As expected,
there is a long list of overlooked candidates,
including A. Waller and C. Chagas [104].

A few iconic persons will be listed. In 1944,
Helen Taussig (1898–1986) in collaboration with
Alfred Blalock initiated the first surgical treatment
of cyanotic congenital malformations of the heart
[133]. She may be regarded as the founder of
pediatric cardiology [48], with the British equiva-
lent Jane Somerville. Also in 1944, Dr. Paul
Dudley White in Boston, often referred to as the
father of American cardiology, pioneered the con-
cept of cardiovascular prevention. Inge Edler, a
Swedish cardiologist, and Helmuth Hertz, a Swed-
ish physicist (1952), launched noninvasive imag-
ing by echocardiography. In 1958 Dr. F. Mason

Fig. 1.3 Time line identifying remarkable individuals
and developments starting from early Western
medicophilosophy to modern cardiology. Not all icons of
the last century fit the space available and are omitted
because of this limitation. There are three levels as

discussed in the text: from bottom to top we see patients,
subjects used for investigation, and professionals, all
stratified by sex. Ibn Sina (980–1037) is in the West
known as Avicenna. Herophilos, Erasistratus, and Asellius
are crucial for the microcirculation and lymph system [79]
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Sones Jr. began working on methods to visualize
the coronary anatomy via sequential radiographic
films [121]. Andreas Grüntzig was a German radi-
ologist and cardiologist (1939–1985), who was the
first to develop successful balloon angioplasty by
expanding the lumen of narrowed arteries.
Edmund Sonnenblick (1932–2007) was one of
the greatest cardiovascular physiologists, origi-
nally forming a triad with Eugene Braunwald and
John Ross.

Giant Teams in Cardiovascular Research

Braunwald, Ross, and Sonnenblick
Married couples with 300 or more

publications
Investigators in epidemiology and

hypertension

Table 1.1 Cardiology-related discoveries that received the Nobel Prize in chemistry/physiology or medicine

Year Winner(s) Contribution

1912 Alexis Carrel Work on vascular suture/transplant of blood vessels and organs

1924 Willem Einthoven Electrocardiogram

1938 Corneille Heymans Carotid sinus and aortic receptors and blood pressure
and respiration regulation

1949 Walter Hess Central coordination of the regulation of respiration
and heart function

1953 Hans Adolf Krebs Citric acid cycle (Krebs cycle)

1956 Werner Forssmann

Andre Cournand

Dickinson W. Richards Cardiac catheterization

1960 Frank Burnet

Peter Medawar Discovery of the immunological tolerance mechanism

1964 Konrad Bloch

Feodor Lynen Understanding of cholesterol metabolism

1979 Allan Cormack

Godfrey Hounsfield Computed tomography techniques

1982 Bengt Samuelsson

Sune Bergström

John Vane Identification of angiotensin-converting enzyme inhibitors

1985 Michael Brown

Joseph Goldstein Discovery of low-density lipoprotein/cholesterol receptors

1988 James Black

Gertrude Elion

George Hitchings Development of beta-blockers

1990 Joseph Edward Murray

Edward Thomas Development of organ and tissue transplant

1998 Robert Furchgott

Ferid Murad

Louis Ignarro Discoveries about nitric oxide

2003 Paul Lauterbur

Peter Mansfield Magnetic resonance

2012 Robert Lefkowitz

Brian Kobilka G protein-coupled receptors

2012 Shinya Yamanaka Conversion of skin fibroblasts into induced pluripotent stem cells

Modified but based on Mesquita et al. [104]
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Finally, we mention Wolfgang and Jutta
Schaper, Stephen and Dorothy Vatner, and
MarkEisenberg and Louise Pilote, all indefatigably
devoted to cardiovascular science with 300 and
more publications per married couple. A list of
highly influential biomedical researchers based on
Scopus citation data from the period 1996–2011
has been generated [21], based on the Hirsch (h)-
index. This number is an author-level metric that
attempts to measure both the productivity and cita-
tion impact of the publications of a scientist. The
researchers selected the top 400 living core bio-
medical researchers. Based on their findings, we
derived a sub-list on cardiology, which includes
54 candidates, among them 8 women (namely,
Julie Buring, Stefanie Dimmeler, Barbara Howard,
Alice Jacobs, Suzanne Oparil, Silvia Priori, Renu
Virmani, and Jacqueline Witteman). Best
represented specialty areas for the whole group
were epidemiology and hypertension.

The Pulmonary Circulation

The Galen school dominated thinking about anat-
omy and physiology for nearly 13 centuries.

Better insight into the design of the circulatory
system required clarification of the function of the
lung circulation. Several candidates qualify to
receive the honor of discovering the blood circu-
lation through the lungs (Fig. 1.4). Additional
names start circulating as time progresses and
more ancient manuscripts are delved up,
analyzed, and critically commented on [1, 4, 31,
97, 124, 131, 136]. The “golden age of Arabic
medicine” [105] came to its peak with the Great
Canon by Ibn Sina (Avicenna) and remained
under his influence [143]. He was a pioneer in
pulsology [32], although the art of feeling the
pulse (Ars Sphygmica) was ubiquitous in China
already in 2500 BC [12]. Using this art, experi-
enced physicians were said to be able to even
determine the sex of an unborn child. Three hun-
dred years before Paracelsus, a Cairo-based med-
ical scientist by the name of Alauddin Ibn al-Nafis
(1210–1288) dares to touch the authority of Ibn
Sina. He described the pulmonary circulation, and
in a separate work on the anatomy, he challenges
Galen’s teachings [100, 141]. The list now also
features Miguel Serveto (Fig. 1.15), Realdo
Colombo (1520–1654), Nicolai Massa
(1485–1569), Juan Valverde de Amusco

Fig. 1.4 The Padua medical school attracted many scientists, including those from Spain, Germany, Sweden, Flanders,
and the Netherlands. Some scholars were involved in the study of the pulmonary circulation, including Ibn al-Nafis,
Colombo, Servetus, and later Harvey
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(1508–1565), Andrea Cesalpino (1519–1603),
Fabrici d’Acquapendente (1533–1619), and
William Harvey (1578–1657), while Andreas
Vesalius (1514–1654) largely rewrote human anat-
omy. Furthermore, the Persian scholar
Al-Akhawayni Bukhari (?–983 AD) investigated
both the anatomy and the physiology of the human
body. He reportedly describes the mechanism of
pulmonary circulation in his only extant book
Hidayat al-Muta’llemin fi al-Tibb (A Scholar’s
Guide to Medicine) [139]. A particular role is
played by Servetus [65], who formulated antitrini-
tarianism (i.e., the denial of the theological concept
of the triune Christian God). The doctrine soon
won disciples in Northern Italy (Padua, Pisa, and
Rome) and in some countries of East-Central
Europe (Poland, Moravia, and Transylvania).
Physicians who believed in or sympathized with
antitrinitarianism revolutionized the theory of
blood flow [22]. Sir William Osler became an
active member of a committee to erect an expiatory
monument to Servetus in Vienne [30], where one
of the two remaining copies of his book is secured.

The University of Padua, founded in 1222,
started mainly as a law school [115] and soon
became the great Italian medical mecca [83].
The medical school has created an established
reputation with respect to anatomy and studies
on the pulmonary circulation. Andrea Alpagus
(c. 1450–1522) was a professor of medicine at
the University of Padua and spent 30 years in
Syria studying and translating Arabic medical
manuscripts. He translated sections of Ibn
Al-Nafis’ book Sharh Tashreeh Al-Qanun into
Latin including his views on the pulmonary cir-
culation. This translation, printed in Venice in the
year 1547, helped to spread the work of Ibn Nafis
to medieval European scholars. It is also interest-
ing to note that Alpagus, Servetus, and Vesalius
were fluent in the Arabic language [2] and thus
may have had access to primary sources.

The medical school of Padua became the alma
mater for celebrities including Jacopo Dondi
(1293–1359) who constructed the clock in the
tower of the Signori in the Palace of the
Capitaniato and his son Giovanni Dondi
(c.1330–1388) who moved in 1356 from the
chair of astronomy to that of medicine, Thomas

Linacre (c.1460–1524) from England, Andreas
Vesalius (1514–1564) from Flanders, Johann
van Heurne (1543–1601) and Pieter Paaw
(1564–1617) as well as Joannes van Horne
(1621–1670) all from the Netherlands, Johann
Wesling (1598–1649) from Germany, and Olof
Rudbeck (1630–1702) from Sweden. Paaw was
influenced by the humanism of Erasmus from
Rotterdam [76]. He arrived in Padua while
Fabricius ab Aquapendente occupied the chair
of anatomy, who in 1585 had erected the
anatomical theater which was modernized in
1594 (in Palazzo Bo).

In those days, knowledge of anatomy was
considered an important means to explore the
universe created by God [76]. For that reason,
most scientific discoveries (be it anatomy or
astronomy) were interpreted as being connected
to the supreme works of God. Figure 1.5
illustrates this duality by showing explorations
with reference to the fragility of life on earth
(e.g., with vanitas emblems and the banner with
homo bulla, man is nothing more than a bubble).
Therefore, it is not surprising that religion(s) and
science often met at the crossroads. Scientists
were not supposed to unravel details that
belonged to the territory of the Almighty. On
this planet, authorities such as the Inquisition
and Calvin were present to safeguard that the
boundaries should be respected. Renaissance
medicine formed an important part of the radical
reformation in the sixteenth century, and Michael
Servetus, a Spanish physician, played a pivotal
role. Physicians who sympathized with his doc-
trine revolutionized the theory of blood flow.
They developed new concepts leading to a theory
on the circulation of the blood [22]. Harvey
was likely aware of the publications of his
predecessors [34], including Colombo [126].

Historical Survey of Women in Medicine

Women have been esteemed as comforting
healers for a long period [94], although not
always accepted as standard physicians relative
to their male counterparts. Initially, even for men,
licensure was not required to perform medical
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functions, but all just depended on public accep-
tance. Since the fourteenth century, examinations
were required to practice medicine. As an excep-
tion, in Italy women had received medical educa-
tion for centuries and occupied prestigious
university positions [94]. By the end of the four-
teenth century, there were 15 licensed female
practitioners in Germany. Women involved in
medical care often were wives or daughters of
wound surgeons. Their chief medical activities
concerned midwifery, with famous heroines
including Louise Bourgeois (1563–1636), the
royal midwife of France [46], and Friesian
Catherina Schrader (1656–1746) [47]. After a

long period of struggle, occasional secret
practices, and slow progress, finally in the nine-
teenth century women were gradually accepted as
medical practitioners in an increasing number of
countries.

Women’s Medical Schools and Initiatives
When in the past women were routinely forbid-
den from medical school, they ultimately sought
to form their own medical schools. For example,
the New England Female Medical College, Bos-
ton, was founded in 1848 by Dr. Samuel Gregory
with the purpose of offering modern medical
training in female-related fields (Fig. 1.6).

Fig. 1.5 Anatomical theater (founded in 1594) at Leyden
university. Engraving by Bartholomeus Dolendo after Jan
Cornelisz van’t Woud (1609). In the center, we likely see
professor Paaw who returned from Padua. Object number

RP-P-1887-A-12041, Rijksmuseum Amsterdam (Public
domain, http://hdl.handle.net/10934/RM0001.COLLECT.
381385)
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Other countries soon followed: London
School of Medicine for Women (founded 1874
by Sophia Jex-Blake), Edinburgh School of Med-
icine for Women (founded 1886, also by Sophia
Jex-Blake), Saint Petersburg State Medical Uni-
versity (founded 1897 as Female Medical Univer-
sity), and Tokyo Women’s Medical University
(founded 1900 by Yoshioka Yayoi).

The founding of the Medical Women’s Feder-
ation in the UK in 1917 was a statement that
women had established their rights to train and
practice [54].

Concerning specific developments in the USA,
More (2008) recently edited a book entitled
Women Physicians and the Cultures of Medicine,
which examines the wide-ranging careers and
diverse lives of American women physicians,
shedding light on their struggles for equality,
professional accomplishment, and personal hap-
piness over the past 150 years. Covered are the
trials and triumphs of such extraordinary women
such as Marie Zakrzewska (founder of the New
England Hospital for Women and Children),
Mary S. Calderone (medical director of

Planned Parenthood in the mid-twentieth cen-
tury), and Esther Pohl Lovejoy (risking her life
to bring medical aid and supplies to countries
experiencing war, famine, and other catastrophes)
[106]. Ann Preston (1813–1872), from
Pennsylvania, became the first female dean of
any medical school. In 1985 Margaret Allen
became the first female heart transplant surgeon
in the USA. Two publications were critical in
establishing the women’s health movement and
scholarship about women in medicine: first, the
publication of Our Bodies, Ourselves (1973) by
the Boston Women’s Health Collective [20] and
second, Witches, Midwives, and Nurses: A His-
tory of Female Healers, a short paper by Barbara
Ehrenreich and Deirdre English, also in 1973.

Bedside Teaching and Medical Journals

Although not much involved in the primary acts
of diagnostics and healing, women played an
important role in the development of hospitals
since 1450 [94]. Such well-organized centers
formed the sources for advances in medicine,
where intercollegiate communication flourished
and experiences were shared and transferred to
students via bedside teaching [5, 94]. The new
system of clinical teaching was introduced in
Padua in 1539 by Da Monte (1498–1551), who
took his students to the local hospital of San
Francesco to discuss whatever could be observed
while facing the patients. This method became
very popular, and foreign students trained in
Padua introduced the approach in their home
countries. In particular, Paaw and Heurnius
advocated the new educational strategy in
Leyden, but to no avail. Later, in 1636, Otho,
the son of Heurnius, was more successful and
launched a plan to take students around the public
hospitals within the city and inspect the sick,
examine the nature of the internal diseases as
well as all external afflictions, and discuss the
cures and surgical operations while also showing
how to prescribe medication [76]. Importantly,
keeping hospitals operational was made possible
by the devoted care offered by women who day
and night served as nurses. This specific role of

Fig. 1.6 Annual announcement of the New England
Female Medical College, Boston [New England Female
Medical College]. Persistent Link http://nrs.harvard.edu/
urn-3:HMS.COUNT:682467?n¼1 Accessed 10 December
2017. Description New England Female Medical College.
Page (seq. 1), Repository Countway Library of Medicine,
Harvard University
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women in hospitals, taking care of the sick, actu-
ally permitted bedside teaching because patients
were permanently housed at a single location. In
1658 Francois de la Boe (also known as Sylvius)
opened a clinical school in the hospital at
Leyden [57].

Similar to the impact of bedside teaching, the
introduction of medical journals has been of
instrumental importance to distribute information
about clinical findings and to promote scientific
discussion. Monthly editions of Nouvelles
Découvertes were published in Paris, after the
journal was founded by the French surgeon
Nicolas De Blegny in 1679.

The “Medical Women Question”

“The medical women question is perennial,” an
anonymous contributor to The Lancet’s editorial
pages wearily opined in a November issue of
1877. “It knows no limits; we encounter it at
every turn . . . its appeals to periodical literature,
instead of awakening a spirit of conciliation, have
usually aroused a feeling of resentment.” Alison
Moulds, a student at the University of Oxford, is
involved in the project, examining the construc-
tion of professional identities in nineteenth-
century medical writing and fiction. She is partic-
ularly interested in representations of the medical-
woman movement in the professional press and in
fiction by early women doctors. She found that
opinion on the medical training of women was far
from uniform. One Lancet contributor ventured
that women might treat female patients and chil-
dren, whereas another harrumphed that “women
hate one another, often at first sight.” Moulds’
study of the “medical women question” points
to the dangers of leaping to conclusions about
past opinions or practices without exploring the
historical context [55]. Medical journals offer an
unparalleled source of historical data not only on
doctors, diseases, and medical practice but also
on social transformations such as the participation
of women in professional life. By the end of
the nineteenth century, some hundreds of medical
periodicals had been launched. Scientific
commentators were already worrying about

information overload before the century was
over. “At the present time, the accumulation of
material is so rapid that there is danger of indi-
gestion,” lamented physicist Lord Rayleigh in
1877 [55]. Modern scholars face no less difficulty
while retrieving information from the literature.
Importantly, various books about women in med-
icine do exist [77], and new ones are
published [42].

Gender Models, Female Physicians,
and Women Writers

In their monumental work, Børresen and Vogt
[19] point out the convergence of androcentric
gender models in the Christian and Islamic
traditions. This book presents a pioneering inves-
tigation of correlated Christian and Islamic gen-
der models which hitherto were not compared by
women’s studies in religion. Women writers of
Christian tradition are included: Heloise,
Hildegard von Bingen, Birgitta of Sweden,
Caterina da Siena, Christine de Pisan, Hypatia
of Alexandria, Birgitta of Sweden as a model of
theological inculturation, Julian of Norwich as a
model of feminist theology, and the poet Vittoria
Colonna (1490–1547) who was befriended with
Michelangelo [19]. Merit Ptah (2700 BC) from
Egypt has been identified as the earliest cited
female physician [88], while Agnodice reportedly
was the first female physician to practice legally
in fourth century BC in Athens.

Historians and poets, Victorian novelists, and
contemporary feminists have adopted Hypatia
(c. 370–415) as a symbol of the waning of classi-
cal culture and freedom of inquiry, of the rise of
fanatical Christianity, or of sexual freedom
[19, 50]. How does gender give meaning to the
organization and perception of historical knowl-
edge? The answers depend on gender as an ana-
lytic category. For the most part, the attempts of
historians to theorize about gender have remained
within traditional social scientific frameworks,
using long-standing formulations that provide
universal causal explanations. These theories
have been limited at best because they tend to
contain reductive or overly simple generalizations
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that undercut not only history’s disciplinary sense
of the complexity of social causation but also
feminist commitments to analyses that will lead
to change [123].

The Southern Italian coastal town of Salerno
was an important center of medical learning and
practice in the twelfth century. Here the physician
Trota of Salerno (?–1097) collected many of her
empirical practices in writings. One work on
women’s medicine that was associated with her,
the De curis mulierum (“On Treatments for
Women”), formed the core of what came to be
known as the Trotula, a compendium of three
texts that circulated throughout medieval Europe
[66]. Trota herself gained a reputation that
spreads as far as France and England [13].

The abbess Hildegard of Bingen
(Bermersheim 1098–1179 Rupertsberg) is con-
sidered Germany’s first female physician
(Fig. 1.7). She conducted and published compre-
hensive studies of medicine and natural science
[18]. During the Middle Ages, convents were an
important place of education for women, and
some of these communities provided oppor-
tunities for women to contribute to scholarly
research. Her prolific writings (c.1151–58)
include various scientific subjects, including
medicine, botany, and natural history.

Christine de Pisan (1364–1430) was a medieval
writer and historiographer who advocated for
women’s equality. Her works, considered to be
some of the earliest feminist writings, include
poetry, novels, biography, and autobiography, as
well as literary, political, and religious commentary.

Elena Cornaro Piscopia (1646–1684) received
an academic degree, and in Padua (1678) she
became the first woman in the world to receive a
PhD degree, well before Morgagni (1682–1771)
founded pathological anatomy [140]. Dorothea
Erxleben (1715–1762) was the first woman
granted an MD in Germany. James (Miranda)
Barry (1797–1865), a renowned female doctor
who passed as a man to gain a medical education
and practice medicine, was in 1858 appointed to
inspector general of the British Army and worked
successfully as surgeon for 50 years. At autopsy,
it was discovered that James was a woman [38].

Not relying on a disguise, Harriot Hunt
(1805–1875) was lucky to be admitted by the
dean of Harvard Medical School. However, she
was sent home by her (male) fellow students. She
ended up as professor of obstetrics in Rochester,
although she was not a qualified physician. With
medical training in New York and Paris, Elizabeth
Blackwell (1821–1910) similarly was appointed
professor of obstetrics in London in 1874.

Johann Jakob Bachofen, a Swiss antiquarian,
lawyer, philologist, and anthropologist
(1815–1887), was a professor of Roman law at
the University of Basel. He is often cited in rela-
tion to his theories concerning Das Mutterrecht
(about prehistoric matriarchy), the title of his
seminal 1861 book, being an investigation of the
religious and juridical character of matriarchy in
the Ancient World. He assembled documentation
demonstrating that motherhood is the source of
human society, religion, morality, and decorum.
He postulated an archaic “mother-right” within
the context of a primeval matriarchal religion or
Urreligion. The first form of kinship follows no

Fig. 1.7 Hildegard of Bingen, a medieval German abbess
who wrote Causae et Curae, a medical text. (Artwork by
Piet Michiels, Leuven, Belgium)
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other rule than to trace descent uniquely through
women. Matrilineal systems were therefore the
first to develop and with them Mutterrecht,
which corresponds with a matriarchal lunar
phase in cultural evolution, based on agriculture,
characterized by the emergence of mystery cults
and law [8].

By the time diseases were considered curable
by some type of intervention, and at least worth
the attempt, doctors had mixed ideas about
distinctions between male and female patients.
The situation has succinctly been characterized
in 1986 by the Bostonian physician Mark
Altschule, with some excerpts selected here:

For the most part, physicians think of gender-
related illnesses as pertaining to obstetrics and
gynecology and genitourinary diseases—and per-
haps psychiatry also. However, cardiologists have
long had similar concerns, albeit to a limited
degree. [. . .] The fact that some women with mitral
stenosis might have paroxysmal dyspnea in associ-
ation with their menstrual periods occasioned inter-
est but no surprise.

Leaving to one side the anatomic and physio-
logic differences between left ventricles of women
and men reviewed by Buonanno of Verona and
concentrating only on coronary artery disease, we
find marked differences between the manifestations
in the two sexes. Normal coronary arteriograms are
common in women with angina pectoris and even
with myocardial infarction. [. . .] when symptoms
occur, including those of infarction, they are likely
to occur at younger ages in women than in men.
The reasons for these differences are totally
unknown. The clinical differences in coronary ath-
erosclerosis in women and in men may make the
diagnosis more difficult to establish in women.

As highlighted by Altschule, the publications
by Dr. C. Buonanno [24, 25] marked the begin-
ning of a new era, which was, very unfortunately,
not immediately recognized by the cardiology
community. This is what Dr. Buonanno
(Fig. 1.8) reported in 1983:

In females, then, with smaller ventricular volume,
the antegrade flow seems to be maintained by more
complete and rapid systolic emptying, which
implies a constant hyperdynamic condition. The
higher heart rate often reported for women,
associated with the more complete and faster ven-
tricular contraction, may well represent another
effect of a physiologically present sympathetic
hyperactivity. [. . .] As a consequence, when studies
are performed in which the left ventricular function
of a disease group is evaluated in comparison with
normals, the ratio of the two sexes in the groups
should be considered since the mean values for the
parameters of left ventricular function may be
strongly influenced by their sex composition.

In an earlier publication [24], his team
reported:

In a group of 70 patients, 29 women and 41 men,
with atypical chest pain and normal findings at
coronary arteriography, some hemodynamic and
angiographic parameters of left ventricular function
were measured for the purpose of determining the
values of normality and to document possible
differences between sexes. [. . .] the left ventricular
ejection fraction of 74 � 7% in women was signifi-
cantly higher than that of 67 � 7% in men
(P < 0.0005).

It must be emphasized that this comparison is
based on volumetric data which are adjusted for
differences in body height and weight, while

Fig. 1.8 Title page of the 1982 publication by Dr. C. Buonanno et al. from Verona (Italy)
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ejection fraction (EF), being a ratio, is indepen-
dent of body size. The implications of the findings
reported in 1982 are enormous. Ventricular
dimensions have been measured in millions of
cardiac patients, while the EF metric has been
the subject of more than 54,140 scientific papers
listed in PubMed (accessed December 12, 2017).
As far as known, no publication describes a con-
nection between the ratio EF and the other
sex-specific ratio mentioned before, namely, D2:
D4. What is well known is that EF forms the
central criterion to distinguish heart failure
phenotypes and to design clinical trials in
cardiology.

Hospitals, Infirmaries, and Clinics

Spanning 2000 years of Christian religious
women’s quest for spiritual and vocational fulfill-
ment, Sisters in Arms is the first definitive history
of Catholic nuns in the Western world. Unfolding
century by century, this epic story encompasses
every period from the dawn of Christianity to the
present [103]. Until recently the role of nuns over
the centuries has been minimized. These nuns
were women scholars, mystics, artists, political
activists, healers, and teachers – individuals
whose religious vocation enabled them to pursue
goals beyond traditional gender roles. They range
from Thecla, the legendary companion of Paul,
who baptized herself in preparation for facing the
lions in the Roman arena, via Hrotsvitha
(Hroswitha) of Gandersheim (c. 935–1002) as
writer [61] to Hildegard of Bingen, whose visions
unlocked her extraordinary talents for music,
medicine, and moral teaching in the twelfth cen-
tury [112]. By entering the convent, nuns gained a
community that allowed them to evolve spiritu-
ally, intellectually, and emotionally; but the con-
vent was never a perfect refuge. Women’s
struggles continued against the male church hier-
archy, the broader lay community, and the larger
cultural and historical forces of change. The his-
tory of nuns is an important part of the larger story
of Western women whose gender provoked resis-
tance to their claims to autonomy and power. The
book is a tribute to the sisters who have labored

with prayer and service for 2000 years, struggled
to achieve greater recognition and authority, and
forged opportunities for all women while holding
true to the teachings of the Gospel [103].

Traditionally, in continental Europe,
institutions offering care for the sick and
providing social welfare were supervised and
staffed by Catholic ecclesiastical orders
(Fig. 1.9). These facilities included hospitals and
were maintained by convents and monasteries.
For example, Teresa of Avila (Avila 1515–1582
Alba de Tormes) was a prominent Spanish mys-
tic, Carmelite nun, and author. Although she suf-
fered many complaints (including fever, anemia,
convulsions, headache, palpitations, painful
attacks, tinnitus) connected to a variety of
diseases, with tuberculosis likely being fatal, she
devoted her life to helping the sick and neglected
[41]. Her books include an autobiography, El
Castillo Interior (The Interior Castle), and
Camino de Perfección (The Way of Perfection).

Many of these units were taken over by the city
administration following the Protestant revolution
during the sixteenth century, such as Cecilia
Hospital in Leyden founded in 1636 [76], Berlin’s
Charité (1768), and Saint Petersburg’s
Obukhovkaya (1779, while the city was founded

Fig. 1.9 Nurse feeding a patient (c.1450). The role of
Christian charity in motivating women to do “good
works” was important in the development of hospitals
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not earlier than in 1703). Britainwas behind the rest
of Europe [71], with Westminster (1720), Guy’s
(1724), and St George’s (1733). Edinburgh Royal
Infirmary opened in 1729. The USA followed with
Philadelphia (1751) and Massachusetts General
(1811) in Boston. Before 1800 hospitals offered
mostly food, shelter, and rest. They were crowded,
with infections thriving [71].

The first (public) dissection by Paaw on a
woman (called Jannetgen Jorisdochter van
Deventer) at a temporary anatomical theater in
the Faliedebagijne church (Leyden) took place
in 1589 [76]. The official theater was founded in
1594 and required the appointment of an anatomy
professor. As part of a competition to acquire
such a professorship, another dissection on a
woman (called Tryn van Hamburch, executed in
Amsterdam) was carried out by the candidate
Henricus Florentius on December 23, 1617
[76]. Tryn reportedly had been condemned sev-
eral times because of theft. Eight times she
escaped punishment because she was pregnant.
As additional penalty, both her ears were cut.
Finally she died on the gallows, and her body
was donated to the Leyden anatomical theater to
instruct students [122].

The Heart and the Heliocentric
Paradigm

Since cardiovascular disease (CVD)-related
problems (as we observe them nowadays) are
mostly an issue of older age and often a conse-
quence of affluent society, it is likely that with the
exception of congenital heart disease, typical
CVD was of relatively minor concern in the
older times [17]. Jetter [82] mentions clinical
cardiology only in the twentieth century. In the
past, threats endangering life were of another
order, with epidemics and famine often just
around the corner. Serveto, Colombo, and Fludd
[64] devoted attention to the heart, not solely
because of medical interest or to primarily treat
CVD but rather as a logical result of the recently
developed heliocentric paradigm and asso-
ciated interest in the capabilities of mankind,
irrespective (or at least less dependent) of the
divine authority. For Serveto and Fludd, the

intention was to integrate the heart within the
theological concepts of that time. Harvey even
did not consider publishing his findings until his
friend Fludd persuaded him to do so.

As a matter of fact, even scientists from out-
side the medical field, such as Copernicus and
Galileo, created a new view on the cosmos by
integrating astronomy and unifying all knowl-
edge about nature, reserving in the higher region
a place for God. Insights in the medical sciences
at that time were not isolated items, but part of an
all-embracing picture, as exemplified by new
attempts to create an encyclopedia. The French
prototype was Dictionnaire raisonné des
sciences, des arts et des métiers (1751–1777)
with 35 volumes edited by Diderot.

Medicine and the Military System

Special medical care has always been offered to
certain “privileged” groups including political
and religious leaders, the national military
(Fig. 1.10), and heroes (such as favorite gladiators
treated by Galen himself). It is said that the city of
Cordoba at one time had over 50 hospitals, mostly
military. Similarly, pregnant women of the higher
economical class received special care at the time
of delivery. Court and army physicians, as well as
those professing midwifery, were specialized to
perform these tasks. Similarly, the Veterans
Health Administration is home to the USA’s larg-
est integrated healthcare system consisting of
170 medical centers, providing care at 1243
healthcare facilities, including 1063 outpatient
sites of care of varying complexity, and serving
nine million enrolled veterans each year
(Fig. 1.11). As far as the discipline of cardiology
is concerned, we see specialized centers, often
directed to heart transplantation.

There is a remarkable resemblance between
medical and military terminology: (heart) attack,
fighting (a disease) [35], combat, withdrawal,
aggressive (therapy), collateral damage [99], and
the current “precision” strategies. Interestingly,
Karen Hagemann, editor of The Oxford Hand-
book “Gender, War and the Western World
since 1600” investigated how ideas and practices
of gender differences contributed to the shaping
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of warfare and military culture and were at the
same time transformed by them.

Women were introduced in the medical
profession during times of war.

The resemblance between medical and
military terminology is remarkable.

As we have seen, it took a long time before
women were admitted to the medical profession.
A major breakthrough was discernable since the
First World War, when women were active as
physicians to treat victims in their home country
and cared for wounded soldiers abroad. Thus, the
initial midwifery specialty reserved for the well-
being of mother and newborn was rapidly

Fig. 1.10 The north front of the Invalides in Paris:
Mansart’s dome above Bruant’s pedimented central
block. The military hospital and home for retired soldiers

were built in the period 1671–1679. (Copyright by Daniel
Vorndran/DXR, CC BY-SA 3.0, https://commons.
wikimedia.org/w/index.php?curid¼31962731)

Fig. 1.11 Distributions of Veterans Health Administration locations. (Source: https://www.va.gov/directory/guide/
division.asp?dnum¼1 (accessed October 29, 2017))
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extended to most disciplines of medicine. Half a
century before, in 1854 Florence Nightingale
(1820–1910), also called “The lady with the
lamp,” contributed by founding the modern con-
cept of nursing (schools) [36]. Her accom-
plishments during the disastrous years the
British Army experienced in the Crimea were
largely the result of her concerns.

Medical Care in More Recent Times

Medicine in modern times is not limited to treat-
ment of disease but also covers prevention and
health coaching. Exercise has been a fascinating
area of what is called cardiomythology.

In the period 1880 to 1980, three distinct
changes in biomedical attitudes toward vigorous
exercise had been detected: the mid-Victorian
interpretation of pathological hypertrophy of the
heart and the reinvention of hypertrophy as a
beneficial physiological adaptation in the 1940s
and 1950s, followed by medicalizing sport by the
leisure revolution where doctors and cardiologists
prescribe exercise as a polypill that can only be
safely used with the guidance of a medical
professional [72].

Men and Women as Study Objects
and Their Strengths

Cardiology as a clinical discipline arose only
recently, and there are not many heroic patients
similar to, for example, Anna O (in psychiatry,
real name Bertha Pappenheim, later referred to as
a benefactor of mankind) or Henrietta Lacks (her
name perpetuates in the HeLa cell line). An
exception may be Werner Forssmann
(1904–1979), being a German urologist and sur-
geon who rendered himself a (potential) patient
by demonstrating in 1929 auto-catheterization of
the right heart [17, 56]. He shared the Nobel prize
in 1956 (Fig. 1.12).

A few patients appeared on front pages in
newspapers. Among them was the first heart
transplant recipient, but the glory period lasted
longer for his cardiac surgeon. On December

3, 1967, Louis Washkansky (53) received the
heart of a 25-year-young woman (Denise Darvall,
who was involved in a traffic accident), and he
lived for 18 days after the operation. Interestingly,
this was also the first case of sex mismatch
between donor and recipient, in which “asymme-
try” became the subject of extensive research in
subsequent years and still continues.

One other surgeon made history and was fea-
tured in Newsweek, but after a decade his name
(Batista) disappeared from the scene, and the
fate of some of his patients remained obscure
(Fig. 1.13). Adam Rogers reported on June
23, 1996, in Newsweek as follows:

The annals of heart disease are full of failed
treatments and faddish operations that gave desper-
ate patients lots of hope but little help. . . . A new
operation devised by a heart surgeon in rural Brazil
seems to have just the credentials to join that
dubious-achievement list. It flouts a central tenet
of cardiology. . . . Almost a dozen American
physicians have trekked to Brazil to observe
Batista's work, and they have been sufficiently
impressed that four leading hospitals are now
performing the experimental surgery. Called

Fig. 1.12 Werner T.O. Forssmann M.D., Nobel Prize
winner. Artwork by Piet Michiels, Leuven, Belgium
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ventricular remodeling, the operation is meant for
patients with enlarged hearts due to end-stage
congestive heart failure, which directly or indirectly
kills almost 300,000 Americans each year. . . .. One
reason for optimism is numbers: 70,000 Americans
need heart transplants every year, but only 2,300
get them. Even so, a clear verdict on the operation
is no sure bet. Unlike drugs, procedures do not have
to be approved by the Food and Drug Administra-
tion. Cardiac patients will have to decide for them-
selves whether to let their surgeon take a little piece
of their heart out.

Norman Cousins (1915–1990) wrote a bril-
liant book Anatomy of an Illness (1979) [37].
When the author was diagnosed with a crippling
and irreversible disease, he forged an unusual
collaboration with his physician, and together
they were able to beat the odds. The doctor’s
genius was in helping his patient to use his own
powers: laughter, courage, and tenacity. The
patient’s talent was in mobilizing his body’s
own natural resources, proving what an effective
healing tool the mind can be. This remarkable
story concerns the triumph of the human spirit.

In 1978 the said author joined the University
of California, Los Angeles, faculty and became
an adjunct professor and taught ethics and medi-
cal literature. He died of heart failure, 36 years
after his heart disease was first diagnosed.

Then there is the remarkable e-Patient Dave:
he survived kidney cancer and nobody knows
why. Cancer survivor Richard Davies deBronkart
Jr. (1950) is an international keynote speaker and
academic lecturer who consistently earns extraor-
dinary ratings by understanding each audience to
deliver the client’s unique objective. In January
2007, a routine shoulder X-ray incidentally
disclosed a shadow in the lung, which turned
out to be metastasized kidney cancer (stage IV,
grade 4 renal cell carcinoma). His median sur-
vival time at diagnosis was 24 weeks. Now, a
decade later, at conferences he acts as a speaker
about the “e-Patient” movement, also referred to
as “patient engagement” and “participatory
medicine.”

Men and women alike have been featuring as
patients, a few of them as study objects in medical

Fig. 1.13 Dr. Randas
Batista showing his
collection of specimens
resulting from partial
ventriculectomy. (Artwork
by Piet Michiels, Leuven,
Belgium)
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research, as well as a subgroup in the role of
professionals, although not always and every-
where at an equal pace or with similar benefits.
Societies which in the past subordinated members
belonging to the female sex often made no excep-
tion to medical treatment. In that respect, selected
epidemiologic studies may have been biased
when inadequately considering this confounder.

Soldier’s Heart and Other Cardiac
Troubles

Heart disease in soldiers was known by several
names, including Da Costa’s syndrome (referring
to a set of symptoms described during the Ameri-
can Civil War), irritable heart, and DAH (disor-
dered action of the heart). When German troops
marched into Belgium in the summer of 1914,
there was already a significant literature on
diseases of the heart in soldiers. Not that this
seemed a particularly urgent problem at first.
Home by Christmas was the cry. But, as the war
dragged on, devastating new entities like poison
gas, machine guns, and barbed wire presented
physicians with hitherto unknown medical
concerns. Heart disease first attracted serious
attention following the August 1914 retreat from
Mons, which saw many soldiers sent back to
England with chest pain, dyspnea, palpitations
on exertion, and tachycardia. It eventually
became the third leading cause of discharge
from the British Army during the war
[75]. There is a long list of ailments which have
been the fashion during certain episodes, includ-
ing railway spine/neurosis (morbus Erichsen)
associated with train accident, broken heart/
takotsubo [53], anorexia religiosa (as in Teresa
of Avila), and bicycle face which is about the
dangers of young women riding bicycles, thus
trading their femininity for fitness [55]. Another
case concerns Eva Vlieghen (c. 1575–after 1628),
who reportedly did not eat for 17 years but
remained in blooming health thanks to her faith
in God. Her portrait (Fig. 1.14) belonged to the

collection of Otho Heurnius and decorated the
local anatomical theater. Eva probably also suf-
fered from anorexia religiosa.

Cardiomythology and Other Inflictions

Bicycle face: about the dangers of young
women riding bicycles, trading feminin-
ity for fitness [55]

Anorexia religiosa: blooming health thanks
to faith in God [41]

Lady’s heart: Altschule [6] and Buonanno
[24] on real (fe)male differences regard-
ing the heart

(continued)

Fig. 1.14 Eva Vlieghen (nickname Besje van Meurs),
mentioned in Huisman [76] (http://resources.huygens.
knaw.nl/vrouwenlexicon/lemmata/data/Vlieg(h)en)
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Soldiers heart (Da Costa’s syndrome): on
irritable heart [75]

Polypill: Heggie [72] on exercise and the
heart

e-Patient (deBronkart Jr): patient engage-
ment [37] and participatory medicine

Takotsubo (a.k.a. broken heart or happy
heart syndrome): Engel [53]

The Doctor as a Patient

Dr. Walter Randall (1916–1993) is a famous
cardiophysiologist, president (1982–1983) of the
American Physiological Society, and editor, e.g.,
of the book Neural Regulation of the Heart
[118]. In a book Randall states: I had undergone
quadruple coronary bypass surgery [127]. The
book does not tell us that this intervention was
followed by a serious complication which he
survived because it was auto-diagnosed.

Douglas Martin (in the June 21, 2014, edition
of The New York Times) reported: Dr. Arnold
S. Relman rose to the top of the medical profes-
sion as a researcher, administrator, and longtime
editor of The New England Journal of Medicine,
which became a platform for his early and influ-
ential attacks on the profit-driven healthcare sys-
tem. Relman and his wife Dr. Marcia Angell filled
top editorial posts at the journal for almost a
quarter-century, becoming American medicine’s
royal couple, as the physician and journalist Abi-
gail Zuger wrote earlier in the same newspaper.
June 2014, Relman fell down a flight of stairs and
broke bones including three vertebrae. When he
reached the emergency room, his heart had
stopped three times.

“Technically, I died”, he told The Boston Globe. He
went on to write an article about his experience for
The New York Review of Books, offering the
unusual perspective of both a patient and a doctor.
The health care system, he said, was in need of a
more aggressive solution to fundamental problems,
which he had discussed, somewhat philosophically,

in an interview with Technology Review in 1989.
“Many people think that doctors make their
recommendations from a basis of scientific cer-
tainty, that the facts are very clear and there’s
only one way to diagnose or treat an illness. In
reality, that’s not always the case. Many things
are a matter of conjecture, tradition, convenience,
habit. In this gray area, where the facts are not clear
and one has to make certain assumptions, it is
unfortunately very easy to do things primarily
because they are economically attractive”.

Consolatory Reflections

From the remotest times there exists abun-
dant record that in each and all of
these fields [as social workers, hospital
consultants, moral reformers, as peace-
makers] women were always active and
always without ostentation. But to men for
countless centuries the stirring events of
war rather than those of peace were para-
mount. (Kate C. Hurd-Mead. A History of
Women in Medicine [77])

There are real and imagined sex differences,
sometimes with a documented biological or
psychological basis [134]. One trouble has not
confronted women scientists as much as it has
done harm to men: the battle about who discov-
ered what first. For example, Otto Frank and
Ernest Starling vs. Carl Ludwig [144] and Dario
Maestrini [101] or the candidates Harvey,
Serveto, Colombo, and Ibn Nafis. Actually, a
fierce debate about the discovery of the pulmo-
nary circulation started recently anew
[4, 142]. Clinical firsts often trigger sensational
media reporting, both celebratory and critical
[111]. Such moments highlight the promissory
nature of medicine and surgery, the boldness of
physicians and patients who dare to go first, the
assessment of risks and benefits, and the decision
to transition a procedure from the bench to the
bedside [102].
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While it may remain uncertain who was first
when it comes to eminent discoveries, it must be
noted that those brilliant men who came up with
groundbreaking news occasionally ended up at
the stakes which fate did not strike women in
science (as far as we know). Joan of Arc was
burnt, as well as a number of “witches,” but not
primarily because of scientific disputes, with the
possible exception of Hypatia (who was mur-
dered first).

Cases of fraud have been reported, and unfor-
tunately the field of cardiology has not been free
from scientific misconduct. It seems that men are
relatively more often involved in cases where
fraud has been detected, with only one woman
in the top 30 list (ranking candidates with 16 or

more retractions) (http://retractionwatch.com/the-
retraction-watch-leaderboard/). However, another
woman – from the high-profile Baker Institute in
Melbourne – made it to (a retraction from) the
New England Journal of Medicine in 2008.
Sources of error have been traced [28], and
focus has been on specialized areas such as the
surgical literature [89].

Punishment can be fierce, implying expulsion
from the scientific community in case of plain
fraud. If self-declared authorities or assigned
peers do not like the message, burning at the
stake was followed in the older times. Nowadays,
rejection of a manuscript may simply be based on
“priority reasons.”

Fig. 1.15 Statue of Michael Servetus in Champel, near
Geneva. (Illustration by Piet Michiels, Leuven, Belgium)
Vignette: Miguel Servet (also known as Michael Servetus
or Serveto) was a natural philosopher, theologian, and
physician (Villanueva de Sijena, Aragon 1511–1553
Geneva). His father was a local notary. At the age of
14, Miguel entered the service of the Franciscan Juan de
Quintana, who arranged for him to study law at Toulouse
(1528/1529). Following stays in Basel and Strasburg
(1530/1531), he published two works on The Trinity that
met rejection from both Catholics and Reformers. Then he
studied medicine in Paris and, under the pseudonym
Michel de Villeneuve, earned his doctorate. After 1534
he worked as an editor, physician, and author of his own

works on the natural sciences, until in 1540 Archbishop
Palmier invited him to Vienne. There he spent 12 quiet
years as a respected physician and wrote his major work,
Christianismi restitutio, describing the nature and work of
God in a theory influenced by Platonism. Here he
describes the circulation of the blood through the lungs.
His primary purpose, however, was to present an alterna-
tive to Calvin’s Institutio. The book was published anony-
mously in Vienne early in 1553. Calvin brought him to a
trial that lasted 2 months. He was condemned and on
October 17, 1553, burned at the stake in the Champel
quarter of the city. Many recent publications are devoted
to this hero [22, 29–31, 65, 124, 125, 131], with a biogra-
phy by Bainton [9]
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Conclusions

We have seen that the organization of prototype
hospitals and the subsequent establishment of
bedside teaching were only possible with the
permanent availability of nurses (often nuns) to
care for the sick at selected locations. Admittedly,
ambitious women aiming to enter the medical
profession were mostly redirected to midwifery
and thus laid the basis for a next generation of
pioneers to excel. Newly recovered documents,
wider availability combined with translations of
source material, and not to forget the impetus
generated by gender studies have widened the
historical landscape to explore the course of med-
icine. Considering established facts and insights
not only on the basis of reported activities of men
and women but also guided by analysis of the
enforced legal practices, cultural structures, and
opportunities within the prevailing social context
may open new horizons [40].

Besides the reported influential Mutterrecht
[8, 96], starting around 1200 CE and uniquely in
Europe west of the line Saint Petersburg to Trieste
[70], we observe legal arrangements about (con-
sensus) marriage and property (with spouses hav-
ing equal rights) that have shaped society in these
countries differently from traditional patterns
[40]. In particular, the role of women as patients,
study objects, and healthcare workers may
become better documented and understood as
these investigations advance. All histories, to be
of value, must show people in their environment
and, after the lapse of many generations, that
environment must often be reconstructed from
all sorts of scraps and traces, from bits of recorded
history, and from the tales told by wandering
minstrels and found in literary traditions. And
this reconstruction of history, in so far as it
concerns women, will probably have to be done
by women [77].
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Abstract

Epigenetic regulation of gene expression is
integral to cell differentiation, development,
and disease. Modes of epigenetic regulation—
including DNA methylation, histone
modifications, and ncRNA-based regulation—
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alter chromatin structure, promotor accessibil-
ity, and contribute to posttranscriptional
modifications. In the cardiovascular system,
epigenetic regulation is necessary for proper
cardiovascular development and homeostasis,
while epigenetic dysfunction is associated
with improper cardiac development and
disease.

Early sexualization of tissues, including
X-inactivation in females and maternal and
paternal imprinting, is also orchestrated
through epigenetic mechanisms. Furthermore,
sex chromosomes encode various sex-specific
genes involved in epigenetic regulation, while
sex hormones can act as regulatory cofactors
that may predispose or protect males and
females against developing diseases with a
marked sex bias.

The following book chapter summarizes
the field of epigenetics in the context of car-
diovascular development and disease while
also highlighting the role of epigenetic regula-
tion as a powerful source of sex differences
within the cardiovascular system.

Keywords

Epigenetics · Cardiovascular disease ·
Cardiovascular development · Sex
differences · Sexualization · Sex
chromosomes · Sex hormones

Introduction

The study of epigenetics has evolved and
expanded quite rapidly in recent years. Originally
coined by Waddington in 1942, the term
“epigenetics” was first used to describe pheno-
typic phenomena that failed to be understood by
genetics alone (Fig. 2.1) [82]. More recently, the
field of epigenetics refers to stably heritable
changes in phenotype that are not a result of direct
changes in the genetic code [8, 33]. Epigenetics
primarily influence phenotype by regulating the
transcription of genes via DNA methylation, his-
tone modification, and noncoding
RNA-dependent mechanisms. DNA and histone
modifications influence transcription by altering
DNA accessibility while noncoding RNAs can
also impart posttranscriptional modifications [2].

Epigenetic modifications are powerful
regulators throughout the life span that drive
both developmental and pathological processes
including the differentiation of embryonic stem
cells into cardiomyocytes, the pathological hyper-
trophy of adult cardiomyocytes in response to
physiological and environmental stressors, and
much in between [1]. Epigenetic regulation may
also help explain the heritability and pathophysi-
ology of complex diseases, including cardiovas-
cular disease (CVD), where there is a wide range
of heritability that fails to be accounted for by
genomic variation alone [54]. Early sexualization

Fig. 2.1 Waddington’s
classic rendition of the
epigenetic landscape.
Waddington depicts one
application of epigenetics
as genes tethered to a
landscape laden with
valleys, or different cell
fates, in which an
embryonic cell may fall.
(Reprinted with permission
from Waddington [83])
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of tissues, including X-inactivation in females
and maternal and paternal imprinting, is also
orchestrated through epigenetic mechanisms
[55]. Furthermore, sex chromosomes encode var-
ious sex-specific genes involved in epigenetic
regulation, while sex hormones can act as regu-
latory cofactors that may predispose or protect
males and females against developing diseases
with a marked sex bias [13]. Taken together,
epigenetic mechanisms are powerful purveyors
of phenotype that contribute to development, dis-
ease, and sex differences within the cardiovascu-
lar system.

Epigenetic Mechanisms
and Cardiovascular Disease

Epigenetic regulation is achieved through a vari-
ety of dynamic and reversible mechanisms
including DNA methylation, histone modifica-
tion, and alterations in gene expression via non-
coding RNAs (Fig. 2.2).

DNA Methylation

Overview
DNA methylation, the most common form of
DNA modification, contributes to widespread
and reversible changes in gene expression that
influence both embryonic development and risk
of CVD. DNA methylation is an active process
that occurs when a methyl group is added to the
C5 position of cytosine, one of the four DNA
nucleotides, forming 5-methylcytosine (5mC).
DNA methyltransferase (DNMT) enzymes
dynamically mediate and maintain this process.
Regions of DNA enriched with methylated
cytosine residues adjacent to guanine nucleotides
(known as CpG islands) serve as docking sites
for methyl-binding proteins that, along with
other protein complexes, remodel and condense
chromatin (Fig. 2.2) [60]. Thus, CpG methyla-
tion inhibits the transcription of the nearby
genes by condensing chromatin and blocking its
accessibility to various transcription factors
[77, 80].

CpG island TSS

Cytoplasm

Nucleus

DNA methylation

Active transcription

Closed
Chromatin

Open
Chromatin

No transcription

DNMTs

HATsHDACs

Non-coding RNANucleus Cytoplasm

Primary miRNA

Precursor miRNA

Mature miRNA

miRNA storage
miRNA degradat ion

of  mRNA

miRNA sponge
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Fig. 2.2 Main mechanisms of epigenetic regulation. Epi-
genetic regulation is largely mediated by dynamic and
reversible mechanisms including DNA methylation,

histone acetylation and methylation, and alterations in
gene expression via lncRNAs and miRNAs
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DNA methylation does not permanently alter
the transcriptome, as methyl groups can be
removed from cytosine residues through active
demethylation. TET enzymes initiate the DNA
demethylation process by converting 5mC to
5-hydroxymethylcytosine, 5-formylcytosine, and
5-carboxylcytosine via oxidation. These modified
5mC derivatives are replaced by unmodified
cytosines during rounds of DNA replication or
directly via thymine DNA glycosylase enzymes
[88]. Demethylation of DNA results in chromatin
decondensation allowing for transcription of
downstream genes to occur.

DNA Methylation in Cardiovascular
Development
During development, DNA methylation patterns
regulate cell differentiation, maturation, and spe-
cific gene expression. Genome-wide demethyla-
tion during the blastula stage allows for rapid cell
division; while later during development, cell-
specific methylation patterns allow for tissue-
specific gene expression [17]. Tissue-specific
genes tend to have unmethylated CpG promoter
regions in tissues where they are abundant and are
highly methylated in the remaining tissues, while
ubiquitous housekeeping genes are universally
under-methylated [17]. Since DNA methylation
patterns are vital to proper development, dysfunc-
tion of DNA methylation leads to congenital
defects [18] and cancers [30]. Grunert et al. com-
pared the genome-wide DNA methylation pattern
in myocardial biopsies from patients with con-
genital ventricular septal defects and tetralogy of
Fallot and to healthy controls [36]. The DNA
methylation pattern proved to be aberrant in
both congenital defects with over three million
differentially methylated regions when compared
to control. Grunert et al. found that changes in
DNA methylation contributed to congenital heart
disease by altering gene expression through sig-
nificant changes in CpG island availability and
differential gene splicing [36].

DNA Methylation in Cardiovascular
Disease
DNAmethylation is not only necessary for proper
cardiac development, but alterations in DNA

methylation are also implicated in CVD develop-
ment and risk [97]. Movassagh et al. studied the
DNA methylation profile of left ventricular
samples from male patients with ischemic and
idiopathic cardiomyopathy undergoing heart
transplantation [59]. Overall, patients undergoing
heart transplantation exhibited a similar methyla-
tion profile to healthy controls; however, the
methylation signature of certain individual genes
and CpG islands was distinct [59]. Notably,
Movassagh et al. found a significant correlation
between reduced DNA methylation in the pro-
moter sites of genes that are upregulated in
cardiomyopathy [59].

A later study by Haas et al. also found that,
while most CpG islands were similarly
methylated in diseased patient samples when
compared to healthy controls, many of the altered
CpG regions were upstream of genes known to
play a role in heart failure (HF), while the
remaining altered genes potentially encode for
novel HF genes [39]. Using a zebrafish model,
Haas et al. found that altering the expression of
these novel genes in the direction found altered in
dilated cardiomyopathy patients resulted in car-
diac dysfunction or failure [39].

The ubiquitously expressed protein CTCF is
known to play a major role in the regulation of
transcription and has been linked to significant
alterations in DNA methylation (H. [84]). A
recent study by Rosa-Garrido et al. found that
cardiac-specific CTCF-knockout mice exhibit
widespread chromatin rearrangement and
develop HF [69]. Furthermore, mice with pres-
sure overload-induced hypertrophy showed sig-
nificant alterations in CTCF and chromatin
structure [69]. This study reveals that heart failure
is associated with alterations in DNA methylation
and genomic accessibility, and cardiac-depletion
of CTCF in mice results in aberrant chromatin
arrangement and heart failure [69].

DNA methylation is also associated with
age-related diseases including atherosclerosis
[28]. Ying et al. found that de-differentiated aortic
smooth muscle cells (SMCs), exhibiting the
proliferative and noncontractile phenotype
indicative of atherosclerosis, had significantly dif-
ferent methylation profiles when compared to
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differentiated, contractile aortic SMCs [91]. Inter-
estingly, the CpG promoter region of ERalpha
was significantly more methylated in the
de-differentiated phenotype [91]. ERalpha has
been linked to cell proliferation, NO production,
and angiogenesis [56].

More recently, the association between DNA
methylation and atherosclerosis has been further
elucidated. Valencia-Morales et al. compared the
DNA methylation profile of tissue from human
aortic atherosclerotic samples with donor-
matched controls [81]. This study found a signifi-
cant correlation between atherosclerosis severity
and change in CpG methylation with high-grade
atherosclerosis being associated with
hypermethylation [81].

Summary
DNA methylation is an integral part of embryo-
genesis and aging. The addition of methyl groups
to promoter CpG sites, through the dynamic and
reversible process of DNA methylation, directly
inhibits the transcription of downstream genes.
Congenital heart disease, HF, and atherosclerosis
exhibit significant alterations in methylation
profiles when compared to healthy tissue, and a
reduction in DNA methylation activity is suffi-
cient to induce HF.

Histone Modifications

Overview
In the nucleus, DNA is wrapped around
nucleosomes to form highly regulated, tightly
packed chromatin. Nucleosomes are comprised
of eight core histone proteins, dimers of H2-A,
H2-B, H-3, and H-4, that interact directly with
DNA to facilitate packaging. Each histone has an
amino acid tail that can be modified to influence
histone-DNA interactions and subsequent DNA
packaging. Common histone modifications
include lysine acetylation and methylation, argi-
nine methylation, and serine phosphorylation [7],
and it is hypothesized that these modifications act
sequentially to influence one another to contri-
bute to the overall transcriptional state [76].
Lysine acetylation, carried out by histone

acetyltransferases (HATs), is largely activating
as it induces chromatin decondensation leaving
DNA accessible for transcription [32]. Con-
versely, lysine deacetylation, carried out by his-
tone deacetylases (HDACs), results in chromatin
condensation and transcriptional suppression
[32]. Histone methylation is regulated by two
classes of enzymes: histone methyltransferases
(HMTs) and histone demethylases [32]. Along
histone tails, the addition or removal of methyl
groups influences transcription in a dose- and
site-specific manner (Fig. 2.2).

Histone Modifications in Cardiovascular
Disease
Histone modifications impart powerful changes in
gene expression, and alterations in histone acety-
lation and methylation have been reported in dis-
ease development. In the context of CVD, histone
modifications, as well as the expression of
enzymes that facilitate them, are associated with
cardiomyocyte hypertrophy, HF, and ischemia/
reperfusion (I/R) injury.

The result of histone modifications on gene
expression is largely site- and dose-specific;
therefore, the combination of different lysine
residues along histone amino acid tails acts as a
signature for various diseases. A genome-wide
histone methylation profile by Kaneda et al.
found that cardiomyocyte tri-methylation of H-3
at lysine residue four (H3K4) or nine (H3K9) is
affected by the administration of high-sodium
diet in Dahl salt-sensitive rats [47]. Dahl rats
administered a high-sodium diet are a widely
used animal model of congestive HF (CHF).
Keneda et al. further analyzed the H3K4 and
H3K9 methylation sites in human left ventricle
(LV) biopsies from patients with congestive HF
and patients with preserved LV ejection fraction.
Again, they discovered altered methylation
profiles in both sites [47]. Tri-methylation of the
lysine residue H3K36 was also found to be
associated with end-stage HF in patients [59].

By generating genome-wide maps of chromatin
states, Papait et al. further identified the presence of
a unique epigenetic signature in LV-derived
cardiomyocytes from hypertrophic mice that is
indicative of HF [64]. This epigenetic signature
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includes an overall reduction in both activating and
repressive histone modifications which modulate
promotor activity and result in altered gene expres-
sion [64]. Histone modifications that comprise the
epigenetic signature of HF are orchestrated by a
number of enzymes that influence lysine residues
along histone tails.

Zhang et al. found that JMJD2A, a histone
demethylase that removes methyl groups from
tri-methylated H3K9 and H3K36 lysine residues,
promotes cardiomyocyte hypertrophy in mice
subjected to cardiac pressure overload [94]. In
this study, JMJD2A-knockout mice subjected to
transaortic constriction exhibited less cardiac
hypertrophy and pathological remodeling when
compared to mice overexpressing JMJD2A
[94]. Rosales et al. further found that an increase
in JMJD2A is concomitant with cardiac hypertro-
phy in cultured rat cardiomyocytes treated with
angiotensin II (AngII) and endothelin-1 (ET-1)
[70]. Treatment also resulted in the reactivation
of the fetal gene profile as observed in pathologi-
cal hypertrophy. Overexpression of JMJD2A and
treatment with AngII and ET-1 resulted in an
increase in the fetal gene profile, while inhibition
of JMJD2A expression resulted in
downregulation [70]. Taken together, these stud-
ies show that the histone residues H3K4, H3K9,
and H3K36 are all altered in HF; and histone
demethylase JMJD2A, which removes methyla-
tion marks at H3K9 and H3K36, is implicated in
increasing cardiac hypertrophy potentially
through activating the fetal gene profile that is
characteristic of pathological hypertrophy. Inter-
estingly, JMJD2A may contribute to certain sex
differences as it has been shown to work along
with JMJD2D as a cofactor to activate androgen
signaling [73].

Papait et al. recently identified G9a, a HMT
associated with a largely repressive epigenetic
state, as an important modulator of both cardiac
homeostasis and hypertrophy in the adult heart
[65]. Like JMJD2a, G9a demethylates the H3K9
residue resulting in the inhibition of anti-
hypertrophic genes [65]. Conversely, G9a is nec-
essary in silencing developmental genes in the
adult heart by interacting with the MEF2C com-
plex [65]. In this way, the HMT G9a contributes

to both necessary cardiac homeostasis and mal-
adaptive cardiac hypertrophy.

HAT activity has also been linked to patholog-
ical cardiac hypertrophy. Two of the most studied
HATs include the transcriptional co-activators
CREB-binding protein (CBP) and p300—both
of which are necessary for proper cardiomyocyte
development and growth. CBP and p300 HAT
activity mediate chromatin decondensation and
transcriptional activation. Gusterson et al. found
that enhancing CBP and p300 HAT activity is
sufficient to induce cardiac hypertrophy in neona-
tal rat ventricular myocytes (NRVMs), while
suppressing HAT activity prevented
phenylephrine-induced cardiac hypertrophy [38].

Unlike HATs, HDACs, which enzymatically
remove acetyl groups from lysine residues along
the histone tails, confer chromatin condensation
and transcriptional repression. In this way,
HDACs are powerful epigenetic regulators that
play a role in the pathogenesis and progression of
a variety of diseases. Most notably, HDAC activ-
ity is increased in tumorigenic cancer cells, and
the FDA has recently approved multiple HDAC
inhibitors for use as cancer treatments [92]. The
role of HDACs in CVD is complicated as studies
show HDACs are anti-hypertrophic, while drugs
inhibiting HDAC activity have also been
associated with anti-hypertrophic and
cardioprotective effects [92]. HDACs are
separated into four different classes based on
their functional and structural characteristics
which could help explain the paradoxical findings
associated with HDACs and CVD. Class IIa
HDACs demonstrate anti-hypertrophic qualities
as deletion of Class IIa proteins, HDAC5 or
HDAC9, results in a more aggressive hypertro-
phic phenotype likely mediated through the reac-
tivation of the fetal genes ([19], p. 5; [93]).
Conversely, Class I HDACs have been associated
with cardiac hypertrophy as overexpression of the
Class I protein HDAC2 is sufficient to induce
cardiac hypertrophy, while inhibition results in
resistance to hypertrophy ([78], p. 2).

Further supporting the negative role of
HDAC activity in the heart, suppression of
HDAC activity by pharmacological HDAC
inhibitors also demonstrated anti-hypertrophic
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and cardioprotective effects. Ooi et al. found that
mice treated with an FDA-approved Class I/II
HDAC inhibitor had less severe pathological car-
diac remodeling and hypertrophic gene expres-
sion in the transaortic constriction (TAC) model
of pressure overload [62]. Genome-wide chroma-
tin immunoprecipitation coupled with massive
parallel sequencing (ChIPseq) experiments
found that treatment with HDAC inhibitors
results in dynamic changes in the acetylation of
promoter regions at H3K9 and H3K14 residues in
whole hearts subjected to in vivo pressure over-
load and cultured vascular endothelial cells
[62, 68]. Interestingly, HDAC inhibition did not
solely result in increased acetylation at these
residues as expected [34, 68]. Instead, HDAC
inhibition resulted in acetylation and also
deacetylation of hyper-acetylated residues [62,
68]. These dynamic changes in H3K9 and
H3K14 residues induced downstream changes in
gene expression including reduced expression of
inflammatory and hypertrophic markers and sup-
pression of autophagy [14, 62, 68].

Hypoxia has been shown to induce HDAC
activity; as such, inhibition of HDAC activity
has been demonstrated as cardioprotective against
I/R injury [34]. Granger et al. found that treatment
with pharmacological HDAC inhibitors signifi-
cantly reduced the area of infarct in a murine
in vivo model of I/R injury [34]. Follow-up
in vitro experiments using isolated
cardiomyocytes revealed that HDAC inhibition
reduced cell death and the expression of genes
typically upregulated in response to I/R injury
including hypoxia inducible factor-1α and genes
affecting vascular permeability [34]. Taken
together, while HDAC activity has been shown
to attenuate cardiac hypertrophy, it is largely
viewed as maladaptive. FDA-approved HDAC
inhibitors suppress cardiac hypertrophy and
ischemic death by regulating acetylation of
lysine residues and modulating the expression
of genes relating to hypertrophy, inflammation,
autophagy, and vascular function.

Summary
Histone modifications largely refer to the addition
and removal of methyl and acetyl groups from

lysine residues along amino acid histone tails.
These modifications, as well as changes in the
expression or activity of the enzymes that impart
them, induce changes in chromatin conformation,
promoter accessibility, and subsequent gene
expression. In this way, dynamic histone
modifications can drastically alter CVD risk and
the development and progression of pathological
hypertrophy and HF.

Noncoding RNA

Overview
More recently, noncoding RNAs (ncRNAs) have
been identified as powerful epigenetic regulators.
While never translated into a protein, ncRNAs
influence gene expression by aiding in DNA
methylation, histone modifications, and gene
silencing. ncRNAs are separated into two groups
based on size: long ncRNAs (lncRNAs) are over
200 nucleotides, and short ncRNAs are less than
30 nucleotides. LncRNAs typically inhibit gene
expression inside the nucleus where they interact
with chromatin-modifying proteins to influence
chromatin structure and DNA accessibility.
MicroRNAs (miRNAs), a subset of short
ncRNA, reduce gene expression mainly through
posttranscriptional degradation of target RNA
strands (Fig. 2.2). Both lncRNAs and miRNAs
are involved in regulating gene expression during
development and are altered in various disease
states and between sexes. Additionally, they
have been identified in cardiomyocytes and vas-
cular cells and have been associated with normal
cardiac development and CVD [40, 63].

MicroRNAs in Cardiovascular Disease
The relatively recent discovery of miRNAs as
powerful epigenetic regulars has sparked much
investigation into their role in CVD and their
potential as biomarkers or therapeutic strategies.
The effect of miRNAs on CVD varies between
individual miRNAs as each 21-24 nucleotide
miRNA targets a specific RNA sequence that
could result in the altered expression of up to a
hundred different genes [66]. As such, modifying
the expression of miRNAs can produce varying
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results. In vitro experiments using neonatal
cardiomyocytes reveal that the overexpression of
miRNA-23a, miRNA-23b, miRNA-24, miRNA-
195, or miRNA-214 is sufficient to induce cardiac
hypertrophy, while overexpression of miRNA-
133 resulted in the attenuation of the hypertrophic
phenotype [15, 50]. MiRNA expression is also
associated with HF, myocardial infarction (MI),
and coronary artery disease since miRNA expres-
sion levels are altered in cardiac tissue or plasma
of murine models and human patients with these
pathologies [45, 50, 63]. MiRNAs implicated in
CVD have been shown to regulate genes in
pathways associated with inflammation,
autophagy, hypertrophy, and fetal gene
reactivation.

LncRNAs in Cardiovascular Development
LncRNAs have also been demonstrated to play a
role in CV development and disease by
influencing gene expression through interactions
with RNA or chromatin [40]. During embryogen-
esis, the presence of lncRNA Fendrr in the lateral
mesoderm is necessary to ensure proper heart
development [35]. Fendrr modulates the tran-
scription of important developmental genes by
altering chromatin structure as Fendrr-null mice
exhibit changes in H3K4 and H3K27 methylation
marks in the promoter region of several genes
linked to CV development [35]. Another heart-
associated lncRNA, Braveheart, is integral in
driving cells toward a cardiac fate during embryo-
genesis and maintaining their cardiac fate by
activating CV gene networks and mediating epi-
genetic regulation of cardiac genes [49].

LncRNAs in Cardiovascular Disease
Following development, lncRNAs are also
associated with cardioprotection and cardiac
hypertrophy. Han et al. identified a particular
lncRNA-chromatin feedback loop that contributes
to cardioprotection against CVD [41]. Han et al.
found that alternative splicing at the myosin heavy
chain 7 loci resulted in the transcription of a clus-
ter of cardio-specific lncRNAs that they aptly
named the myosin heavy chain-associated RNA
transcript (Mhrt) [41]. Mhrt acts as a competitive
inhibitor to Brg1 which functions as a member of

the chromatin repressor complex that, when
bound to DNA, induces cardiac hypertrophy
[41, 42]. During periods of pathological stress,
Brg1 can inhibit Mhrt expression thus promoting
cardiac hypertrophy in a Brg1-Mhrt feedback cir-
cuit [41]. Han et al. found that restoring levels of
Mhrt during pathological stress can protect the
heart from hypertrophy and failure [41].

Another novel lncRNA has recently been dis-
covered to epigenetically induce cardiac hyper-
trophy in response to cardiac stress. Cardiac-
hypertrophy-associated epigenetic regulator
(Chaer) was found to be upregulated in the hearts
of pressure-overloaded mice [87]. Wang et al.
determined that Chaer promotes the expression
of hypertrophic genes by interfering with
Polycomb repressor complex 2 to block the meth-
ylation of H3K27 [87]. Downregulation of Chaer
expression prior to pressure overload was found
to prevent pressure overload-induced pathologi-
cal hypertrophy ([87]).

LncRNAs have also been shown to impart
epigenetic regulation through the modulation of
other ncRNA expression [40]. Cardiac-hypertro-
phy-related factor (CHRF) and cardiac apoptosis-
related lncRNA (CARL) act as miRNA sponges
for miRNA-489 and miRNA-539, respectively
[85, 86]. In this way, CHRF and CARL block
the function of their respective miRNA resulting
in the increased expression of the miRNA-target
mRNA. CHRF was found to be increased in
cardiac tissue from HF patients, while CARL
may regulate cardiac remodeling following I/R
and MI injury [85, 86].

Summary
NcRNAs, including lncRNAs and miRNAs, con-
tribute to the risk, pathogenesis, and progression
of CVD through epigenetic mechanisms. More
specifically, miRNAs are small ncRNAs that tar-
get complementary mRNA sequences causing
their degradation and reduced expression.
miRNAs have been associated with increased
and decreased progression and/or risk of CVD.
Furthermore, miRNAs are being investigated for
their potential use as biomarkers and therapies in
CVD. LncRNAs regulate cardiac gene expression
by interacting with chromatin-modifying proteins
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to activate or inhibit gene expression or by
blocking the effects of miRNAs.

Epigenetics and Sex Differences

Beginning very early in mammalian develop-
ment, epigenetic modifications regulate the
sexualization of cells, tissues, and entire
organisms. These modifications contribute to the
differential expression of protein-coding and non-
coding genes between sexes, which influence sex
differences in disease—including CVD. Addi-
tionally, sex hormones have been demonstrated
to act as epigenetic cofactors, modifying the epi-
genetic landscape between men and women.

X-Inactivation and Genomic Imprinting

Mammalian sex is genetically determined by the
combination of two sex chromosomes: X and
Y. Each female cell contains two X-chromosomes
(XX), while each male cell contains one
X-chromosome and one Y-chromosome (XY).
While the Y-chromosome encodes for the
sex-determining Sry gene, it is much less rich in
genomic data when compared to the
X-chromosome or autosomes. To reduce the
genetic density in female cells to match that of

males, one X-chromosome in females becomes
largely inactivated in a finely tuned process
orchestrated by a series of epigenetic modifiers
(Fig. 2.3). The process of X-inactivation begins as
the X-inactivation center (Xic), a locus on the
X-chromosome, dictates which X-chromosome
will be silenced. On the soon-to-be inactive
X-chromosome, X-inactive-specific transcript
(Xist) is transcribed from the Xic locus
[11, 24]. Xist is a lncRNA that interacts with
PCR2 to methylate H3K27 residues to initiate
widespread chromatin condensation and gene
silencing—thus effectively inactivating the
genes on the X-chromosome [23, 26, 96]. The
condensed, X-inactivated state is maintained
throughout all subsequent cell divisions
[12]. Since both X-chromosomes encode the Xic
locus, they are both capable of expressing the Xist
lncRNA and undergoing X-inactivation. In fact,
active expression of Xist will cause chromosomal
inactivation even in autosomes if expressed as a
transgene [52]. To prevent inactivation of the
active X-chromosome, the 50 end of the Xist
gene is fully methylated to repress Xist transcrip-
tion, while the Xist gene on the silenced
X-chromosome is fully unmethylated and tran-
scriptionally active [61]. DNA methylation also
contributes to maternal and paternal imprinting in
somatic cells by mediating the expression of Xist
[27, 61]. Imprinting dictates whether the actively

Fig. 2.3 X-inactivation and sex chromosome epigenetic
genes. X-inactivation in females is initiated by the
lncRNA Xist, which is transcribed from the inactivated
X-chromosome. Xist renders the chromosome inactive by
triggering hypermethylation and condensation of DNA

with the exception of the few X-escapee genes that are
expressed. The X and Y-chromosomes both encode genes
involved in epigenetic regulation that are expressed in the
heart
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expressed X-chromosome is of maternal or pater-
nal heritage.

X-Escapee Genes

While X-inactivation silences one
X-chromosome in female cells to match the
X-chromosome gene expression levels in male
cells, this inactivation does not confer silencing
of all genes. In fact, it is hypothesized that
between 12% and 20% of the protein-coding
genes on the inactivated X-chromosome are actu-
ally expressed in tissues [5]. Genes that escape
X-inactivation are commonly referred to as
X-escapee genes. The expression of X-escapee
genes may be due to altered epigenetic regulation
as X-escapee genes have different chromatin
marks when compared to X-inactivated genes.
Notably, X-escapee genes are void of the chro-
matin marks characteristic of chromatin conden-
sation and gene repression that are indicative of
X-inactivated genes (reviewed in [4]).

While it is not entirely clear why certain
X-chromosome genes escape activation, studies
have shown that X-chromosome dosage (one
X-chromosome versus two) imparts sex
differences in disease progression and severity.
Most notably, the four core genotype (FCG)
mouse model allows researchers to study sex
differences imparted by sex chromosomes inde-
pendent of gonads or gonadal hormones
(reviewed in [13]). In the FCG mouse model,

the testis-determining Sry gene is removed from
the Y-chromosome and placed on an autosome.
The now autosomal Sry gene segregates indepen-
dently from the Y-chromosome allowing for the
generation of gonadal males and females with
both XX and XY genotypes. Thus, mice with
four genotypes are created: XY males, XX
males, XY females, and XX females
(Fig. 2.4) [13].

Studies using FCGmice reveal that differences
in sex chromosomes are implicated in various
pathologies including cardiovascular disease
[22, 29, 53]. The majority of these studies dem-
onstrate that having one X-chromosome is better
than having two [3, 22, 29, 53]. In the context of
I/R injury, our lab found that gonadectomized
male and female mice with two X-chromosomes
developed a larger area of infarct, lower hemody-
namic functional recovery post reperfusion, and
greater mitochondrial dysfunction than male and
female mice with one X-chromosome [53].

X-escapee genes are hypothesized to play a
role in X-chromosome dosage-dependent sex
differences. The genes that have been regularly
demonstrated to escape X-inactivation in various
tissues, including the heart, include Kdm5c,
Kdm6a, Ddx3x, and Eif2s3x [3]. Interestingly,
these genes affect protein expression through
direct or indirect epigenetic mechanisms as
Kdm5c and Kdm6a are histone demethylases;
Ddx3y is an RNA helicase involved in RNA
splicing, transcription, and translation; and
Eif2s3x is a translation initiation factor. All of
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Fig. 2.4 FCG and XY* mouse models. (a) The four core
genotype (FCG) mouse model produces gonadal males
and females with both XX and XY genotypes to test the
effects of sex chromosomes and gonadal sex hormones
separately. (b) The XY* mouse model produces near-

equivalent XX and XO gonadal females and XY and
XXY gonadal males to compare the effect of the number
of X-chromosomes or the presence of a Y-chromosome.
(Adapted from Li et al. [53])
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these genes are capable of affecting widespread
changes to normal homeostasis as they have been
implicated in a disease or developmental pro-
cesses [6, 71, 75, 89, 90].

Protein-coding genes are not the only possible
source of X-chromosome-determined sex differ-
ences. In fact, theX-chromosome is densely packed
with miRNAs as it contains approximately double
the number of miRNAs found on autosomes in
both mice and humans [37]. The degree to which
X-chromosome-linkedmiRNAs escapeX-inactiva-
tion continues to be investigated, although it is
known that X-chromosome-encoded miRNAs
undergo evolution much more rapidly than auto-
somal miRNAs. These X-encoded miRNAs
offer exciting potential as drivers of sex differences
in tissues and diseases [37, 58]. In stark contrast
to the miRNA-enriched X-chromosome, the
Y-chromosome encodes little to no miRNAs [72].

Y-Chromosome Epigenetic Modifiers

In the FCG mouse model, the number of
X-chromosomes is not the sole sex chromosomal
difference that could influence disease risk and/or
pathogenesis. In fact, differences identified
between XX and XY mice of both sexes could
be due to the number of X-chromosomes or the
presence of a Y-chromosome. As mentioned ear-
lier, the Y-chromosome is much less dense than
autosomes and its X-chromosome counterpart.
Unlike the X-chromosome, the Y-chromosome
is not necessary for proper development; how-
ever, it contains the genes necessary for proper
male gonad formation and spermatogenesis. It
also encodes a subset of ancestral genes leftover
from the Y-chromosome’s rapid divergence from
an autosome beginning millions of years ago
[44]. These ancestral genes, expressed only on
the Y-chromosome, provide another source of
sex differences between males who have a
Y-chromosome and females who do not.

Y-chromosome effects in CVD, while difficult
to examine in human populations, have been
documented. A large study examining a cohort
of Polish and Scottish men found that the
Y-chromosome polymorphic HindIII biallelic

marker was associated with systolic and diastolic
blood pressure (BP). Men with HindIII(+) geno-
type had significantly higher BP than those with
HindIII(�) genotype [21]. This study could help
explain some of the sex differences associated
with BP as females, who do not possess a HindIII
gene, have significantly lower blood pressure
than age-matched men [48]. This association
was not found in a later study examining a male
Japanese cohort indicating that the association
may also be linked to ethnicity [43].

Single nucleotide polymorphisms within the
Y-chromosome may also be associated with an
increased risk of CVD in men. A large study
found British men inheriting the Y-chromosome
haplogroup I had a 50% greater risk of develop-
ing coronary artery disease (CAD) than British
men with differing haplogroups [20]. Interest-
ingly, a separate study found that macrophages
with Y-chromosome haplogroup I had decreased
expression of the Y-chromosome genes UTY and
PRKY [10]. As macrophages play an integral role
in the development of CAD and atherosclerosis,
these Y-chromosome genes could be play a role
in mediating inflammation in response to
CAD [57].

To investigate the role of the Y-chromosome
in CVD experimentally, the FCG mouse model
and the XY* model have been employed. While
the FCG mouse model allows researchers to test
the effects of sex chromosomes independent from
gonadal sex (see section “X-escapee genes”), the
XY* mouse model tests whether the sex
differences found are due to the number of
X-chromosomes or the presence of a
Y-chromosome. The XY* mouse model produces
near-equivalent XX and XO gonadal females and
XY and XXY gonadal males (Fig. 2.4). Compar-
ing mice with one X-chromosome (XO, XY) to
those with two X-chromosomes (XX, XXY)
distinguishes the effect of X-chromosome num-
ber, whereas comparing mice with a
Y-chromosome (XY, XXY) to those without a
Y-chromosome (XO, XX) distinguishes the effect
of the presence/absence of the Y-chromosome.

Our lab recently used the FCG and XY*
mouse models to investigate sex differences in
pulmonary hypertension (PH), a right ventricular
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CVD that is up to four times more common in
females. In this study, we found that the presence
of a Y-chromosome was protective against the
development of PH as male and female mice
with a Y-chromosome had lower right ventricular
developed pressure and less severe vascular
remodeling following experimental PH, regard-
less of the number of X-chromosomes [79]. We
hypothesize that genes encoded by the
Y-chromosome that are expressed in the heart
and lung, Kdm5d, Uty, Ddx3y, and Eif2s3y,
may confer protection against the development
of PH. Interestingly, all of these genes impart
direct or indirect epigenetic regulation. While
each of these genes has a similar partner
gene encoded by the X-chromosome, the
Y-chromosome is subjected to different evolu-
tionary pressures. As such, Y-chromosome
paralogs have demonstrated different functional
properties than their X-chromosome counterparts
which could influence the diseased state [25, 74].

Sex Hormones and Receptors
in Epigenetic Regulation

Sex chromosomes are not the only purveyor of
sex differences in epigenetic regulation. Sex ste-
roid hormones and their receptors also influence
the epigenetic landscape and, in turn, are epige-
netically regulated as well. The androgen and
estrogen receptors (AR and ER) are nuclear
receptors that complex with other cofactors and
regulators and act as transcription factors. AR and
ER activity is mediated by androgen and estrogen
ligand biding, respectively; and, like other tran-
scription factors, their efficiency is dependent on
chromatin accessibility per epigenetic
modifications (Fig. 2.5a).

As transcription factors, ERs and ARs modu-
late the transcription of genes involved in epige-
netic regulation including ncRNAs. In this way,
sex hormones and their receptors influence epige-
netic regulation by modifying the expression of
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Fig. 2.5 Sex hormones and receptors mediate epigenetic
regulation. (a) Estrogen and androgen receptors can act as
transcription factors regulating the expression of various
genes including those involved in epigenetic regulation.

The availability and efficiency of nuclear receptors are
dependent on sex hormone binding and DNA accessibil-
ity. (b) Estrogen receptors influence epigenetic regulation
of genes by aiding in DNA methylation
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proteins and ncRNAs that confer epigenetic
changes. A study by Quierós et al. found that
estrogen mediated a sex-specific response to pres-
sure overload in mice by regulating a set of
miRNAs associated with attenuating cardiac
fibrosis [67]. Their results indicate that estrogen
induces this miRNA expression through ERbeta
as the sex-specific miRNA profile was not found
in female ERbeta KO mice [67]. These findings
could help explain sex differences present in
fibrotic deposition in pressure overload injury as
female mice, which express estrogen- and
ERbeta-induced anti-fibrotic miRNAs, exhibit
less cardiac fibrosis than male mice when
exposed to TAC.

In breast cancer cells, estrogen was also found
to induce the expression of 21 miRNAs and
repress the expression of seven miRNAs through
activation of ERs [9]. Some of the induced
miRNAs were directly linked to breast cancer
disease progression [9]. Other studies confirm
that estrogen regulates miRNA expression
through ERalpha and even contributes to the
sophisticated process of miRNA maturation
[16, 31]. While controversial, estrogen and ERs
are considered to be largely protective against
CVD and CVD risk [56].

Estrogen has also been shown to mediate epi-
genetic regulation by altering DNA methylation
(Fig. 2.5b). A genome-wide study by Jadhav et al.
found that estrogen treatment in a breast cancer
cell line resulted in DNA hypermethylation and
epigenetic suppression of a large cluster of genes
associated with breast cancer survival [46]. In this
way, sex hormones can shift the epigenetic land-
scape to influence disease risk or progression in a
sex-specific manner.

While ER and AR activity can directly influ-
ence the expression of epigenetic modifiers includ-
ing ncRNAs and DNA methylation, the activity
of ERs and ARs is also epigenetically regulated.
As transcription factors, both receptors directly
interact with DNA to initiate transcription, and
their efficiency is dependent on DNA accessi-
bility via epigenetic chromatin packaging
[95]. ER and AR also interact with other proteins
that, in turn, regulate their activity. The activity of
ERalpha has been shown to be silenced and/or

regulated by DNA methylation, HDAC and HAT
activity, and interactions with histone modifier
complexes (reviewed in [51]). Likewise, AR activ-
ity is regulated by DNA methylation as well as
histone acetylation and methylation (reviewed in
[51]). Together, sex hormones and their receptors
influence gene expression by acting as transcrip-
tion factors modulating the expression of many
genes, including epigenetic regulators, which can
elicit widespread genomic effects.

Conclusions and Future Directions

As outlined throughout this chapter, epigenetic
regulation of gene expression is integral to cell
differentiation, development, and disease. Modes
of epigenetic regulation, including DNA methyl-
ation, histone modification, and ncRNA-based
regulation, alter chromatin structure, promoter
accessibility, and contribute to posttranscriptional
modifications. In this way, epigenetic regulation
allows for the same, steadfast genetic code to be
interpreted and expressed in countless ways lead-
ing to seemingly limitless variation and wide-
spread differences in potential phenotype.

While epigenetic regulation is a necessary part
of development and growth, it is also implicated
in the diseased state as well. In the earliest of
days, epigenetic dysfunction is associated with
improper cardiac development and, later in life,
is associated with diseases of aging like athero-
sclerosis. Epigenetics also serve as a link between
the environment and physiology by translating
various external stressors into phenotype. High-
fat or high-sodium diets can progress to patholog-
ical hypertrophy and HF by modulating epige-
netic marks along the way. Other stimuli,
including pressure overload and I/R injury, also
induce alterations in epigenetic markers leading
to HF. As such, the inhibition of pathological
chromatin rearrangement and gene expression
could serve as a novel mechanism by which to
prevent CVD.

Epigenetic regulation also orchestrates sex
differences during development and disease.
Altered gene expression between men and
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women, as a result of sex chromosomes and/or
sex hormones, is mediated through epigenetic
control and can contribute to the marked sex
differences found in CVD. Understanding how
the epigenetic landscape is cultivated by sex
could help shed insight into sex differences in
CVD risk, pathogenesis, and treatment.
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such as coronary artery disease. Regarding
congenital heart disease (CHD), it is
recognized that the incidence of each congeni-
tal heart defect varies according to sex
observed during a time span of more than
40 years. As diagnostic and surgical methods
for CHD have achieved dramatic advances for
the past decades, more newborns with CHD
were able to survive and reach adulthood.
Thereafter gender differences have begun to
be reported on mortality, progress to pulmo-
nary arterial hypertension, treatment outcomes,
and prognosis in patients with CHD. However,
it has been less known in the field of CHD yet,
and this contribution describes information that
is relatively well studied to date.

Keywords

Congenital heart disease · Gender · Sex ratio ·
Women · Ethnicity · Incidence · Prevalence ·
Manifestation · Pulmonary arterial
hypertension · Outcome · Complication ·
Prognosis

Incidence and Prevalence
of Congenital Heart Disease (CHD)

The incidence of CHD is generally estimated at
8/1000 live births [1], although it varies according
to geographic regions, the time of investigation,

target population, and case definition (e.g., exclu-
sion of functionless abnormalities, unspecified
anomalies, and spontaneously closed defect or
not). However, the incidence of CHD has been
rising to 10–14/1000 live births in recent studies
[2–5], and this change is more evident in the
reports from registries with continuous monitor-
ing of the same populations over time [6–9]. Also
a meta-analysis study, including worldwide
114 papers, reported that birth prevalence
(<5 years of age) increased substantially over
time from 0.6/1000 live births in 1930 to 9.1/
1000 live births after 1995 (Fig. 3.1) [10].

When analyzed according to the severity of
CHD, simple CHD with subtle physical findings
such as atrial septal defect (ASD) or patent ductus
arteriosus (PDA) significantly increased, along
with the increase of overall CHD incidence
(Fig. 3.2) [3, 10–13]. It is suggested that improve-
ments in diagnostic and screening modalities,
especially echocardiography and color-Doppler
technique since the 1980s, enabled diagnosis of
lesions, and therefore case detection increases
rather than a true incidence of disease. On the
other hand, some studies reported that the inci-
dence of severe and complex CHD decreased
over time resulting from availability of fetal echo-
cardiography and pregnancy termination by inter-
vention [10, 12, 13].

Similar changes are also observed in preva-
lence. According to the data from Quebec
(Canada), prevalence of CHD was 6.88/1000
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Fig. 3.1 Birth prevalence
of total congenital heart
disease over time. Time
course of reported total
congenital heart disease
(CHD) birth prevalence
from 1930 until 2010. The
blue line shows the time
trend, and the squares
represent the calculated birth
prevalence values for each
time period. (Reprinted from
Ref. [10] with permission
from Elsevier)
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children (<18 years of age) in 1985 and abruptly
rose to 11.89/1000 children in 2000 [4]. In addi-
tion, the prevalence of all CHD was consistently
higher in females over time for both adult and
pediatric populations (4.83/1000 females versus
3.94/1000 males in 1985; 4.55/1000 females ver-
sus 3.61/1000 males in 2000). While many preva-
lence studies reported that the sex ratio for overall
CHD was greater than 1 [4, 11, 12], some recent
studies have reported that total CHD is more prev-
alent in females [3, 5, 14]. This result could be
attributed by that the proportion of simple CHD
such as shunt lesions which show female prepon-
derance is recently getting larger in the CHD
population. Thus, we need to monitor if this
change will continue in the years ahead.

Preponderance of Specific Defects
Between Boys and Girls

It is well known that the incidences of CHD
are different between male and female, according
to each diagnosis, and this observation has been
relatively consistent over time. ASD and atrio-
ventricular septal defect (AVSD) have shown a
female preponderance, and aortic stenosis (AS),

coarctation of aorta (COA), transposition of
great arteries (TGA), tetralogy of Fallot (TOF),
and double outlet right ventricle (DORV)
have shown a male preponderance (Fig. 3.3)
[4, 5, 11–21]. Although we have not found the
answers to explain these differences yet, it is
suggested that a genetic factor is responsible for
the male preponderance of aortic valve disease
(e.g., AS, COA). The absence of a normal second
X chromosome is then thought to be associated
with aortopathy [22]. This explanation is based
on the speculation that a genetic factor that
modulates the development of the aorta and aortic
valve is located on the X chromosome, as
evidenced by the Turner syndrome (a sex aneu-
ploidy syndrome), in which aortic valve disease
occurs 146 times more frequently compared to
the general population [23].

Table 3.1 summarizes results from previous
studies for gender preponderance of specific con-
genital heart defects [4, 5, 11–21]. It is generally
recognized that male predominance is associated
with more complex and severe CHD, whereas
female with more simple CHD. However, we
should consider that gender preponderance
could be different according to the race/ethnicity
or geographic regions. In the comparative study
from three large birth defect registries in
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Fig. 3.2 Birth prevalence
of specific congenital heart
defects over time. Time
course of birth prevalence of
the eight most common
CHD subtypes from 1945
until 2010. AoS aortic
stenosis, ASD atrial septal
defect, Coarc coarctation of
aorta, PDA patent ductus
arteriosus, PS pulmonary
valve stenosis, TGA
transposition of great
arteries, TOF tetralogy of
Fallot, VSD ventricular
septal defect. (Reprinted
from Ref. [10], with
permission from Elsevier)
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California, Sweden, and France, the sex ratio of
ASD showed a significant heterogeneity between
registries (0.54 in French, 0.74 in Swedish, and
1.06 in California registry) [11]. Also, differences
in sex ratios between ethnic groups were revealed
in some studies [15, 17, 18]. An epidemiologic
study of left ventricular outflow tract obstruction
lesions, including AS, COA, and hypoplastic left
heart syndrome (HLHS) from the Texas Birth
Defect Registry, demonstrated racial/ethnic
differences not only in prevalence but also in
sex ratio of these defects [17]. In these defects
which commonly have male preponderance,
black males showed lower prevalence than
white or Hispanic males and even lower than
black females (Fig. 3.4).

Manifestation of CHD

Although atypical symptoms without chest pain
occur more frequently in women with acute coro-
nary syndromes resulting in higher mortality, gen-
der difference in the manifestation of CHD has not
been researched well. The study from a nation-
wide registry of adult patients with congenital
heart disease in the Netherlands (CONCOR regis-
try) showed a significant gender difference in
functional class of patients with pulmonary arte-
rial hypertension (PAH) associated with CHD
[24]. More females than males were symptomatic
even though mean systolic pulmonary arterial
pressure was not different between males and
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Fig. 3.3 Gender preponderance in congenital heart dis-
ease. AS aortic stenosis, CoA coarctation of aorta, Cor
Triat cor triatriatum, d-TGA complete transposition of
great arteries, ECD endocardial cushion defect, DORV
double outlet right ventricle, HLHS hypoplastic left heart
syndrome, IAA interrupted aortic arch, LH left heart,
L-TGA congenitally corrected transposition of great

arteries, MS mitral stenosis, PA-IVS pulmonary atresia
with intact ventricular septum, PA-VSD pulmonary atresia
with ventricular septal defect, PS pulmonic stenosis, RH
right heart, SV single ventricle, TAPVR total anomalous
pulmonary venous return, TOF tetralogy of Fallot.
(Reprinted from Ref. [4], with permission from Springer)
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females (Fig. 3.5). Female sex (odds ratio ¼ 1.5)
and increased systolic pulmonary arterial pressure
(odds ratio¼ 0.04) were independently associated
with a worse NYHA class. Also, in database of the
European Heart Survey on adult congenital heart

disease (ACHD), females were more likely to
have functional limitation than males (OR 1.27;
95% CI 1.09–1.48) [25]. Hormonal fluid retention
and predisposition to thrombosis might have
contributed to this gender difference in manifesta-
tion. However, there has been no study to demon-
strate this speculation [26].

Progression to PAH

It has been recognized that females have a predis-
position to PAH. The Registry to Evaluate Early
and Long-Term Pulmonary Arterial Hypertension
Disease Management (REVEAL registry), the
largest ongoing study of PAH in the United
States, demonstrated that more women had PAH
associated with CHD and connective tissue dis-
ease [27]. In the study from the Dutch registry
(CONCOR), the prevalence of PAH among 5970
registered patients with ACHD was 4.2% (6.1%
among 1824 patients with septal defect), and 60%
of these patients were female [24]. It was also
noted that women had a 33% higher risk of
PAH (OR 1.33; 95% CI 1.07–1.65) than men in
the same registry [28]. The sex steroid hormone is
considered as a related factor. Estrogen affects
angiogenesis, vasculogenesis, and remodeling in
response to shear stress via proliferation and
migration of both endothelial cells and vascular
smooth muscle cells [29]. As another potential
influence of estrogen on PAH, it is suggested

Total

Both Male Female

White

Hispanic

Black

0 1 2 3 4 5
Rate per 10,000 live Births

6 7 8 9 10

Fig. 3.4 Prevalence of left
ventricular outflow tract
obstruction malformations
by sex and race/ethnicity,
Texas, 1999–2001. (From
Ref. [17], with permission
from John Wiley and Sons)

Table 3.1 Preponderance of specific congenital heart
defects between male and female

Male
Equivocal
(or controversial) Female

AS VSDa ASD
secundum

COA PSa AVSD

TGA PAb PDA

TOF TAc MV anomalies

DORV Truncus arteriosusc

HLHS

SV

Anomalous PV
return

AS aortic stenosis, ASD atrial septal defect, AVSD atrioven-
tricular septal defect, COA coarctation of aorta, DORV
double outlet right ventricle, HLHS hypoplastic left heart
syndrome, MV mitral valve, PA pulmonary atresia, PDA
patent ductus arteriosus, PS pulmonary valve stenosis, PV
pulmonary venous, SV single ventricle, TA tricuspid atre-
sia, TGA transposition of great arteies, TOF tetralogy of
Fallot, VSD ventricular septal defect
aDefects show equivocal sex ratio or female preponderance
(female preponderance of VSD in Refs. [5, 12, 14]; of PS
in Refs. [4, 5])
bDefects show equivocal sex ratio or male preponderance
(male preponderance in Refs. [11, 18])
cGender preponderance of defects is controversial [11, 12,
14, 18]
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that estrogen enhances the proliferative capacity
of cardiac fibroblasts via estrogen receptor- and
mitogen-activated protein kinase (MAPK)-
dependent mechanisms [30].

However, we should consider the gender
distribution among CHD when investigating
the incidence of CHD-associated PAH. In the
Dutch study mentioned above, the prevalence
of PAH among male and female patients with
a septal defect was similar, both overall and
per defect (7.8 vs. 7.6%, Fig. 3.6). However,
there were more females than males with
CHD-associated PAH since the patients with sep-
tal defect (especially ASD secundum) were more
female.

Taking these two factors into consideration, a
“two-hit hypothesis” is suggested for female
preponderance in PAH. That is, the female has
vulnerability (i.e., genetic susceptibility) to the
development of PAH, and then the trigger of a
shunt lesion initiates the vascular injury in the
lungs resulting in higher prevalence of female in
PAH [22].

Treatment Outcomes
and Complications

Sex difference in surgical mortality related to
CHD is still controversial. The prevalence study
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from Quebec (Canada) revealed the female pre-
dominance in ACHD patients with severe dis-
ease, but it was not observed in children. On the
other hand, for simple disease (e.g., shunt
lesions), female predominance was observed in
both children and adults [3]. It was suggested that
the rising prevalence of severe CHD in the female
population is caused by gender difference in mor-
tality, based on that mortality among males has
been reported to be 5% greater than in females in
a population of high-risk CHD infants [31]. How-
ever, some studies have revealed conflicting
results [25, 28]. Of the 33,848 hospitalizations
for CHD surgery, female infants who had high-
risk procedures were at higher risk for death than
male (OR, 1.21; 95% CI 1.08–1.36),
although males underwent high-risk procedures
and CHD surgery more frequently than females
[28]. Also, in a recent study, surgical mortality
was not different between male and female
among 20,399 young patients (<18 years of age)
[32]. Based on the results to date, we could infer
that the females are affected by severe congenital
heart diseases less frequently, but when affected,
females could confront with a higher surgical
mortality rate.

Regarding the complications of CHD, women
had a 33% higher risk of PAH (OR, 1.33), a 33%
lower risk of aortic outcomes (OR, 0.67; 95% CI,
0.50–0.90), a 47% lower risk of endocarditis (OR,
0.53; 95% CI, 0.40–0.70), a 55% lower risk of an
implantable cardioverter defibrillator (OR, 0.45;
95% CI, 0.26–0.80), and a borderline significant
12% lower risk of arrhythmias (OR, 0.88; 95%

CI, 0.77–1.02) in the CONCOR registry
(Fig. 3.7) [33].

Prognosis of CHD

Gender differences in the long-term prognosis of
CHD have not been studied widely yet. A
published lecture provided some information
about this issue as follows: In patients with
repaired TOF (165 male, 104 female), symptom-
atic ventricular tachycardia and sudden unex-
pected death are frequent causes of death and
morbidity in males, while the pulmonary vascular
disease is the main cause of death in females. In
AS, females have less severe manifestation.
Females have a greater longevity of the pulmonary
artery homograft than males [26]. It was reported
that surgery for ACHD is at higher risk in males,
and overall mortality in adulthood is greater in
male patients with CHD, so the long-term survival
rate is higher in females (Fig. 3.8) [34, 35].

As far as TOF is concerned, there are a few
studies for gender differences in the long-term
prognosis. The study from a cohort of 272 patients
with repaired TOF (158 male, 114 female)
demonstrated that females with repaired TOF
had larger right ventricular (RV) end-systolic
volumes (standard deviation scores: women,
4.35; men, 3.25), lower RV ejection fraction
(women, �2.83; men, �2.12), lower RV muscle
mass (women, 1.58; men, 2.45), and poor exer-
cise capacity relative to sex-matched controls
[36]. The other study of the effects of pregnancy
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on RV remodeling in women with repaired TOF
revealed that women with completed pregnancy
showed accelerated RV remodeling (an increase
in RV end-diastolic volume) compared with nul-
liparous women with repaired TOF, whereas RV
systolic function does not deteriorate [37]. Gender
difference in volumetric assessment of ventricles

in patients with repaired TOF has been reported,
showing that volumes for LV and RV in women
are on average smaller, even after indexation for
body surface area (Fig. 3.9) [38, 39]. Thus, even
if the RV volume overload deteriorates more rap-
idly in women, it may be less noticeable than in
men when evaluated with the same ventricular
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volume criteria as men. Therefore, it is needed to
apply sex-specific criteria during long-term fol-
low-up of these patients.

Regarding ASD secundum, a study from
CONCOR registry with 2207 adult patients with
ASD closed or not revealed that male patients had
a lower survival rate compared with the age- and
sex-matched general population, although
females had equal survival rate with controls.
Moreover, males had a higher risk of conduction
disturbances (OR, 1.63), supraventricular
dysrhythmias (OR 1.41), cerebrovascular throm-
boembolic events (OR 1.53), and heart failure
(OR 1.91) than females [40].

Summary

In addition to the sex-specific preponderance in
the incidence of CHD, gender differences have
been reported in manifestations, complications,
progress to PAH, treatment outcome, and progno-
sis of CHD. For the gender preponderance of
specific congenital heart defects, male predomi-
nance is associated with more complex and severe
CHD such as AS, COA, TGA, and TOF, whereas
female with more simple CHD such as ASD,
PDA. Female patients with ACHD were more
likely to have functional limitation than male
patients and may be attributed by hormonal
fluid retention and predisposition to thrombosis.
It has been recognized that females have a

predisposition to PAH, because female has vul-
nerability (i.e., genetic and hormonal susceptibil-
ity) to the development of PAH, and then the
trigger of a shunt lesion initiates the vascular
injury in the lungs. Sex differences in surgical
mortality related to CHD are still controversial.
Regarding the complications of CHD, females
show higher risk of PAH and lower risk of aortic
outcomes, endocarditis, and an implantable
cardioverter defibrillator, while males show gen-
erally a higher prevalence of rhythm disorders.
Gender differences in the long-term prognosis of
CHD have not been studied widely yet, but studies
on some diseases have emerged recently.
Although there is little information to date, our
understanding on the gender differences in CHD
will be gradually improved, because the gender-
specific prevention and management are essential
to devise the optimal strategies for the individual
characteristics of CHD.

References

1. Rothman KJ, Fyler DC. Sex, birth order, and maternal age
characteristics of infants with congenital heart defects. Am J
Epidemiol. 1976;104:527–34.

2. Hoffman JI, Kaplan S. The incidence of congenital heart
disease. J Am Coll Cardiol. 2002;39:1890–900.

3. Marelli AJ, Mackie AS, Ionescu-Ittu R, Rahme E, Pilote
L. Congenital heart disease in the general population: chang-
ing prevalence and age distribution. Circulation.
2007;115:163–72.

4. Egbe A, Uppu S, Stroustrup A, Lee S, Ho D, Srivastava
S. Incidences and sociodemographics of specific congenital
heart diseases in the United States of America: an evaluation

Fig. 3.9 Volume
regulation graph. This
representation shows end-
systolic volume index
(ESVi) versus end-diastolic
volume index (EDVi) for
the right ventricle in
124 patients with repaired
tetralogy of Fallot, stratified
for sex. Both ESVi
(P ¼ 0.012) and EDVi
(P ¼ 0.006) are smaller in
females (see yellow circle
and square), while ejection
fraction is similar. (Data
from Ref. [41])

3 Epidemiology of Congenital Heart Disease with Emphasis on Sex-Related Aspects 57



of hospital discharge diagnoses. Pediatr Cardiol.
2014;35:975–82.

5. Yeh SJ, Chen HC, Lu CW, Wang JK, Huang LM, Huang SC,
et al. Prevalence, mortality, and the disease burden of pediatric
congenital heart disease in Taiwan. Pediatr Neonatol.
2013;54:113–8.

6. Qu Y, Liu X, Zhuang J, Chen G, Mai J, Guo X, et al. Incidence
of congenital heart disease: The 9-year experience of the
Guangdong Registry of Congenital Heart Disease, China.
PLoS One. 2016;11:e0159257. https://doi.org/10.1371/jour
nal.pone.0159257.

7. Wren C, Richmond S, Donaldson L. Temporal variability in
birth prevalence of cardiovascular malformations. Heart.
2000;83:414–9.

8. Oyen N, Poulsen G, Boyd HA, Wohlfahrt J, Jensen PK,
Melbye M. National time trends in congenital heart defects,
Denmark, 1977–2005. Am Heart J. 2009;157:467–73.

9. Fixler DE, Pastor P, Chamberlin M, Sigman E, Eifler
CW. Trends in congenital heart disease in Dallas County
births. 1971–1984. Circulation. 1990;81:137–42.

10. van der Linde D, Konings EE, Slager MA, Witsenburg M,
Helbing WA, Takkenberg JJ, et al. Birth prevalence of con-
genital heart disease worldwide: a systematic review and
meta-analysis. J Am Coll Cardiol. 2011;58:2241–7.

11. Pradat P, Francannet C, Harris JA, Robert E. The epidemiol-
ogy of cardiovascular defects, part I: a study based on data
from three large registries of congenital malformations.
Pediatr Cardiol. 2003;24:195–221.

12. Calzolari E, Garani G, Cocchi G, Magnani C, Rivieri F,
Neville A, et al. Congenital heart defects: 15 years of experi-
ence of the Emilia-Romagna Registry (Italy). Eur J Epidemiol.
2003;18:773–80.

13. Egbe A, Uppu S, Lee S, Stroustrup A, Ho D, Srivastava
S. Temporal variation of birth prevalence of congenital heart
disease in the United States. Congenit Heart Dis.
2015;10:43–50.

14. Moons P, Sluysmans T, De Wolf D, Massin M, Suys B,
Benatar A, et al. Congenital heart disease in 111 225 births
in Belgium: birth prevalence, treatment and survival in the
21st century. Acta Paediatr. 2009;98:472–7.

15. Liebson PR. Cardiovascular risk in special populations IV:
congenital heart defects. Prev Cardiol. 2010;13:49–55.

16. Aubry P, Demian H. Sex differences in congenital heart dis-
ease. Ann Cardiol Angeiol (Paris). 2016;65:440–5.

17. McBride KL, Marengo L, Canfield M, Langlois P, Fixler D,
Belmont JW. Epidemiology of noncomplex left ventricular
outflow tract obstruction malformations (aortic valve stenosis,
coarctation of the aorta, hypoplastic left heart syndrome) in
Texas, 1999–2001. Birth Defects Res A Clin Mol Teratol.
2005;73:555–61.

18. Michalski AM, Richardson SD, Browne ML, Carmichael SL,
Canfield MA, Van Zutphen AR, et al. Sex ratios among infants
with birth defects, National Birth Defects Prevention Study,
1997–2009. Am J Med Genet. 2015;167A:1071–81.

19. Shaw GM, Carmichael SL, Kaidarova Z, Harris
JA. Differential risks to males and females for congenital
malformations among 2.5 million California births,
1989–1997. Birth Defects Res A Clin Mol Teratol.
2003;67:953–8.

20. Sokal R, Tata LJ, Fleming KM. Sex prevalence of major
congenital anomalies in the United Kingdom: a national
population-based study and international comparison meta-
analysis. Birth Defects Res A Clin Mol Teratol.
2014;100:79–91.

21. Tennant PWG, Samarasekera SD, Pless-Mulloli T, Rankin
J. Sex differences in the prevalence of congenital anomalies:

a population-based study. Birth Defects Res A Clin Mol
Teratol. 2011;91:894–901.

22. Warnes CA. Sex differences in congenital heart disease:
should a woman be more like a man? Circulation.
2008;118:3–5.

23. Warnes CA. Bicuspid aortic valve and coarctation: two
villains part of a diffuse problem. Heart. 2003;89:965–6.

24. Duffels MGJ, Engelfriet PM, Berger RMF, van Loon RLE,
Hoendermis E, Vriend JWJ, et al. Pulmonary arterial
hypertension in congenital heart disease: an epidemiologic
perspective from a Dutch registry. Int J Cardiol.
2007;120:198–204.

25. Klitzner TS, Lee M, Rodriguez S, R-KR C. Sex-related dis-
parity in surgical mortality among pediatric patients. Congenit
Heart Dis. 2006;1:77–88.

26. Somerville J. The Denolin Lecture: the woman with congeni-
tal heart disease. Eur Heart J. 1998;19:1766–75.

27. Shapiro S, Traiger GL, Turner M, McGoon MD, Wason P,
Barst RJ. Sex differences in the diagnosis, treatment and
outcome of patients with pulmonary arterial hypertension
enrolled in the registry to evaluate early and long-term pulmo-
nary arterial hypertension disease management. Chest.
2012;141:363–73.

28. Marelli A, Gauvreau K, Landzberg M, Jenkins K. Sex
differences in mortality in children undergoing congenital
heart disease surgery. A United States population-based
study. Circulation. 2010;122(Suppl. 1):S234–40.

29. Harvey RE, Coffman KE, Miller VM. Women-specific factors
to consider in risk, diagnosis and treatment of cardiovascular
disease. Womens Health (Lond). 2015;11:239–57.

30. Lee HW, Eghbali-Webb M. Estrogen enhances proliferative
capacity of cardiac fibroblasts by estrogen receptor- and
mitogen-activated protein kinase-dependent pathways. J Mol
Cell Cardiol. 1998;30:1359–68.

31. Fyler DC. Report of the New England regional infant cardiac
program. Pediatrics. 1980;65:375–461.

32. DiBardino DJ, Pasquali SK, Hirsch JC, Benjamin DK,
Kleeman KC, Sala-zar JD, et al. Effect of sex and race on
outcome in patients undergoing congenital heart surgery: an
analysis of the Society of Thoracic Surgeons Congenital Heart
database. Ann Thorac Surg. 2012;94:2054–9.

33. Verheugt CL, Uiterwaal CS, van der Velde ET, Meijboom FJ,
Pieper PG, Vliegen HW, et al. Gender and outcome in adult
congenital heart disease. Circulation. 2008;118:26–32.

34. Engelfriet P, Mulder BJM. Gender differences in adult con-
genital heart disease. Neth Heart J. 2009;17:414–7.

35. Zomer CA, Ionescu-Ittu R, Vaartjes I, Pilote L, Mackie AS,
Therrien J, et al. Sex differences in hospital mortality in adults
with congenital heart disease. The impact of reproductive
health. J Am Coll Cardiol. 2013;62:58–67.

36. Sarikouch S, Boethig D, Peters B, Kropf S, Dubowy KO,
Lange P, et al. Poorer right ventricular systolic function and
exercise capacity in women after repair of tetralogy of Fallot: a
sex comparison of standard deviation scores based on
sex-specific reference values in healthy control subjects. Circ
Cardiovasc Imaging. 2013;6:924–33.

37. Egidy Assenza G, Cassater D, Landzberg M, Geva T,
Schreier J, Graham D, et al. The effects of pregnancy on
right ventricular remodeling in women with repaired tetralogy
of Fallot. Int J Cardiol. 2013;168:1847–52.

38. Sarikouch S, Koerperich H, Dubowy KO, Boethig D,
Boettler P, Mir TS, et al. Impact of gender and age on cardio-
vascular function late after repair of tetralogy of Fallot:
percentiles based on cardiac magnetic resonance. Circ
Cardiovasc Imaging. 2011;4:703–11.

58 B. W. Yoo

https://doi.org/10.1371/journal.pone.0159257
https://doi.org/10.1371/journal.pone.0159257


39. Kerkhof PLM, van de Ven PM, Yoo BW, Peace RA,
Heyndrickx GR, Handly N. Ejection fraction as related to
basic components in the left and right ventricular volume
domains. Int J Cardiol. 2018;255:105–10.

40. Kuipers JM, van der Bom T, van Riel ACMJ, Meijboom FJ,
van Dijk APJ, Pieper PG, et al. Secundum atrial septal defect is

associated with reducedsurvival in adult men. Eur Heart
J. 2015;36:2079–86.

41. Yoo BW, Kim JO, Kim YJ, Choi JY, Park HK, Park YH, et al.
Impact of pressure load caused by right ventricular outflow
tract obstruction on right ventricular volume overload in
patients with repaired tetralogy of Fallot. J Thorac Cardiovasc
Surg. 2012;143:1299–304.

3 Epidemiology of Congenital Heart Disease with Emphasis on Sex-Related Aspects 59



Sex Differences in Epidemiology
of Cardiac and Vascular Disease 4
Tatiana Kuznetsova

Epidemiology of cardiovascular diseases. Art work by Piet Michiels, Leuven, Belgium

Abstract

In spite of a remarkable decline in death rates
from cardiovascular disease (CVD) observed
over the last decades, CVD still remains the

leading cause of mortality in both men and
women worldwide. Overall the age-adjusted
CVD mortality and morbidity rates are highest
in men than in women. However, the risk of
CVD in women should not be underestimated
given that approximately one of two women
in developed countries will die of mostly
preventable heart diseases or stroke. Although
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men and women share the same cardiovascular
risk factors, there are substantial sex differ-
ences in the first manifestation and clinical
presentation of CVD. In this part of the chap-
ter, we will discuss the recent epidemiological
data on sex discrepancies in the prevalence and
burden of different CVDs.
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Epidemiology of CV Disease in Adults

CVD Mortality

Cardiovascular disease (CVD) is the leading
cause of mortality in both men and women; in
the world almost 35% of all deaths in women and
32% in men in 2013 are attributable to CVD
according to the Global Burden of Disease
Study [10]. In Europe, diseases of the heart and
circulatory system are responsible for over 3.9
million deaths a year, or 45% of all deaths. In
men, CVD accounts for 1.8 million deaths (40%
of all deaths), while in women it is responsible for
2.1 million deaths (49% of all deaths; Fig. 4.1)
[37]. The observed differences in the percentage
of CVD death between men and women might be
explained by sex differences in demographics.
Women have a higher life expectancy than men
do, and therefore, they form a larger proportion
of the elderly population in which the prevalence
of CVD is highest [24]. Therefore, when adjusted
for differences in age distribution, women die
from CVD at a lower rate than men do. For
instance, in the USA in 2007, the age-adjusted
CVD mortality rate in men was 300 per 100,000
compared with 212 per 100,000 women
[24]. Similarly, in European countries for which
data are lately released by the World Health Orga-
nization, age-standardized death rates for

coronary heart disease (CHD) and stroke are
higher in males than females [6]. As illustrated
in Fig. 4.2, men-to-women CHD mortality ratios
was above 4 in middle age (30–64 years old) but
reduced to 2 in the older age group (65–85 years
old) [6]. Men-to-women stroke mortality ratio
was around 1.5–2 until old age [6]. Although
mortality rate is lower in women than in men, it
should therefore not be considered an excuse for
CVD prevention and therapeutic remissness in
women. The risk of CVD disease in women
should not be underestimated taking into consid-
eration the fact that approximately 1 of 2 women
in Western countries will die of heart disease or
stroke, compared to 1 in 30 of breast cancer
(Fig. 4.1; [37]).

First Manifestation of CVD

In addition to its large mortality burden, CVD
makes a substantial contribution to overall mor-
bidity. There are also a number of notable sex
differences in CVD incidence and risk factor
profiles. For further developing primary preven-
tion strategies, it is important to understand the
first presentation of CVD in men and women.

Recent follow-up data of 8419 participants
recruited within the community-based Rotterdam
study demonstrated that the overall lifetime risk
of developing CVD in the middle age men and
women is similar [18]. Two out of three men
and women aged 55 will develop CVD during
their remaining lifespan. However, the authors
observed large differences in the first manifesta-
tion of CVD: men are more likely to develop
CHD as first event, while women are more likely
to have cerebrovascular disease or heart failure
(HF) as their first event (Fig. 4.3; [18]).

Another recent report including almost two
million patient electronic health registries from
the UK with more than 100,000 fatal and non-
fatal CVD end points over 6 years of follow-up
demonstrated that initial presentation of CVD
was neither myocardial infarction nor ischemic
stroke but rather HF, angina, transient
ischemic attack, or peripheral arterial diseases
(PAD) [11]. Overall, male sex was significantly
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associated with initial diagnosis of CVD, but the
strength of this association is highly variable
depending on event. As illustrated in Fig. 4.4,
hazard ratios (HR) of men in comparison with
women for initial CVD diagnosis varied from
strong (HR, 3.6–5.0) for abdominal aortic aneu-
rysm, myocardial infraction, and coronary
death, though modest (HR, 1.5–2.0) for stable
angina, ischemic stroke, PAD, HF, and cardiac
arrest, to weak (HR, <1.5) for transient ischemic
attack, intracerebral hemorrhage, and unstable

angina [11]. The authors also reported that
these associations were modified by age. The
larger differences between men and women
were observed in the younger and middle age
groups for coronary end points, ischemic stroke,
PAD, and aortic aneurysm. In all cases, sex
differences diminished with higher age. These
observations might have an important implication
for individual risk prediction and management
strategies.

Fig. 4.1 Deaths by cause,
latest available year,
Europe. (Reproduced from
[37] with permission)
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CHD

CHD or ischemic heart disease is the most com-
mon form of CVD which accounts for approxi-
mately 40% deaths in men and 30% deaths in

women of the total cases of CVD mortality
[37]. The finding that men have a higher risk of
developing CHD during the lifespan than women
was initially well illustrated by the Framingham
investigators [15, 20]. In their initial study

Fig. 4.2 Men-to-women mortality rate ratios for CHD
and stroke across countries in 2010, by age. The band
inside the box is the median mortality rate ratio, the bottom
and top of the box are the first and third quartiles, and the

ends of the whiskers are placed 1.5 IQR distant from
the lower and upper quartile. The dots represent
observations outside that range. CHD, coronary heart dis-
ease. (Reproduced from [6] with permission)
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published in 1969, after 14 years of follow-up, the
incidence of fatal and nonfatal CHD was higher in
men than in women (14.2% vs 5.9%) [15]. Life-
time risk of CHD at age 40 years was 48.6%
(95 CI 45.8%–51.3%) for men and 31.7%
(29.2%–38.7%) for women [20].

The observed sex differences in the prevalence
and presentation of CHD in population might be
partially explained by distinct pathophysiological
processes leading to myocardial ischemia
[8, 35]. Indeed, women have less obstructive and
extensive epicardial artery disease than men do but
more prone to have an impaired coronary vasomo-
tor function and microcirculatory dysfunction. For
instance, the population-based studies reported a
lower calcium score [16] and atheroma volume
[25] in women when compared with men. On the

other hand, based on available experimental and
clinical data, “microvascular angina” is considered
as a major etiological factor for CHD in the
absence of significant coronary obstruction partic-
ularly in women [17]. Further clarification of the
pathophysiological processes underlining CHD
may help with tailoring sex-specific strategies for
the prevention, detection, and management of
CHD. Due to sex differences in pathophysiology
and clinical manifestation of CHD, clinical
symptoms of myocardial ischemia in women are
often regarded as “atypical” and likely to be
ignored or misdiagnosed [1]. As a consequence,
women with overt CHD have suboptimal access to
healthcare services which leads to delay in diagno-
sis and treatment and to worse prognosis and
outcomes [22].

Fig. 4.3 Cumulative
incidence of first CVD
manifestations adjusted
for competing
non-cardiovascular death
for men (left) and women
(right) aged 55. Coronary
heart disease was defined as
myocardial infarction,
coronary revascularization,
or death from coronary
heart disease.
Cerebrovascular disease
was defined as stroke,
transient ischemic attack, or
carotid revascularization.
Other cardiovascular death
included all cardiovascular
mortality other than fatal
coronary heart disease or
stroke. (Reproduced from
[18] with permission)
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Stroke

Stroke is the second leading cause of CVD mor-
tality which accounts for approximately 22.5%
deaths in men and 26.5% deaths in women of
the total cases of CVD mortality (Fig. 4.1; [37]).
The observation that more women died from
stroke than men could be explained by women’s
higher longevity and the fact that stroke incidence
increases in the elderly age group [31]. Sex
differences in stroke incidence are smaller as
compared to CHD, yet age-adjusted stroke mor-
tality rates remained approximately twice as high
in men as compared with women [6]. Similarly, in
a systemic review including 59 studies, male
stroke incidence and prevalence rates were 33%
and 41% higher than the female, but these

numbers reversed dramatically over the age of
85 years [2].

With regard to poststroke outcome and prog-
nosis, several studies reported a higher crude case
fatality in women when compared with men
[26, 27]. For instance, in the International Stroke
Trial, 14-day and 6-month crude mortality in
women was 11.0% and 24.5%, respectively, com-
pared with 8.7% and 19.3% in men [26]. How-
ever, after adjustment for baseline age, severity of
stroke, and blood pressure, stroke case fatality
was actually 10% lower in women than in men
(odds ratio, 0.90; 95% CI, 0.83–0.98) [26].

An embolus originating from the heart caused
approximately one-third of ischemic strokes. The
most important cause of cardioembolism is atrial
fibrillation (AF) which is the common cardiac

Fig. 4.4 Hazard ratios of men in comparison with women
for initial presentation of 12 different cardiovascular
diseases among a population of 1.93 million adults.
CHD indicates coronary heart disease; CI, confidence

interval; CVD, cardiovascular disease; HR, hazard ratio;
NOS, not otherwise specified; and SCD, sudden cardiac
death. (Reproduced from [11] with permission)
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arrhythmia especially in the aging populations.
Although lifetime risk of AF was similar in men
and women (>24% by the age of 90), men devel-
oped AF a decade earlier than women
[21]. Women with sustained AF developed more
often cerebrovascular event when compared with
men. Indeed, in 15,000 patients with AF recruited
within the ATRIA study, Fang et al. [9] reported
that the risk of ischemic stroke was greater in
women than in men (age-adjusted HR, 1.6; 95%
CI, 1.3–1.9).

Heart Failure

Another major burden of modern society is the
progressive increase of age-associated disorders
such as HF [33]. The overall HF prevalence is
similar in men and women [13, 33] and constitutes
about a quarter of the first manifestation of cardio-
vascular disease in both sexes [18]. However, there
are important sex differences in the type of HF.
While traditionally associated with the concept of
pump failure or reduced left ventricular (LV) -
ejection fraction (EF), it has become widely
recognized that HF can occur even when EF is
preserved, constituting the syndrome of HF with
preserved EF (HFpEF) [28].Whereas men develop
more frequently HF with reduced ejection fraction
(HFrEF) as a complication of CHD, HFpEF is
especially frequent in women with risk factors
such as hypertension, obesity, and diabetes. Of
notice, symptomatic HF with or without reduced
EF has a poor prognosis [5, 23, 29]. For instance, in
the recent meta-analysis which included 10,347
patients with HFpEF and 31,625 patients with
HFrEF, the authors compared survival in these
groups using individual patient data [23]. Overall,
there were 121 (95% CI, 117–126) and 141 (95%
CI, 138–144) deaths per 1000 patient-years in
patients with HFpEF and HFrEF, respectively.
HFpEF is often underdiagnosed in elderly women
even it is already symptomatic. Moreover, due to
diagnostic difficulties, women have been often
underrepresented in randomized clinical trials test-
ing the effect of treatments on CVD even though
these diseases highly affect elderly women [36].

CV Risk Factors

The observed trend in a reduction in CVD mor-
tality over the last 30 years [6] in both men and
women is attributable in part to the identification
of risk factors and their control via preventive
programs. The recent guidelines emphasized the
importance of risk assessment to further improve
quality of preventive care and highlighted
underestimation of CVD risk in women [30].

The classic risk factors for CVD are the same
in men and women, but there are sex differences
in the prevalence and magnitude of association of
these risk factors with CVD events. Age is a
major CVD risk factor for both sexes, but
women are on average 10 years older than men
when they develop CVD [4]. This observation in
part might be related to the protective role of
female sex hormones in the premenopausal
years [32].

Several large-scale population studies reported
that ideal cardiovascular health is more frequent
in women than in men [12, 14, 34]. To define
cardiovascular health in population, seven
metrics are often used such as body mass index,
smoking status, blood pressure level, total choles-
terol and blood glucose levels, physical activity,
and diet. For instance, in the cross-sectional pop-
ulation study of 9012 French men and women
aged 50–75 years old, women were four times
more often in ideal cardiovascular health than
men although they were more often depressed
and less educated [34].

Blood pressure control is the main target for
prevention of CVD such as stroke and HF partic-
ularly in women. For instance, the Framingham
investigators demonstrated that the hazard for
developing HF in hypertensive patients, com-
pared to normotensive subjects, was approxi-
mately twofold in men and threefold in women
after adjustment for age and other HF risk factors
[19]. The 5-year survival rate for hypertensive
symptomatic HF was 24% for men and 31% for
women [19]. Along these lines, in the recent
meta-analysis including 9357 subjects from
11 populations, Boggia et al. [7] demonstrated
that the relation of fatal and nonfatal
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cardiovascular events with ambulatory 24-hour
blood pressure (BP) and with nighttime BP was
steeper in women than in men (Fig. 4.5). Conse-
quently, as per 1-SD decrease in ambulatory sys-
tolic 24-h and nighttime BP (about 14 mmHg),
the proportion of potentially preventable events
was higher in women than in men for all cardio-
vascular events (35.9% vs 24.2% and 35.1% vs
19.4%, respectively). The authors concluded that
there is still a vast and largely unused potential for
cardiovascular prevention by BP-lowering treat-
ment in women.

Also lower socioeconomic status is indepen-
dently associated with the greater risk of CVD at
least in high-income countries. The recent meta-
analysis over 22 million individuals and over
1 million CVD events demonstrated that the
excess risk of overall CVD and in particularly
CHD associated with the lowest, compared with
the highest, level of education was 18% and 24%
greater in women when compared with men
[3]. The results of epidemiological studies on
CVD risk factors suggested that the tailored risk
assessments and interventions strategies are
required to reduce the burden of CVD in men
and women.

Summary

CVD remains the leading cause of mortality and
morbidity in both men and women. As shown by
numerous epidemiological studies, there are sub-
stantial sex differences in the prevalence, clinical
presentation, and outcomes of different CVDs.
Recently, considerable progress has been made
in awareness and prevention of CVD particularly
in women in whom the risk of CVD has been
underestimated for a long time. Due to women’s
higher longevity and the fact that CVD incidence
increases in the older age group, more women
than men die from CVD each year. However,
the age-adjusted CVD mortality and morbidity
rates are highest in men. There are also a number
of notable sex differences in CVD first manifesta-
tion and risk factor profiles. Although overall
lifetime risk of developing CVD in the middle
age men and women is similar, women are on
average 10 years older when compared with men
when they experience CVD. Men are more likely
to develop CHD as first event, while women are
more likely to have cerebrovascular disease or HF
as their first event. Several population studies
reported that overall cardiovascular risk factor
profile is more favorable in women than men.
On the other hand, the associations of CVD
events with blood pressure level and socioeco-
nomic status were greater in women than in
men. The reported epidemiological observations
have an important implication for tailored risk

Fig. 4.5 Absolute 10-year risk of a composite cardiovas-
cular (CV) end point in relation to the 24-hour systolic
blood pressure (BP). The continuous risk functions cover
the 5th to 95th percentile interval of the 24-hour systolic
BP and were fitted by Cox regression with adjustment for
cohort, age, body mass index, smoking and drinking,
serum total cholesterol, history of cardiovascular disease,
presence of diabetes mellitus, and antihypertensive drug
treatment at baseline. Circles (women) and squares (men)
represent the multivariable-adjusted HRs in quintiles of the
distribution of the 24-hour systolic BP and have a size
proportional to the inverse of the variance of the HR. The
number of events in each quintile is given next to each
circle or square; ne is the total number of events by disease
category and sex. The probability values for interaction
were derived from multivariable-adjusted Cox models.
(Reproduced from [7] with permission)
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prediction and management strategies which are
required to reduce the burden of CVD in men and
women.
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Abstract

Research on sex differences related to cardio-
vascular dysfunction has become a topic of
interest in the last decade. Although scientific
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research has been carried out since ancient
times, we still may struggle with performing
scientific research in the best way to achieve
the highest quality data and solid conclusions.
In this chapter, every step of scientific research
is explained: from formulating the research
question and hypotheses to analyzing the col-
lected data to interpreting and reporting the
results. Several fundamental biostatistical
techniques—such as the independent samples
t-test, the chi-square test, the log-rank test, and
different regression models—are presented.
In addition, methods that can deal with
variables influencing the association of interest
are discussed. All examples are focused on
investigating sex differences in cardiac
outcomes, but this chapter is written in such
a way that it easily translates to other fields
of medical research on every disease or health
state.

Keywords

Independent samples t-test · Chi-square test ·
Log-rank test · Regression models ·
Confounding · Effect modification

Introduction

The term epidemiology comes from the Greek
words Λoγoς (logos, or “study”), επι (epi, or
“on”), and δεμoς (demos, or “people"). A study
starts with a research idea, which is probably the
easiest part of the process. But then? What are the
next steps to follow? Converting the idea into
effective and strong research is more difficult.
Which study design would be most suitable?
How should the participants be selected? If all
data are collected, what is the best statistical tech-
nique to analyze them? Finally, how should the
results be interpreted? Many questions arise when
conducting scientific research, so let us take one
step at a time.

Step 1: Formulate the Research Question
and Hypothesis
All studies start with a research idea that needs to
be investigated—for example, whether sex
differences are present in treatment responses for
left-ventricular ejection fraction (LVEF). This idea
is translated into a research question, which can be
developed according to the PICO(t) model:

P ¼ The patient, research population, or research
problem.

I ¼ The intervention, exposure, or prognostic
factor.

C ¼ The comparison.
O ¼ The outcome measure.
(t) ¼ The time period, which is sometimes added

but not necessary.

The research question to the idea above could
be as follows: What is the difference in the effect
of therapy A (intervention [I]) compared with
placebo/standard care (comparison [C]) between
male and female patients with a first myocar-
dial infarction (MI) (patient [P]) on the LVEF
(outcome [O]) after 6 weeks of treatment (time
[t])?

Based on the research question, the null and
the alternative hypotheses are defined. In general,
the null hypothesis (denoted by H0) states that
there is no (true) difference between the groups of
interest or that there is no association between the
exposure and the outcome, while the alternative
hypothesis (denoted by H1) states the opposite.
The alternative hypothesis is the hypothesis you
want to prove; the collected data will provide the
evidence to reject the null hypothesis. But until
proven otherwise, the null hypothesis is the work-
ing hypothesis. The null hypothesis for the exam-
ple research question is that there is no difference
of effect of therapy A compared with the placebo/
standard care between males and females, and the
alternative hypothesis is that there is a difference
between males and females in terms of the effect
of therapy A.
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Step 2: Choose the Research Design
To obtain an answer to the research question, a
study must be designed. Many research designs
exist, all with advantages and disadvantages. To
investigate a sex difference in treatment response,
four possible designs could be chosen from:

1. A randomized controlled trial (RCT), in which
allocation of the treatment (e.g., therapy A or
placebo/standard care) given to the patients is
defined by randomization. This type of study
is highly controlled and therefore leads to less
bias in the population, the exposure and the
outcome of the measurements.

2. A prospective cohort study, in which, for
example, LVEF is monitored over time in a
group of patients with a history of MI and
including patients receiving therapy A as well
as patients receiving standard care. As treat-
ment is not randomly assigned, the
characteristics of the patients receiving therapy
A or standard care can differ.

3. A retrospective cohort study, in which, for
example, treatment response in a group of
patients who received therapy A is assessed
retrospectively (e.g., by chart review) and
compared with the treatment response in a
group of patients who received standard care.
In a retrospective cohort study, the outcome
(i.e., LVEF at 6 months) is already known at
the time the investigator initiates the study,
while in a prospective cohort study, the
participants still must be followed over time
to assess their outcome.

4. A systematic review study, in which treatment
response in males and females to therapy A
compared with the placebo/standard care is
retrieved from selected publications and com-
bined to obtain one overall estimate of the
difference between males and females.

The RCT or cohort studies all provide infor-
mation on the causality of sex differences regard-
ing the effect of therapy A and placebo/standard
care. However, a cohort study is more prone to
indication bias, while an RCT is highly con-
trolled. A retrospective cohort study costs less

than a prospective cohort study, but the exposure
data cannot always be retrieved reliably from the
patient charts, and information on confounding
variables usually is not complete. A systematic
review, by means of a meta-analysis, requires
homogeneity of all publications included, that is,
they all must consider the same placebo/control
therapy, the same time period, etc.

Step 3: Prepare the Database
During the study, a lot of data are collected that
need to be entered into a database. Before
analyzing the data, their validity and correctness
must be checked. Can very large/small values be
considered outliers or are these just typos? Are
missing data really missing or just not applicable?
Have all privacy data (surname, date of birth,
hospital identification number, etc.) been deleted?
Although this step is time consuming, if data are
not screened carefully, then highly misleading
results could be found leading to incorrect
conclusions as all analyses of the data in the
study depend on the quality of the prepared
database.

Step 4: Analyze and Interpret the Data
Finally, it is time to statistically analyze the data to
obtain an answer to the research question. After
basic statistical terminology is introduced in section
“Medical statistics. . . the basics”, various methods
are described in more detail in sections “Sex
differences in a continuous outcome measure”,
“Sex differences in a dichotomous outcome mea-
sure”, “Sex differences in a survival outcome mea-
sure”, and “Variables influencing the association”
for a continuous outcome, a dichotomous outcome,
and a survival outcome measure.

All examples in this chapter are illustrated
using the Statistical Package for the Social
Sciences (SPSS) version 22 (IBM Corp.,
Armonk, NY). Other statistical software—such
as SAS, Stata, and R—can be used equally well,
but they are not illustrated here.

Step 5: Report the Results
After all statistical work is completed, the results
must be reported in a manuscript, leading to a
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scientific publication in an appropriate journal.
Some tips and tricks for reporting are discussed
in section “Reporting the results”.

Medical Statistics. . . The Basics

An independent variable, or determinant, is a vari-
able that can be manipulated or that is fixed, for
example, being male or female. The dependent
variable, or outcome variable, is the variable that
is influenced by the independent variable. For our
example, LVEF is the dependent variable and treat-
ment (therapy A or placebo/standard care) is the
independent variable. Throughout this chapter, we
will consider three types of dependent variables:

• A continuous variable, which is measured
along a continuum, such as cholesterol level.

• A dichotomous variable, which can only con-
sist of two values, such as having diabetes
mellitus or not.

• A time-to-event (survival) variable, which is a
continuous variable with a time component,
such as time to recurrent MI.

The independent variable can be dichotomous,
categorical (i.e., with more than two groups) or
continuous. The type of both the dependent and
the independent variables in the research question
determines which statistical method needs to
be used.

Recall that the research question always requires
a certain population, in other words, the P in the
PICO(t) model. The ideal situation would be to
collect the outcome measure and other variables
on every single subject of the whole population.
Unfortunately, that is not feasible in practice, so
only a small sample of subjects is selected and
measured in a study. Due to chance, different
samples from the same population will provide
different results. Therefore, to generalize the
results to the population, the sampling variation
(or uncertainty) must be taken into account. This
area of statistics is called inferential statistics, as
opposed to descriptive statistics, which is used to

summarize and describe the outcome measure and
other important data, numerically as well as
graphically.

The standard error (SE) of the effect size is
one way to measure the uncertainty, and this is
equal to the standard deviation (SD) of the sam-
pling distribution. The smaller the SE, the more
certain we are that the effect size is a good esti-
mate of the true population effect. The SE is used
to construct a confidence interval (CI) with a
certain precision, denoted by α and usually set
to 0.05, which is equal to [effect size � zα/2�SE;
effect size + zα/2�SE] for a certain value of zα/2.
The smaller the α, the wider the CI: zα/2¼1.96 for
α ¼ 0.05, while zα/2¼1.64 for α ¼ 0.10 and zα/
2¼2.59 for α ¼ 0.01. Of note, this general for-
mula holds for most effect sizes, for example, the
mean difference between two groups, but not for
all. The CI indicates that there is a (1�α)� 100%
probability (e.g., 95%) that the interval contains
the (unknown!) population effect. This is not the
same as saying that with probability (1–α)
� 100% the population effect lies within the CI,
because the population effect is fixed and the CI
will vary between samples. In other words, if
several independent random samples from the
same population are drawn, and the 95% CI for
each of these samples is calculated, on average
19 of every 20 samples (i.e., 95%) would contain
the true population effect and one of every
20 samples (5%) would not.

Another way to make an inference is to look at
the probability that the observed effect is a result of
chance under the assumption that the null hypothe-
sis is true. This probability is called the p-value and
it provides the evidence against the null hypothesis:
the smaller the p-value, the stronger the evidence
against the null-hypothesis. The null hypothesis is
rejected in favor of the alternative hypothesis, if the
p-value is smaller than a predefined significance
level, which is again denoted by α and usually set
to 0.05. If the p-value is greater than the signifi-
cance level, the data does not provide evidence
against the null hypothesis. This does not mean
the null hypothesis is true! The p-value is largely
based on the sample size: the larger the sample size,
the smaller the p-value. If the included sample size
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in a study is small, statistical significance might not
be reached, which could be the result of an under-
powered sample.

Depending on the sign or direction of the
alternative hypothesis, the hypothesis test is either
one-sided or two-sided. In case the direction of
the comparison in the alternative hypothesis is
specified, a one-sided p-value must be reported;
in the case of an unspecified direction, a two-
sided p-value must be reported. For example, to
test the alternative hypothesis that males have a
smaller LVEF than females, a one-sided p-value
is used; to test the alternative hypothesis that there
is a difference in the LVEF between males and
females, a two-sided p-value is used.

Both the 95% CI and the significance level in
hypothesis testing are based on the same arbi-
trarily chosen 0.05 threshold. They are related: if
the 95% CI does not contain the null value, the p-
value is below 0.05, and vice versa; if the p-value
is below 0.05, the 95% CI does not contain the
null value. Although this relation exists, we rec-
ommend reporting the exact p-value (and not just
whether it was smaller than α or not) as well as
the 95% CI. Large samples are more likely to
provide strong evidence against a null hypothesis
in the form of a small p-value and a narrow 95%
CI, but this does not provide any clinical rele-
vance of the observed effect. All hypotheses in
the following sections are tested at a significance
level α ¼ 0.05.

Sex Differences in a Continuous
Outcome Measure

In a fictional study, the differences between males
and females regarding cholesterol level—a con-
tinuous outcome—are assessed with the follow-
ing research question: Do cholesterol levels differ
between males and females?

The null and alternative hypotheses for this
research question are:

• H0: mean cholesterol level is equal for males
and females.

• H1: mean cholesterol level is not equal for
males and females.

Put differently, H0 says that the mean differ-
ence in cholesterol levels between males and
females is equal to 0, while H1 says that the
mean difference in cholesterol levels is unequal
to 0. The mean difference is referred to as
the effect size.

Continuous outcomes can be either normally
or non-normally distributed, and this distribution
is of importance to determine which statistical test
is needed. Thus, if the outcome measure is con-
tinuous, the first step is to check, for each group
separately, whether it is normally distributed.
Several tests exist to assess normality; however,
for large samples, these tests will almost always
reject the null hypothesis that the variable is nor-
mally distributed, even for very small deviations
from normality. Conversely, it can be impossible
to detect non-normality in small samples. There-
fore, one should not solely rely on formal normal-
ity tests but also examine the distribution visually
through a histogram or QQ-plot. In addition, nor-
mality of a non-negative variable can be checked
using the rule of thumb that approximately 97.5%
of the observed values will be greater than the
mean minus twice the SD (mean � 2 � SD). Is
the mean minus twice the SD negative? Then it is
highly likely that the variable is not normally
distributed. Note that this rule of thumb does not
hold for variables skewed to the left. Moreover,
the mean and median can be compared because
for a normally distributed variable the mean and
median would be approximately the same.
Because many statistical tests and estimators are
robust against small to moderate deviations from
normality, one should not worry about it too
much unless the data are clearly skewed or exhibit
extreme outliers.

Independent Samples t-Test

In this fictional study, males (n¼ 608) had a mean
cholesterol level of 5.42 mmol/L (SD 0.65), while
females (n ¼ 282) had a mean cholesterol level of
6.06 mmol/L (SD 1.0), leading to a mean differ-
ence of 0.64 mmol/L between males and females.
First, the distribution of cholesterol level must be
checked. The distribution is approximately normal,
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as can be visually judged from Fig. 5.1, as well as
through the fact that the mean and median are
nearly the same (median in males ¼ 5.39 mmol/
L, median in females ¼ 6.02 mmol/L) and that the
mean minus twice the SD is positive both for
males (SD ¼ 0.65; mean � 2 � SD ¼ 5.12) and
for females (SD ¼ 1.00; mean � 2 � SD ¼ 5.06).
Since cholesterol levels are fairly normally
distributed, the independent samples t-test can be
used to test whether the mean difference of
0.64 mmol/L between the sexes is significant.

The SPSS output of the independent samples t-
test is given in Table 5.1.

In Table 5.1, two different rows are displayed:
the first is labeled “Equal variances assumed”, and
the second is labeled “Equal variances not
assumed.” In addition to determining normality of
the outcome in each group separately, the indepen-
dent samples t-test also assumes that the variances
(i.e., the squared SD) in both groups are equal. The
Levene’s Test for Equality of the Variances, the first
two columns of the table, tests this assumption. The
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Fig. 5.1 Histogram of cholesterol level (mmol/L) in a fictional study of 608 men (left panel) and 282 women (right
panel)

Table 5.1 SPSS output of the independent samples t-test comparing cholesterol level (mmol/L) between 608 males and
282 females

Levene’s test
for equality
of variances t-test for equality of means

F Sig. t df
Sig.
(2-tailed)

Mean
difference

SE
difference

95% CI of the
difference

Lower Upper

Cholesterol
level
(mmol/L)

Equal
variances
assumed

69.236 0.000 �11.359 888 0.000 �0.639 0.056 �0.749 �0.528

Equal
variances
not
assumed

�9.770 394.362 0.000 �0.639 0.065 �0.767 �0.510
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null hypothesis states that the variances are equal
versus the alternative hypothesis that they are not.
The p-value of the Levene’s test is smaller than the
significance level of 0.05, thus favors the alterna-
tive hypothesis. The p-value for the equality of
means should therefore be read from the second
row. SPSS always reports p-values rounded at
3 decimals, but a p-value can never be exactly
equal to 0. Thus, whenever SPSS reports 0.000 as
a p-value, the p-value is reported as being smaller
than 0.001. The mean difference, its SE, and the
corresponding 95% CI are also reported in the
SPSS output. Note that the mean difference and
its 95% CI, as given by SPSS, have opposite signs
as to what has been manually calculated (i.e.,
0.64 mmol/L). This is because SPSS always
calculates the mean difference as the mean in
group 1 (males) minus the mean in group
2 (females). Since the p-value is smaller than the
significance level, and as a consequence the value
0 (the mean difference under the null hypothesis) is
not included in the 95% CI, we can conclude with
95% certainty that mean cholesterol levels differ
between males and females, females having, on
average, a 0.64 mmol/L greater cholesterol level
than males (95% CI [0.53; 0.75], p < 0.001).

Non-normal Outcome

The independent samples t-test can only be used
when the outcome variable is normally distributed
in each group separately. If this assumption is
violated, there are two possibilities to compare
the outcome variable. First, try to transform
the outcome variable with a function hoping that
the transformed outcome variable is normally
distributed. A widely used transformation for
variables skewed to the right is logarithmic trans-
formation. Note that in this case, the mean differ-
ence reported in the SPSS output is the mean
difference in the transformed outcome. To retrieve
the difference on the original scale, the difference
must be back-transformed by the reciprocal trans-
formation (e.g., the exponential after using the
ln-transformation). Second, a non-parametric test
can be used. A non-parametric test does not com-
pare the mean of both groups but more generally

the distribution of the outcome variable in both
groups. The non-parametric version of the inde-
pendent sample t-test is the Mann-Whitney U test,
also called theWilcoxon rank-sum test. The Mann-
Whitney U test does not compare the mean of the
observed values but rather the mean rank of the
observed values in each group. The smallest
observed value is assigned rank 1, and the second
smallest rank 2 up to the largest value, which is
assigned rank n (the total sample size). However,
the mean rank has no clinical interpretation, and it
gives no information about the values and spread.
Therefore, for non-normally distributed variables,
the median and range (or interquartile range)—
instead of the mean and SD—are generally
reported to describe the outcome measure in each
group.

Linear Regression Model

As will become more evident later, the mean
difference in cholesterol levels between males
and females can also be investigated by way of
a linear regression model. For any independent
variable x and dependent variable Y, in a linear
regression model the relation between x and Y is
modeled as follows:

Y ¼ b0 þ b1xþ ε:

The parameters b0 and b1 are called the regres-
sion coefficients, and ε (epsilon) is called the
error term, which captures all factors that influ-
ence Y other than x. The regression coefficients
are estimated by the least squares estimation
method. This method minimizes the squared dif-
ference between the observed values of
Y (generally denoted by Y1, Y2, . . ., Yn for a
sample of size n) and a straight line with intercept
b0 and slope b1. The interpretation of the regres-
sion coefficients is derived from the linear func-
tion as follows:

• b0 is the mean outcome for a subject with x¼ 0
[i.e., the intercept of the line].

• b1 is the mean difference in outcome between
two subjects who differ by one unit in the
independent variable [i.e., the slope of the line].
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The linear regression model assumes that the
error-variable ε is normally distributed with mean
0 and that its variance does not depend on
x (called homoscedasticity). From the first
assumption, it follows that the linear regression
model can be translated to

mean Y ¼ b0 þ b1x:

Hence, the linear regression model to assess
the difference in cholesterol levels between males
and females is equal to

mean cholesterol ¼ b0 þ b1 � sex:

If males are coded as 0 and females as 1 in the
database, then, by the general interpretation of the
regression coefficients:

• b0 is the mean cholesterol level of males.
• b1 is the mean difference in cholesterol levels

between males and females.

The null and alternative hypotheses for this
research question can be translated to H0: b1¼
0 and H1: b1 6¼ 0. Table 5.2 gives the results of the
linear regression analysis: the unstandardized
coefficient is equal to the mean difference in
Table 5.1, apart from the minus sign, resulting
from the fact that in linear regression males are set
as the reference category, while in the indepen-
dent samples t-test females are set as the reference
category. In SPSS, regression coefficients can be
found in the column labeled “B”: b1in the row
labeled “Sex” and b0 in the row labeled “(Con-
stant)”. From Table 5.2 we can also conclude
(with 95% certainty) that mean cholesterol level
differs between males and females, with females
having, on average, a 0.64 mmol/L greater

cholesterol level than males (95% CI [0.53;
0.75], p < 0.001).

The assumptions regarding the error-variable ε
still must be tested. However, this variable is
unobserved and can only be estimated. For each
subject i, the value of the outcome variable Y can
be “predicted” by Ŷ i ¼ b̂0 þ b̂1xi, where xi is the
value of the independent variable of subject i.
The difference between the predicted value bYi

and the observed value Yi, is called the residual
(for subject i) and denoted by ri. Then, the
assumptions of the linear regression model can
be translated to assumptions regarding the
residuals r1, r2, . . ., rn. Thus, it must be checked
whether they are normally distributed with mean
0 and whether their variance does not depend on
the independent variables x1, x2, . . ., xn. The latter
assumption implies that the variance of the
residuals is equal in males and females. In
SPSS, the residuals can be saved after a linear
regression analysis, which are then added to the
database as a new variable. Normality of the
residuals can then be investigated through a his-
togram (Fig. 5.2), while equality of the variances
can be tested by way of the Levene’s test (as part
of an independent samples t-test on the residuals
[Table 5.3]). If normality of the residuals does
not hold, transforming the outcome variable
might be a possible solution. If homoscedasticity
is rejected, more complex techniques exist, but
these lie beyond the scope of this chapter.

Standardization

Normally distributed variables are sometimes
standardized so that they have a mean 0 and an
SD of 1. For each subject i, the z-score of their

Table 5.2 SPSS output of a linear regression model comparing cholesterol level (mmol/L) between males and females

Model

Unstandardized
coefficients

Standardized
coefficients

t Sig.

95% CI for B

B SE Beta
Lower
bound

Upper
bound

1 (Constant) 5.417 0.032 171.133 0.000 5.355 5.479

Sex 0.639 0.056 0.356 11.359 0.000 0.528 0.749

Dependent variable: Cholesterol level (mmol/L)
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observed value yi is computed via zi ¼ (yi � μ)/σ,
where μ is the sample mean and σ is the sample
SD. Z-scores denote the deviation from the mean
in terms of the SD and lack a dimension, that is, a
z-score of 0.5 means that the original value was
0.5 times the SD greater than the mean, and a z-
score of �2 means that the original value was
2 times the SD smaller than the mean. They are
frequently used to compare the outcome measure
with reference values. More information on how,
why, and when to use z-scores can be found in
Mawad et al. [1].

Sex Differences in a Dichotomous
Outcome Measure

An outcome, such as the prevalence of congestive
heart failure (CHF), could also be dichotomous.
When analyzing sex differences with respect to
CHF, the following research question could be
tested: Does the prevalence of congestive heart
failure (CHF) differ between males and females?

The null and alternative hypotheses for this
research question would then be as follows:

• H0: prevalence of CHF is equal for males and
females.

• H1: prevalence of CHF is not equal for males
and females.

A summary of the data is obtained with a
contingency table (Table 5.4): the prevalence of
CHF was 6.9% in males and 6.0% in females.

Several effect sizes can be calculated to com-
pare the prevalence of CHF between males and
females based on either the prevalence (or more
generally the risk) itself in males and females
(denoted by p0 and p1) or on the odds for CHF
(defined as p0/(1 � p0) and p1/(1 � p1),
respectively):
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Fig. 5.2 Histogram
of residuals in linear
regression model
comparing cholesterol level
(mmol/L) between males
and females

Table 5.3 Levene’s test for equality of the variances

Levene’s test for equality of variances

F Sig.

69.236 0.000

Table 5.4 SPSS output of a 2 � 2 contingency table
comparing the prevalence of CHF between males and
females

CHF

TotalNo Yes

n % n % n %

Sex Male 1192 93.1 147 6.9 2139 100.0

Female 2148 94.0 136 6.0 2284 100.0

Total 4140 93.6 283 6.4 4423 100.0
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• Risk difference (RD) ¼ p1 � p0 ¼ 0.060 �
0.069 ¼ �0.009, that is, 0.9% fewer females
have CHF than males.

• Relative risk (RR) ¼ p1/p0 ¼ 0.060/0.069 ¼
0.870, that is, the prevalence of CHF in
females is 0.87 times the prevalence in males.

• Odds ratio (OR) ¼ p1= 1�p1ð Þ
p0= 1�p0ð Þ ¼ 0:060=0:940ð Þ

0:069=0:931ð Þ ¼
0.861, that is, the odds for CHF in females is
0.861 times the odds in males.

The RD and RR are easier to interpret than the
OR. However, some study designs, such as a
case-control study, prevent us from computing
the actual risk. In addition, ORs are easy to adjust
for confounders, while the adjustment for an RR
is much trickier. Note that for rare diseases (i.e.,
with a prevalence below 1%), the OR is approxi-
mately equal to the RR.

Both the RR and the OR and their
corresponding 95% CI are obtained as additional
output in SPSS (Table 5.5). Note that SPSS
computes the RR for the outcome CHF ¼ yes
by dividing the risk (or prevalence) in males by
the risk in females. The 95% CI for the RR with

males as reference equals [1/1.446; 1/0.921] ¼
[0.69; 1.1].

Pearson’s Chi-Square Test

From the 95% CI, it can be concluded that the
null hypothesis cannot be rejected. Equal risks
between males and females indicate equal odds,
so under H0, the RR and the OR are equal to
1 (and unequal to 1 under H1). Since the 95%
CI for both the RR [0.69; 1.1] and the OR [0.67;
1.1] contain the value 1, it can be concluded that
there is not enough evidence to prove a difference
in CHF prevalence between males and females.

Note that the 95% CIs for the RR and OR are
not symmetric around the effect size because
the RR and OR are ratios and therefore do not
follow a normal distribution. The ln(RR) and
ln(OR) do, and their 95% CIs are based on the
standard formula for CIs: [ln(RR) � 1.96 � SEln

(RR); ln(RR) + 1.96 � SEln(RR)] and [ln
(OR) � 1.96 � SEln(OR); OR + 1.96 � SEln

(OR)]. The p-value is obtained by the Pearson’s
chi-square test (or χ2-test; Table 5.6), which
compares the number of observed subjects in
each of the four cells of the contingency table
with the expected number of subjects in these
cells under the null hypothesis. The Pearson’s
chi-square test is only valid when the expected
number of subjects is at least 5 in all cells (foot-
note a in Table 5.6). In the case of lower numbers,
the (two-sided) Fisher’s exact testmust be used to
analyze the association.

The conclusion with respect to the current
research question is that there is not enough evi-
dence to prove that the odds for, and consequently

Table 5.5 SPSS output of the estimated RR and OR for
CHF of males compared to females

Value

95% CI

Lower Upper

Odds Ratio for sex (male/
female)

0.858 0.674 1.092

For cohort CHF ¼ no 0.990 0.975 1.006

For cohort CHF ¼ yes 1.154 0.921 1.446

N of Valid Cases 4423

Table 5.6 SPSS output of the Pearson’s chi-square test comparing the prevalence of CHF between males and females

Value df Asymp. sig. (2-sided) Exact sig. (2-sided) Exact sig. (1-sided)

Pearson Chi-square 1.554a 1 0.231

Continuity correctionb 1.404 1 0.236

Likelihood ratio 1.554 1 0.213

Fisher’s exact test 0.219 0.118

Linear-by-linear association 1.554 1 0.213

N of Valid Cases 14,423

a. 0 cells (0.0%) have an expected count less than 5. The minimum expected count is 20.50.
b. Computed only for a 2 � 2 table.
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the prevalence of, CHF differs between males and
females (OR 0.86, 95% CI [0.67; 1.1], p ¼ 0.23).

Logistic Regression Model

The equivalent for a linear regression model in
case of a dichotomous outcome is the logistic
regression model. It models the relationship
between CHF and sex as follows:

ln oddsð Þ ¼ b0 þ b1 � sex,

where ln(odds) is the natural logarithm of the
odds, called the logit.

The regression coefficients have a similar
interpretation as in a linear regression model:

• b0 is the ln(odds) for males.
• b1 is the difference in ln(odds) between males

and females.

Both b0 and b1 are “measured” at the level of
the ln(odds), so that exp(b0) is the odds within
males, and exp(b1) is the odds ratio for females
compared with males. After all

b1 ¼ ln (oddsF) – ln (oddsM) ¼ ln (oddsF/
oddsM) ¼ ln (OR).

Table 5.7 gives the SPSS output for the logis-
tic regression model, from which again the con-
clusion can be drawn that there is not enough
evidence to prove that the odds of CHF differs
between males and females. As for linear regres-
sion, the regression coefficients b0 and b1 can be
found in the column labeled “B” and the OR can
be found in the column labeled “Exp(B)” and row
labeled “Sex”.

Sex Differences in a Survival
Outcome Measure

In this section, the difference between males and
females, with respect to their overall survival after
being diagnosed with CHF, is studied. Patients
that are alive at the end of the study are then
censored; it is only known they survived until
that date, but it remains uncertain when they
would have died. Overall survival (OS) is defined
as the time since diagnosis until death (of any
cause). Sometimes the cause of death is related
to the disease of interest; in that case, one speaks
about disease-specific survival (DSS). In this
case, patients who died of a non-disease-related
cause are also censored at their date of death. For
this fictional study, the research question would
be: Does time to death after CHF diagnosis differ
between males and females?

In case the outcome is a time-to-event outcome
(or survival outcome), the so-called survival func-
tion, denoted by S(t), or the cumulative incidence
function, denoted by F(t) and equal to 1 � S(t), is
estimated. The null and alternative hypotheses for
the research question are therefore:

• H0: survival function is equal for males and
females.

• H1: survival is not equal for males and
females.

The survival function is estimated by the
Kaplan-Meier curve for males and females sepa-
rately (Fig. 5.3). The 5- and 10-year OS in males
was 15.3% (95% CI [6.3%; 22.3%]) and 5.1%
(95% CI [0.0%; 11.1%]) and in females was
29.4% (95% CI [19.6%; 39.2%]) and 15.3%
(95% CI [5.5%; 25.1%]), respectively, as can be

Table 5.7 SPSS output of a logistic regression model for the association between CHF and sex

B SE Wald df Sig. Exp(B)

95% CI for EXP(B)

Lower Upper

Step 1 Sex �0.153 0.123 1.551 1 0.213 0.858 0.674 01.092

Constant �2.606 0.085 930.034 1 0.000 0.074

Variable(s) entered on step 1: Sex
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read from the survival table (relevant parts are
listed in Table 5.8). That is, 15.5% of the males
and 29.4% of the females are still alive 5 years after
their CHF diagnosis. Moreover, the cumulative
incidence of death after 5 years was 85.7% (95%
CI [77.7%; 95.7%] and 70.6% (95% CI [60.8%;
80.4%]) in males and females, respectively. The
95%CI is computed using the standard formula for
CIs: [estimated probability� 1.96� SE; estimated
probability +1.96� SE]. Note that the lower bound
of the 95% of the survival probability can never be
below 0.0% and the upper bound can never be
above 100.0%.

Log-Rank Test

Equality of the survival curves is tested with the
log-rank test. Since the log-rank test does not
have any assumptions with respect to the distri-
bution of the time-to-event outcome (or, equiva-
lently, the shape of the survival/cumulative
incidence function), it is also a non-parametric
test. Table 5.9 gives the SPSS output of the log-
rank test, from which it can be concluded that
time to death after CHF diagnosis between
males and females differs significantly: males
die quicker after a CHF diagnosis than females
(p < 0.001).

Cox Proportional Hazards Model

The Kaplan-Meier curve estimates the survival
function directly in one glance. However, although
the survival probabilities (or cumulative incidence)
can be reported at one or more time points for
males and females separately, it does not provide
a single measure that can be considered as the
effect size. To quantify the overall difference in
survival between the two sexes, the Cox propor-
tional hazards model (usually shortened to Cox
regression model) can be used. This regression
model models the hazard function h(t) over time.
This function is mathematically related to the sur-
vival function S(t); it is the derivative of the cumu-
lative hazard function H(t) ¼ � ln (S(t)). If the
hazard function of males is denoted by h0(t) and
that of females by h1(t), the Cox regression model
states that:

ln h1 tð Þ=h0 tð Þð Þ ¼ b1 � sex,

or equivalently that

ln h1 tð Þð Þ ¼ ln h0 tð Þð Þ þ b1 � sex:

The ratio of the two hazard functions, h1(t)/
h0(t), is called the hazard ratio (HR) and is
assumed to be constant over time. In other
words, the hazard functions h0(t) and h1(t) are
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assumed to be proportional to each other, hence
the proportionality in the name of the model.
Table 5.10 gives the SPSS output of the Cox
regression model; the regression coefficient b1
can be found in the column labeled “B” and the
HR in the column labeled “Exp(B)”. From this
table it can be concluded that time to death after
CHF diagnosis between males and females differs
significantly: males have worse OS after CHF
diagnosis than females (HR ¼ 0.60, 95% CI
[0.45; 0.803], p < 0.001). The HR of 0.60
indicates that, at each time point, the probability
of dying at that moment is estimated to be 40%
lower in females than in males.

Similar to the RR and OR for a dichotomous
outcome, the null hypothesis in the Cox

regression model states that there is no difference
between males and females in time to death after
CHF diagnosis (i.e., the HR is equal to 1 under
the null hypothesis). Since the 95% CI does not
contain the value 1, it can be concluded that there
was a significant difference based solely on the
95% CI. An HR greater than 1 means that the
reference group (in our example males) has a
shorter time to event (i.e., performs worst),
while an HR smaller than 1 means that the refer-
ence group has a longer time to event (i.e.,
performs best).

The proportionality assumption of the Cox
regression model must be checked to determine
whether the Cox regression model can be applied.
A first a way to investigate this assumption is by
looking at the Kaplan-Meier curves.
Proportionality of the curvesmeans that the differ-
ence between the two curves increases at a con-
stant rate; therefore, curves that cross are an
example of violation of the proportionality
assumption. The survival curve (or the cumulative

Table 5.8 Part of the SPSS survival table stratified for males and females

Sex Time Status

Cumulative proportion
surviving at the time

N of Cumulative events N of Remaining casesEstimate SE

Male 65 0.918 Died 0.612 0.041 55 82

66 0.951 Censored 55 81

67 1.006 Died 0.605 0.041 56 80

137 4.816 Died 0.143 0.036 106 10

138 5.003 Censored 106 9

145 9.580 Died 0.051 0.031 110 2

146 10.000 Censored 110 1

147 10.000 Censored 110 0

Female 44 0.977 Died 0.776 0.037 28 92

45 1.001 Died 0.767 0.038 29 91

118 4.738 Died 0.294 0.050 73 18

119 4.810 Censored 73 17

120 4.954 Censored 73 16

121 5.599 Censored 73 15

122 5.611 Died 0.275 0.050 74 14

131 9.938 Died 0.143 0.050 79 5

132 10.000 Censored 79 4

133 10.000 Censored 79 3

134 10.000 Censored 79 2

135 10.000 Censored 79 1

136 10.000 Censored 79 0

Table 5.9 SPSS output of the log-rank test comparing
time to death after CHF diagnosis between males and
females

Chi-square df Sig.

Log rank (Mantel-Cox) 12.426 1 0.000

5 Biostatistics in Cardiovascular Research with Emphasis on Sex-Related Aspects 83



incidence curve), as estimated by the Cox regres-
sion model, gives a good indication of the meaning
of this assumption (Fig. 5.4).

Note that the Kaplan-Meier curves will never
be exactly equal to the estimated curves of the
Cox regression model because the Cox regression
model forces the curves to be proportional, while
the Kaplan-Meier curves does not impose any
constraints or assumptions. The difference in

Kaplan-Meier curves becomes increasingly
greater for the first 5 years, and thereafter it
seems to remain constant. Thus, proportionality
might hold for the first 5 years but not thereafter.

Another way to visually inspect the pro-
portionality assumption is by way of log–log plot.
In this plot, ln(t) is plotted on the x-axis and
� ln [� ln (S(t))] is plotted on the y-axis for males
and females separately (Fig. 5.5). Parallel curves

Table 5.10 SPSS output of Cox regression comparing time to death after CHF diagnosis between males and females

B SE Wald df Sig. Exp(B)

95% CI for Exp(B)

Lower Upper

Sex �0.518 0.148 12.171 1 0.000 0.596 0.446 0.797
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Fig. 5.4 Estimated
survival function estimated
by Cox regression model
comparing time to death
after CHF diagnosis
between males and females
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are indicative for proportionality and crossing
curves or converging or diverging curves are not.
As the curves are parallel, we can conclude from
the log–log plot that proportionality might hold.

To test the proportionality assumption, the
regression coefficient b1 is modeled to change
over time. In SPSS, this is referred to as a “Cox
regression model with a time-dependent deter-
minant.” There are several ways to let b1 change
over time. The easiest method is to set
b1(t) ¼ c0 + c1dT(t), where d is 0 for all t � T and
d is 1 for all t > T. We could choose T¼ 5 because
after 5 years there might not be a difference
between males and females, while in the first
5 years the survival probabilities decrease more
rapidly in males than in females. Table 5.11 lists
the SPSS output of this analysis. Thefirst row in the
output gives the estimate for c0 and the second row
for c1. The hypotheses tested for c1 are as follows:

• H0: c1¼ 0, that is, b1 does not depend on time.
• H1: c1 6¼ 0, that is, b1 does depend on time.

H0 states that the proportionality assumption
holds, while H1 states it does not hold. Since the
p-value in the second row ( p ¼ 0.966) is greater
than 0.05, it can be concluded that proportionality
seems to be a valid assumption.

If the null hypothesis would be rejected, that
is, proportionality does not hold, exp(c0) is the
HR for the first 5 years (because T ¼ 5), and exp
(c0 + c1) is the HR for after 5 years. The 95% CI
for the later period can be obtained by recoding
the time-dependent covariate T_COV_ in SPSS
and setting d to 0 for all t > T and d to 1 for all
t � T.

For a quick reference to help decide which
type of statistical analyses needs to be performed,
Table 5.12 can be checked.

Table 5.11 SPSS output to test the proportionality assumption of the Cox regression model

B SE Wald df Sig. Exp(B)

Sex �0.490 0.648 0.572 1 0.449 0.612

T_COV_*Sex �0.029 0.666 0.002 1 0.966 0.972

Table 5.12 Overview of statistical analyses

Independent
variable

Outcome

Continuous Dichotomous Time-to-event

Dichotomous Independent samples
t-test

Chi-square test Log-rank test/Cox regression

Effect size Difference in means RR/RD/OR Kaplan-Meier curve stratified by
group (log-rank)/HR (Cox
regression)

Assumptions Normality of outcome
variable in each group
separately

All cells should have an expected
count of at least 5

Proportional hazards assumption
(Cox regression)

Continuous Linear regression Logistic regression Cox regression

Effect size Regression coefficient
(difference in means)

Exponential of regression
coefficient (OR)

Exponential of regression coefficient
(HR)

Assumptions 1. Normal distribution
of the residuals
2. Homoscedasticity
3. Linearity of the
relation
4. Rule of thumb: one
variable per ten patients

1. Linearity of the relation
2. Rule of thumb: one variable per
ten patients with and ten without
the outcome

1. Linearity of the relation
2. Rule of thumb: one variable per
ten patients with an event and
ten without an event

OR odds ratio, RD risk difference, RR relative risk, HR hazard ratio
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Variables Influencing the Association

In the previous section, it was illustrated how to
assess sex differences in a continuous, dichoto-
mous and time-to-event dependent variable.
However, sex differences can also play an impor-
tant role in the association between two other
variables. For example, males have greater cho-
lesterol levels than females, which needs to be
corrected for when analyzing the association
between cholesterol levels and age. In addition,
other variables influence differences between the
sexes. For example, suppose that in the study
sample females were on average older than
males. In this case, the observed difference in
cholesterol levels between the sexes might well
be explained by the age difference. Ignoring this
influencing effect leads to incorrect estimates of
the effect of the independent variable. In this
section, two types of influencing effects are con-
sidered: confounding and effect modification.

Confounding

A variable is called a confounder when part of the
association between the outcome and determinant
is explained by that variable (Fig. 5.6).

For a variable to be a true confounder, it must
fulfill the following three assumptions or rules of
thumb:

1. The confounder is significantly associated
with the independent variable.

2. The confounder is significantly associated
with the outcome variable.

3. The regression coefficient of the independent
variable changes by more than 10% after
adding the confounder.

Note that assumption no. 3 refers to the regres-
sion coefficient of the independent variable of
interest, not to that of the potential confounder.
Moreover, this rule of thumb is arbitrarily chosen:
a change of 9.8% in a large regression coefficient
might be clinically relevant, while a change of
12.0% in a small regression coefficient might not
be clinically relevant. A confounder can be either
dichotomous, categorical, or continuous.

To illustrate how to check for confounding,
and to interpret the results after correcting for it,
the association between cholesterol levels (out-
come variable) and age (independent variable) is
considered, and it is investigated whether sex is a
confounder.

The uncorrected association between choles-
terol levels and age can be assessed with a linear
regression model:

mean cholesterol ¼ b0 þ b1 � age:

By the general interpretation of the regression
coefficients:

• b0 is the mean cholesterol level of a subject of
age 0.

• b1 is the mean difference in cholesterol levels
between two subjects who differ in age by
1 year.

Table 5.13 (model 1) shows that the choles-
terol level increases significantly with age by

Fig. 5.6 Visualization of
the concept of confounding
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0.022 mmol/L/ year (95% CI [0.017; 0.028],
p < 0.001).

For sex to be a confounder, it must be
associated with age (first assumption): this is the
case (Table 5.14) because the p-value is below
0.05. For the second assumption, it was already
shown that sex is associated with cholesterol level
(Table 5.1). To check the last assumption, the
simple (i.e., only one independent variable; in
medical research also referred to as a univariate
analysis) linear regression model relating choles-
terol level to age is extended to a multiple (i.e.,
multiple independent variables; in medical
research also referred to as multivariate analysis,
although this is statistically incorrect) linear
regression model by adding sex to this model:

mean cholesterol ¼ b0 þ b1 � ageþ b2 � sex:

After adding sex to the model (model 2 in
Table 5.13), the regression coefficient for age

changes from 0.022 to 0.017 mmol/L, a decrease
of 22.7%. In other words, sex fulfills all three
assumptions and hence is a confounder in the asso-
ciation between age and cholesterol level. In other
words, the adjusted effect size and corresponding
95% CI and p-value must be reported.

The regression coefficient of the corrected
(adjusted) model can be interpreted as follows:

• b0 is the (theoretical) mean cholesterol level
for a male of age 0 years.

• b1 is the mean difference in cholesterol levels
between two subjects of the same sex who
differ in age by 1 year (e.g., the mean differ-
ence in cholesterol levels between two males,
one aged 48 and one aged 49 years).

• b2 is the mean difference in cholesterol levels
between males and females of the same age
(e.g., the mean difference in cholesterol levels
between females andmales, both aged 51 years).

Table 5.14 SPSS output of the independent samples t-test comparing cholesterol level (mmol/L) between males and
females

Levene’s test
for equality of
variances t-test for equality of means

F Sig. t df
Sig.
two-tailed)

Mean
difference

SE
difference

95% CI of the
difference

Lower Upper

Cholesterol level
(mmol/L)

Equal
variances
assumed

5.297 0.022 �5.749 888 0.000 �3.857 0.671 �5.174 �2.541

Equal
variances
not
assumed

�5.927 591.187 0.000 �3.857 0.651 �5.136 �2.579

Table 5.13 SPSS output of a linear regression analysis relating cholesterol level (mmol/L) and age (years)

Model

Unstandardized
coefficients Standardized coefficients

t Sig.

95% CI for B

B SE Beta Lower bound Upper bound

1 (Constant) 4.183 0.186 22.528 0.000 3.818 4.547

Age (yr) 0.022 0.003 0.254 7.819 0.000 0.017 0.028

2 (Constant) 4.344 0.176 24.620 0.000 3.988 4.690

Age (yr) 0.017 0.003 0.193 6.177 0.000 0.012 0.022

Sex 0.573 0.056 0.320 10.214 0.000 0.463 0.683

Dependent variable: Cholesterol level (mmol/L)
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Since the association between age and choles-
terol level is studied, it is reported that cholesterol
level is associated with age, with a mean increase
of 0.017 mmol/L/ year (95% CI [0.012; 0.022],
p < 0.001) after correcting for sex. The procedure
for checking confounding in a logistic or Cox
regression model is the same as with linear
regression.

Effect Modification

With effect modification, the association between
an independent variable and the outcome is not
partly explained by another variable but is differ-
ent for different strata of the effect modifier.
Effect modification is different from
confounding: confounding is bias that must be
removed from the dataset, while effect modifica-
tion is a result on its own and must be reported.

For example, when analyzing the association
between cholesterol level (dependent variable)
and age (independent variable), sex might be an
effect modifier. This means that the association
between cholesterol level and age might be

different in males and females. To analyze
whether sex is indeed an effect modifier, the
variable sex and the interaction between sex and
age are added to the simple regression model
including only age:

mean cholesterol ¼ b0 þ b1 � ageþ b2 � sex
þ b3 � age� sex:

A variable is considered an effect modifier if
its interaction with the independent variable is
significant. The interaction must be computed
manually in SPSS, in case of a continuous out-
come, by multiplying the variables age and sex.
In logistic and Cox regression models, SPSS does
this automatically. Since the p-value of the interac-
tion variable is less than 0.001 (Table 5.15),
sex modifies the effect of age on cholesterol
level. Consequently, the results are also stratified
by sex (Table 5.16). In conclusion, there is a
significant association between cholesterol level
and age: 0.022 mmol/L/year (95% CI [0.017;
0.028], p < 0.001). Males have a significantly
lower (p < 0.001) increase than females:
0.010 mmol/L/year (95% CI [0.005; 0.016],

Table 5.15 SPSS output of a linear regression model to test effect modification of sex in the association between
cholesterol level (mmol/L) and age (years)

Model

Unstandardized
coefficients Standardized coefficients

t Sig.

95% CI for B

B SE Beta Lower bound Upper bound

(Constant) 4.762 0.206 23.160 0.000 4.359 5.166

Age (yr) 0.010 0.003 0.118 3.219 0.001 0.004 0.017

Sex �0.978 0.404 �0.546 �2.423 0.016 �1.771 �0.186

Interaction 0.024 0.006 0.890 3.878 0.000 0.012 0.036

Dependent variable: Cholesterol level (mmol/L)

Table 5.16 SPSS output of stratified analyses of the association between cholesterol level (mmol/L) and age (years)

Stratum Model

Unstandardized
coefficients Standardized coefficients

t Sig.

95% CI for B

B SE Beta Lower bound Upper bound

Male (Constant) 4.762 0.175 27.274 0.000 4.419 5.105

Age (yr) 0.010 0.003 0.152 3.791 0.000 0.005 0.016

Female (Constant) 3.784 0.440 8.595 0.000 2.917 4.650

Age (yr) 0.034 0.007 0.297 5.205 0.000 0.021 0.047

Dependent variable: Cholesterol level (mmol/L)
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p < 0.001) and 0.034 mmol/L/year (95% CI
[0.021; 0.047], p < 0.001), respectively.

Although the interaction model is built to
investigate effect modification, the regression
coefficients do have an interpretation (where
males are coded as 0 and females as 1):

• b0 is the (theoretical) mean cholesterol level
for a male of age 0 years.

• b1 is the mean difference in cholesterol levels
between two males who differ in age by 1 year
(e.g., the mean difference in cholesterol levels
between two males, one aged 48 and one aged
49 years).

• b2 is the mean difference in cholesterol levels
between males and females of the same age
(e.g., the mean difference in cholesterol levels
between a 51-year-old female and a 51-year-
old male).

• b1 + b3 is the mean difference in cholesterol
levels between two females who differ in age
by 1 year (e.g., the mean difference in choles-
terol levels between two females, one aged
48 and one aged 49 years).

The difference between a confounder and
effect modifier can be seen in Fig. 5.7. The blue
line is the uncorrected regression line relating
cholesterol level to age; the red line is the regres-
sion line for males; and the green line represents
females. After correcting for sex as a confounder,
the slope changes slightly compared with the

crude analysis, but the slope is the same for
males and females (only their intercepts differ):
the red and green lines are parallel to each other
but not to the blue line. After stratifying for age
as an effect modifier, the slopes of males and
females differ (as well as their intercepts), that
is, they are not parallel.

The procedure for checking effect modifica-
tion in a logistic or Cox regression model is the
same as with linear regression. If a variable is an
effect modifier, the analysis must be stratified,
and the variable cannot be a confounder.

Multiple Confounders and/or Effect
Modifiers

In every study, many variables are measured, and,
by definition, all these variables could be possible
confounders or effect modifiers. There are several
strategies to choose from in case of correcting for
multiple variables. None of these strategies is the
best: just use what is often done in the particular
field of expertise, and keep in mind that these
procedures can lead to different results.

The first strategy is to analyze several
confounders in groups, and ignore effect modifi-
cation. For example, model 1 would be the crude,
uncorrected model. Model 2 would be the crude
model, to which all demographic variables (e.g.,
age, sex, education, race, etc.) are added. Model
3 would extend model 2 by adding, for example,
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Fig. 5.7 Visualization of the differences between confounding (left panel) and effect modification (right panel)
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lifestyle factors (e.g., alcohol use, smoking, phys-
ical activity, etc.). When reporting the results,
only the effect size for the association of interest
for the different (crude and corrected) models is
reported. A disadvantage of this strategy is that a
correction for these variables is being made a
priori without checking if these variables fulfill
the assumptions for a confounder. It therefore
might be possible that some of the variables that
are corrected for are in fact not confounders. The
maximum number of confounders that can be
included depends on the sample size. The rule
of thumb is not to include more confounders
than one per 10 subjects.

The second strategy is to determine, one by
one, the strongest confounder and then add, step
by step, only the strongest confounder to the
model. Thus, in the first step every possible con-
founder is added individually to the uncorrected
model. Based on the p-value of the confounder,
and the change in the regression coefficient of the
determinant, the variable with the strongest influ-
ence is selected. Then, the model with this partic-
ular confounder included is the new “base case”
model, to which all remaining confounders are
added, one by one, to determine the next strongest
confounder. This step is repeated until none of
the remaining variables change the regression
coefficient by more than 10%. Note that now
only the variables fulfilling the three confounder
assumptions are corrected for. A disadvantage
of this procedure is that analyzing which con-
founders to correct for can be time consuming if
many possible confounders are involved.

These two strategies ignore effect modifica-
tion. Therefore, another possible procedure is to
start with investigating the effect modification,
similarly as confounding was investigated in the
second procedure. That is, analyze possible effect
modifiers one by one; select the strongest effect
modifier (with the lowest p-value for the interac-
tion with the determinant); and stratify for that
variable. Then, again, investigate possible effect
modification of the remaining variables, one by
one, for each stratum separately, and proceed with
these steps until none of the variables modify the
effect of interest. Then, add possible confounders

to the stratified models by either the first or the
second strategy mentioned previously. In theory,
many effect modifiers could be found, resulting in
many stratified groups containing only very few
patients, which is a major disadvantage. It is
advised not to stratify any further in case a stratum
contains fewer than 10 patients (for a continuous
outcome) or fewer than 10 patients with and
10 patients without an “event” (for both a dichoto-
mous and a time-to-event variable). Professional
advice is warranted when this procedure is applied.

A last possibility is correcting only for
confounders and/or effect modifiers that are
known from the literature or that are biological
plausible. It does not matter which procedure to
choose as long as it is motivated and well
described in the final manuscript.

Reporting the Results

After analyzing the data, the results must be
published, hopefully in a high-impact journal. In
the introduction to the study, the importance of
the topic is established by reviewing existing
research and describing the gap to be addressed
with this study. The applied methods—including
study design, patient selection, and statistical
analyses—must be specified thoroughly and the
results reported. In the last step of the research
process, the results of the study are discussed,
which often follows a certain structure:

1. Interpreting all results.
2. Comparing the results with those in the

existing literature and describing how the
findings differ from or are similar to other
studies (to strengthen the outcome).

3. Describing the strengths and limitations of the
study.

4. Drawing final conclusions.

Writing a publishable article is complex. Now-
adays, many journals only consider articles for
publication if they have been written according
to a specified guideline matching the study
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design. In these guidelines, several requirements
are worked out, which must be taken into consid-
eration and described. The following guidelines
have been developed:

1. The CONsolidated Standards Of Reporting
Trials (CONSORT) statement is a guideline
used to describe the results of experimental
studies, such as RCTs [2, 3]. It has several
extensions, and all of them can be found at
http://www.consort-statement.org.

2. The Transparent Reporting of a multivariable
prediction model for Individual Prognosis Or
Diagnosis (TRIPOD) statement is a guideline
to describe the results of prediction modeling
studies [4, 5]. This statement can be found at
http://www.tripod-statement.org.

3. The Strengthening The Reporting of OBserva-
tional studies in Epidemiology (STROBE)
statement is a guideline to report on cohort,
case-control, and cross-sectional studies
[6, 7]. This statement can be found at http://
www.strobe-statement.org.

4. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) state-
ment is a guideline for writing systematic
reviews with or without meta-analyses
[8, 9]. This statement can be found at http://
www.prisma-statement.org.

5. The STandards for Reporting of Diagnostic
Accuracy (STARD) statement is a guideline
for reporting studies of diagnostic accuracy
[10, 11]. This statement can be found at
http://www.equator-network.org/reporting-
guidelines/stard/.

6. The COnsensus-based Standards for selection
of health Measurement INstruments
(COSMIN) standard is a checklist that focuses
on standards for studies on the measurement
properties of Health-Related Patient-Reported
Outcomes (HR-PROs). It helps to define the
psychometric properties of existing PROs, and
in developing a new PRO [12, 13]. The
COSMIN checklist can be found at http://
www.cosmin.nl/cosmin_checklist.html.

No guideline has yet been developed for cost-
effectiveness studies. The Panel on Cost-

Effectiveness in Health and Medicine has devel-
oped recommendations for the conduct of cost-
effectiveness analysis (CEA) [14–17].
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The Influence of Age and Sex
on the Electrocardiogram 6
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Electrocardiography and Waller’s dog Jimmie. Art work by Piet Michiels, Leuven, Belgium

Abstract

The electrocardiogram (ECG) remains the
most commonly used test in medical practice
and as such requires to be interpreted with due
care and attention to detail. The ECG changes
rapidly from birth through childhood with age
differences clearly related to increasing QRS
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voltages and a widening QRS complex. The
only sex difference at this age is a slightly
longer QRS duration in boys than girls.

In adulthood, sex differences in QRS volt-
age are maximum in the under 40 age group
and tend to minimise with advancing age. QRS
duration is longer in males than in females, but
little difference is made of this in diagnostic
criteria. In a similar vein, ST amplitudes are
higher in young males compared to young
females with the difference diminishing as
age increases. Corrected QT interval is longer
in females than males.

In summary, age and gender differences in
the ECG are important and have been
incorporated into a variety of criteria for
ECG interpretation. Physicians should be
aware of the main sex differences in the ECG.

Keywords

ECG · Sex · Age · Reference values · Normal
ranges · Databases · Ethnicity · Automated
ECG analysis · Diagnostic criteria · QT
interval · JT interval

Introduction

It would be remiss to discuss the influence of age
and sex on the electrocardiogram (ECG) without
reference to the seminal work of Simonson, who
published a book on differentiation between the
normal and abnormal electrocardiogram in 1961
[1]. Even before the advent of computer methods
for measuring the components of the ECG,
Simonson and his team drew up extensive tables
of references ranges, more often called normal
limits, of ECG measurements based on epidemio-
logical studies. While there may be subtle
differences between the 1961 measurements and
those publishedmore recently, Simonson neverthe-
less paved the way in pointing out differences in
ECG measures between males and females and
indeed between different races, as he had access
to Japanese ECG databases in particular in addition
to his own data from North American-based
studies.

Pipberger and his team in Washington, DC,
led the way in automating ECG measurements
[2]. He used the three orthogonal lead ECGs for
his studies. In the same part of the world, Caceres
and colleagues also initiated methods for
analysing the ECG using computers [3], but
they chose to use the standard 12 lead ECG.
Initially, the 12 lead ECG was recorded in four
groups of three leads [3, 4], but nowadays the
eight independent leads of the 12 lead ECG,
namely, I, II and V1–V6, are recorded simulta-
neously, greatly facilitating analysis through hav-
ing time alignment of ECG appearances in all
leads [5]. The other limb leads III, aVR, aVL
and aVF are easily calculated from leads I and
II [6].

In Glasgow, the development of automated
ECG interpretation or as it was initially called
locally, computer-assisted reporting of electrocar-
diograms (CARE), followed a roughly similar
route in that initially the three orthogonal lead
ECG was used to develop data acquisition and
measurement routines before the 12 lead ECG
was analysed in groups of three leads. Ultimately,
all 12 leads effectively recorded simultaneously
were analysed [5].

This chapter documents sex- and age-specific
differences in ECG appearances for neonates,
children and adults. ECG changes observed in
pregnant women are summarised elsewhere in
this book [7].

Much of the data in this chapter is drawn from
the databases acquired in Glasgow. These
databases consist of the following five cohorts.

Glasgow Adult Normal Database

Throughout the late 1980s, a database of ECGs
from apparently healthy adults was acquired in
Glasgow [8]. These volunteers essentially were
recruited from local government and therefore
consisted of persons from a variety of
occupations from sedentary work in offices
through teaching in schools to more manual
work. There was therefore a good cross section
of the population involved. Each individual was
screened by a physician to ensure that there were
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no known clinical problems and to ensure blood
pressure was normal. Blood tests and a chest
X-ray were obtained in the first batch of
volunteers but proved to be of no value, and
these tests were later removed from the protocol.
Ultimately, a database of 1496 individuals aged
from 18 to 82 years was compiled, and extensive
tables of normal limits of various ECG
parameters have already been published [9].

Glasgow Paediatric Normal Database

Following the collection of the adult ECGs, it was
also thought valuable to acquire 12 lead ECGs in
healthy neonates, infants and children as there was
no substantial database of ECGs from this age
group available with all leads recorded simulta-
neously. This was achieved through recording
ECGs in the Royal Hospital for Sick Children in
Glasgow, the Queen Mother’s Hospital (Mater-
nity Unit), and also through recording in day
nurseries and schools. In all cases, parental per-
mission had to be obtained for the ECG recording.

This remains a rather unique database through
having over 500 ECGs recorded from neonates
aged from birth to 6 days included in the 1784
entries from which normal limits were derived
[10–12]. Improvements in postnatal care mean
that nowadays most new mothers leave hospital
within 24–48 h of giving birth, and hence, it is no
longer feasible to accumulate ECGs from children
over the first few days of life. Yet as will be
shown, there are significant changes in the ECG
at that period of development of a neonate
[10]. The availability of the database led to the
extension of the Glasgow program to analyse and
interpret ECGs from neonates, infants and
children [13].

Chinese Database

In order to compare the ECG of Caucasians ver-
sus Chinese, 503 ECGs were recorded from
healthy individuals in Taipei Veterans General
Hospital in Taiwan. All volunteers had a normal
cardiovascular system and were hospitalised for a

variety of reasons. The 12 lead ECGs were
recorded on digital tape and sent to Glasgow for
analysis [14]. There were approximately equal
numbers of men and women in this study, and
the age range was 19–81 years.

Nigerian Database

As part of an MD thesis [15], 1261 ECGs were
recorded in and around Ilorin in central Nigeria
from apparently healthy volunteers. All ECGs
were transferred to a database locally (Burdick,
Wisconsin) and then sent to Glasgow for analysis
using the same program as for the other
databases. A full set of results was published
[16]. Ages of the volunteers ranged from 20 to 87.

Indian Database

ECGs for this database were recorded in three
separate centres in India, namely, at the Indian
Institute of Technology Roorkee, NIT Jalandhar,
and SGGS Nanded. In all cases, the same model
of electrocardiograph, namely, a Burdick Atria
6100, was used. As for the other studies, all
volunteers were apparently healthy with normal
blood pressure and no history of cardiovascular
disease. The resulting reference ranges (normal
limits) of the ECG in this population of
963 individuals aged 18–83 years were previ-
ously published [17].

Database Summary

All ECGs in the various databases were analysed
using the same version of the Glasgow program,
and selected aspects of a comparison among the
different groups have been published [18]. It is
important to stress that the same software was
used for analysis in all databases. Normal ranges
were derived by excluding 2% of values at either
end of a distribution in order to give a 96 percen-
tile reference range. For comparative studies [18],
normal limits were computed from a knowledge
of the mean regression line or directly with
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quantile regression. Additionally, the sample
quantiles, which incorporated smoothing with a
window of 10 years, were computed and
displayed. All statistical analyses were
undertaken using the SAS v9.2 package.

P Wave

P Wave Amplitude

Given that cardiac muscle activation is essentially
in a base to apex direction from the sinoatrial
(SA) node with a mean direction which is roughly
parallel to the lead II axis, the highest P wave
amplitudes tend to be found in inferiorly directed
leads such as II and aVF. In general, there are no
sex differences in terms of normal limits of P
wave amplitudes. The normal upper limit of P
wave amplitude in the limb leads is generally
regarded as 0.25 mV for both males and females.
Similarly, in children there are no sex differences
in P wave amplitudes and no significant differ-
ence between paediatric and adult P wave upper
limits of normal in the limb leads.

In the precordial leads, the P wave configura-
tion in V1 may be biphasic with an initial positive
component and a terminal inversion. It has been
suggested that the width of the terminal compo-
nent multiplied by its amplitude, i.e. the Morris
index [19], provides a measure which increases in
the presence of left atrial enlargement. A limit of
40 ms duration and 0.1 mV negativity, i.e. the
width and depth of one small box on a conven-
tional ECG display, gives a Morris index of
4 mVms, which is generally regarded as the
upper limit of normal although the authors of
the original paper [19] used 3 mVms.

In right atrial enlargement, P waves in V1 and
V2 can be upright. The upper limits of normal of
the order of 0.15 mV in V1 and 0.175 in V2 were
found in the Glasgow database for both males and
females. In children, slightly higher limits of nor-
mal are used, being 0.2 mV and 0.25 mV in V1
and V2, and so there is an age dependence on
upper limits of normal P wave amplitude in these
leads. There are no sex differences in these P
wave amplitudes.

P waves in other leads are generally not used
for diagnostic purposes, although they can be
significantly abnormal in certain forms of con-
genital heart disease.

P Wave Duration

From the point of view of diagnosing an abnor-
mal ECG, there are no sex differences in normal
limits of P wave duration. Most textbooks will
quote 120 ms as the upper limit of normal. From
the point of view of automated interpretation,
where all leads are recorded simultaneously, a
slightly wider normal limit of 140 ms is often
preferred. Essentially, this relates to the fact that
P wave onset does not occur simultaneously in all
leads, while the same is true of P wave termina-
tion. Thus, an interval from the earliest onset to
the latest termination will be slightly longer than
P wave durations measured in individual leads.

In the paediatric age range, it tends to be that
100 ms is also used as an upper limit of normal
overall P wave duration with 80 ms in children
under 1 year [20]. There are no sex differences in
P wave durations in this age group.

QRS Complex

Amplitudes

Perhaps the one component of the electrocardio-
gram where the greatest changes can be seen
according to age and sex is the QRS complex.
Age-based changes can be seen, even in the first
week of life, and so it makes sense to commence a
review from that point.

The foetal circulation is decidedly different
from adult circulation with blood short circuited
from the right ventricle to the aorta via the ductus
arteriosus. Blood reaches the left side of the heart
from the right atrium via the foramen ovale. The
main effect is that, in the newborn, there is a
so-called right ventricular preponderance which
diminishes over the first days and weeks of life. In
summary, there are significant QRS amplitude
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changes, although there are no sex differences in
QRS amplitudes in infants and children.

Figure 6.1 shows the change in S wave ampli-
tude in V2 over the first few days and weeks of
life. These data suggest that it is important to use
the age of a neonate in days when interpreting an
ECG. In practical terms, this is essentially not
done because healthy babies will be discharged
from the hospital within a day or so after being
born, whereas those with more significant
problems such as congenital heart disease may
have grossly abnormal ECGs not requiring fine
adjustment of QRS voltages to determine
abnormality.

It can be seen from the figure that over the first
years of life, S wave amplitude gradually
increases as might be expected due to the natural
growth of the child and, hence, increase in heart
size. Thus, age differences do play a role in ECG
appearances in childhood. This does have rele-
vance when the question of screening children,
particularly for participation in sport, is
considered.

In the adult situation, Fig. 6.2 shows how the
mean S wave amplitude in V2 varies with sex and
age. Similar differences can be seen in other
amplitudes such as the R wave amplitude in V5.
Thus, normal limits of R and S amplitudes are sex
dependent.

The reason why ECG amplitudes are sex and
age dependent is linked to heart weight and body
mass. There are many publications showing that
heart weight is higher in males than in females. A
recent study [21] provides interesting data. This
research, using computed tomography angiogra-
phy, reported that the mean left ventricular
(LV) mass in males was 116 � 20 g and was
85 � 14 g in females. This in itself might suggest
that QRS voltages in males would be higher than
in females due to increased LV mass generating
larger electrical signals. Furthermore, the study
also showed (Fig. 6.3) that the indexed LV mass,
i.e. LVmass indexed by body surface area (LVMI),
was higher in males at 60 � 9 g/m2 as opposed to
49� 7 g/m2 in females. However, it can be seen in
Fig. 6.3 that LVMI decreased with age in males
but stayed level in females. This is in keeping with
the data in Fig. 6.2 showing that the difference in
mean S wave amplitude in V2 between males and
females lessens with increasing age.

Sokolow-Lyon Index for LVH

One of the most commonly used indices for
reporting left ventricular hypertrophy (LVH) is
the Sokolow-Lyon (S-L) index [22]. This index
was developed on 147 patients, 90% of whom

Fig. 6.1 The change in S
V2 amplitude from birth to
adolescence derived from
the Glasgow paediatric
database. Note that the scale
of the abscissa is non-linear.
(Reproduced from [10]
with permission)

6 The Influence of Age and Sex on the Electrocardiogram 97



were hypertensive with a mean blood pressure of
197/117 and 151 controls. The authors did not
detail the percentage of males and females in
either cohort, and so sex differences in voltage
were not assessed. The controls had a mean age of
35.1 years, but the age of the patients was not
stated. The maximum R amplitude in V5 in the
controls was 2.6 mV. This has to be compared
with a maximum value of 3.5 mV for males and
2.4 mV in females in the Glasgow normal popu-
lation [12] and 3.5 mV for males and 3.8 mV for
females in the Nigerian population [15].

Somehow or other, the index has remained
embedded in electrocardiographic criteria for left
ventricular hypertrophy since its inception. The

basic index is the sum of SV1þ RV5 amplitudes,
although there are variations such as SV1 þ max
(RV5, RV6) amplitudes, because Sokolow and
Lyon mixed the two in their article without giving
separate criteria. The more commonly used
SV1þ RV5 exceeded 3.5 mV in the hypertensive
group in 48/147 individuals, i.e. its sensitivity in a
training environment was 32.7%. However, the
important point to note here is that the index, as
originally published, is neither age nor sex depen-
dent. This is a very significant shortcoming.

Figure 6.4 shows the upper and lower limits of
the original S-L index for males and females
based on the four different adult populations
described in Section 1. It can be seen very clearly

Fig. 6.2 Mean amplitude
of S V2 in males and
females in the Glasgow
database. A significant
difference between the two
sexes is apparent.
(Reproduced from [8] with
permission)

Fig. 6.3 The variation in LV mass index (LVMI) with respect to age is shown for males and females. g ¼ gram,
m ¼ metre. (Reproduced from [21] with permission)
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that the index decreases with increasing age in
males and is much higher in young males com-
pared to young females, e.g. has an upper limit of
5.5 mV in black males aged 20 years compared to
4.2 mV in black females of the same age with this
difference narrowing with increasing age. Para-
doxically, in the Nigerian ladies, an increase in
the index was found with increasing age. There-
fore, any diagnostic criteria based on this index
have to be age and sex dependent. This has been a
feature of the Glasgow ECG interpretation pro-
gram almost since its inception [5, 23]. A newer
feature is to use race-, age-, and sex-dependent
criteria.

In a hospital environment, most adult
individuals with cardiovascular disease will be
over 50 years of age, and in this age range, the
index is more specific than at younger ages. On
the other hand, with the increasing use of the
ECG for screening younger individuals with a
view to their participation in sport, there are dif-
ferent opinions [24, 25]. In Italy, pre-participation
screening, including ECG recording, is obligatory
[26], whereas in the USA, while screening may be
undertaken in certain situations, ECG recording is
not recommended [24]. Where the S-L index is
used, it should be age and sex corrected in the
author’s opinion. This will avoid false-positive

reports of LVH and a suspicion of cardiomyopa-
thy in young sportspersons. On the other hand,
the most recent version [27] of what were known
as the “Seattle criteria” [28] for ECG interpreta-
tion in athletes but now termed the International
Criteria [27] referenced the S-L index defined as
SV1 þ max (RV5, RV6) and regarded a value
&gt;3.5 mV in athletes, male or female, as
“increased QRS voltage” which came under the
heading of a “normal ECG finding” in this group
of individuals. However, ST depression and T
wave inversion, if present in certain leads, are
regarded as abnormal in these criteria for athletes
and could be an indication of LVH possibly due
to cardiomyopathy. The criteria for ST-T segment
abnormalities were not sex dependent, and indeed
the only such criterion for athletes was the QTc
interval (vide infra).

Cornell Criteria for LVH

A group of cardiologists in Weill Medical Col-
lege, New York, introduced an index for the
detection of LVH from the ECG. This was
modified from the first publication in 1985 [29]
to a later variation published in 1987 [30]. In a
more recent study [31], the threshold for females
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was raised to 2.2 mV by reducing the difference
between the male and female thresholds to
0.6 mV.

The Cornell criteria most often used are:

RaVL þ SV3 > 2:8mV in males

RaVLþ SV3 > 2:2mV in females

These sex-based criteria have proved to be
effective at all ages. In a recent assessment using
the Glasgow database, it was shown that the
Cornell criteria were essentially �94% specific
in all age- and sex-based groups with the excep-
tion of females aged 40–49 where they were 91%
specific [32]. In the same study, the Sokolow and
Lyon criterion specificity ranged from 64% in
young males to 99% in older females.

The clear message is that criteria for LVH
simply must be sex specific. If physicians wish
to persist using the Sokolow and Lyon criterion,
then it should be both an age- and sex-specific
version that is used.

Romhilt-Estes Point Score System
for LVH

Romhilt and Estes introduced a point score sys-
tem for the ECG diagnosis of LVH [33]. These
criteria made use not only of voltage changes but
also ST-T segment changes, left axis deviation,
left atrial abnormalities and a broadened QRS
duration. They were not sex specific, but within
our own laboratory, we modified voltage criteria
so that they were indeed age and sex dependent.
This resulted in improved sensitivity as docu-
mented elsewhere [34].

Right Ventricular Hypertrophy

There are no criteria for right ventricular hypertro-
phy (RVH) which are exceptionally sensitive and
specific. Indeed, there are few, if any, criteria for
RVHwhich are sex dependent. Previous reference
to the neonatal ECG indicates that criteria for
RVH are very definitely age dependent. For the
adult, an upper limit of 0.5 mV in V1 and/or R/S

amplitude ratio > 1 in V1 are commonly cited,
whereas for neonates and children, much higher
threshold values are required to be used.

QRS Duration

In all of the adult populations studied, the mean
QRS duration in males has been higher than in
adult females. In the Glasgow database, the QRS
mean duration was 96.4 ms in young males and
87.7 ms in young females. Similar changes were
seen in different age groups, while in those aged
over 50 years, the mean QRS duration was
92.7 ms in males and 87.1 ms in females.
Table 6.1 shows how mean QRS duration varies
with age and sex in the four different adult
populations described earlier but with the much
bigger influence being sex. On the other hand, it
has to be admitted that if a cardiologist were to be
asked what the upper limit of normal QRS dura-
tion is, the answer would almost certainly be
120 ms for males and females. There are few
diagnostic criteria involving QRS duration
which are sex dependent, but recently Strauss
et al. introduced the concept of strict left bundle
branch block (LBBB) which used a QRS duration
>140 ms in men and � 130 ms in women
[35]. The need for such differentiation was related
to deciding on which patients were most suited to
cardiac resynchronisation therapy.

ST-T Segment

ST Amplitude

Although T wave amplitudes are generally not
sex dependent, ST amplitudes are certainly age
and sex dependent. Young males have higher
limits of normal ST amplitude than young
women, and older males have lower ST
amplitudes than younger males [36]. These
changes can be seen in Fig. 6.5 for lead V2. In
addition, Fig. 6.6 shows how ST amplitude varies
with the precordial lead under consideration as
well as age and sex. Figure 6.7 shows the
sex-dependent changes for the upper limit of
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Fig. 6.5 Upper and lower
normal limits of ST
amplitude (STj) in V2 for
males and females in the
Glasgow database.
(Reproduced from [36]
with permission)

Fig. 6.6 The upper limits
of the normal reference
range for ST amplitude
(STj) for V1–V6 from
males in the Glasgow
database. Note how V1 and
V5 have similar values.
(Reproduced from [36]
with permission)

Fig. 6.7 Upper limits of the normal reference ranges in V2–V4 for males and females in the Nigerian population.
(Reproduced from [16] with permission)
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normal ST amplitude of V2–V4 in the Nigerian
population described earlier.

Some of the above work in the author’s labora-
tory led to the introduction of age- and sex-based
criteria for ST elevation myocardial infarction
(STEMI) as evidenced by the third universal defi-
nition of myocardial infarction published in 2012
[37]. This had been preceded by similar criteria in
the recommendations of a working group on ST-T
changes in acute ischaemia and myocardial infarc-
tion [38]. Table 6.2 shows the age- and
sex-specific criteria for ST change in diagnosing

STEMI as listed in the third universal definition of
myocardial infarction [37].

Although ST amplitudes are sex dependent, in
clinical practice they are not necessarily among
the first thoughts of the cardiac electrophysiolo-
gist considering whether or not to undertake a
percutaneous coronary intervention (PCI) in a
patient with chest pain. These more refined
criteria are best applied via automated techniques
where improvements in sensitivity can be noted
[39, 40].

T Amplitude

There are clear sex differences in the upper limits
of the normal precordial T waves as shown in
Fig. 6.8. Diagnostic criteria acknowledge such
differences when reporting tall T waves in

Table 6.2 ST elevation criteria for acute myocardial
ischaemia in the absence of LVH and LBBB [37]

New ST elevation at the J point in two contiguous 
leads with the cut points: J≥0.1mV in all leads 
other than leads V2-V3 where the following cut 
points apply: ≥0.2mV in men ≥ 40 years; ≥0.25mV 
in men < 40 years, or ≥ 0.15mV in women.

Fig. 6.8 Upper and lower
limits of the normal
reference range of T waves
in the Glasgow database.
Sex-dependent differences
are clearly seen in the upper
limits. (Reproduced from
[8] with permission)
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precordial leads suggestive of hyperkalaemia or
acute myocardial ischaemia. The upper limit of
normal in males is of the order of 1.4 mV and
1.0 mV in females.

The only area where sex differences in T wave
morphology are considered to be due to normal
variation is in the right precordial leads where T
wave inversion in V2 would be more frequently
regarded as normal in females than in males. The
Glasgow data found 1.1% of healthy women had
a negative component in the T wave in V2.

There is also said to be racial variation in that a
small percentage of healthy young blackmales tend
to have T wave inversion in right precordial leads,
which is a normal variant [40]. There have, how-
ever, been conflicting results in this connection, and
our own studies involving an indigenous Nigerian
cohort did not show this feature [16]. On the other
hand, the prevalence of T wave changes in black
athletes is much higher than in black controls [41].

QT Interval

An important interval in the ECG is the QT inter-
val because a lengthened QT can be due to a
number of different causes and may result in
death in some cases. Hypokalaemia and
hypocalcaemia, for example, are both known to
increase the QT interval. Drugs such as
moxifloxacin can also increase the QT interval,
and a recent comparative study of various com-
puter programs has shown how each can detect
even small changes in QT interval in a modest
number of individuals after administration of the
drug [42].

Various congenital cardiac abnormalities can
also result in a long QT interval, and in general
terms, such a lengthened QT is associated with
life-threatening cardiac arrhythmias.

QT interval varies with heart rate, i.e. it
shortens at increased heart rates and lengthens at
decreased heart rates. This has led to the concept
of correcting the QT interval whereby an attempt
is made to predict what the QT interval would be
at a heart rate of 60. The most commonly used
formula for correcting QT is that of Bazett
[43]. This equation is

QTc ¼ QT√ðrate=60Þ:
It has been suggested recently that the Bazett

formula is probably the least accurate of all
formulae, and its use is not to be
recommended [44].

Other formulae include that of Hodges [45],
which is based on a linear correction. The equa-
tion used is

QTc ¼ QTþ 175 rate�60ð Þ:
Another formula that has increased in popular-

ity recently is that of Fridericia [46]. This is
similar to Bazett but uses a cube root rather than
a square root, i.e.

QTc ¼ QT3√ðrate=60Þ
In a paper using data from this laboratory, Luo

et al. [47] compared the different QT formulae
and concluded that the Bazett correction was
most often out of line with the other formulae.

A small sex-based difference in QT interval
has been shown to occur with a mean difference
between females and males being the order of
10 ms. The upper limit of normal QTc according
to the 2009 guideline [48] is 460 ms for females
and 450 ms for males. On the other hand, the
international criteria for abnormal ECGs in
athletes suggests using 480 ms for females and
470 ms for males [27].

JT/J-Tpeak/Tpeak-Tend Intervals

Other intervals which have been considered
recently in relation to drug effects on the ECG
[49] include the JT interval (end QRS to end T),
J-Tpeak (end QRS to the peak of the T wave) and
Tpeak-Tend (peak of the T wave to end T). The JT
interval corrected for heart rate (HR) has been
shown to be sex dependent in a study of 11,739
adult men and women [50]. The equation derived
was

JTRR ¼ JT� 176 60=HR� 1ð Þ for women and
þ 14 ms for men
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In the presence of a conduction defect, the
QRS duration was shown to have an effect on
the QT interval and a correspondingly weaker
effect on the JT interval. A separate
sex-dependent equation for JTRR was therefore
also derived for use in patients with an interven-
tricular conduction defect, namely,

JTRR ¼ JT� 155ð60=HR�1Þ þ k

where k ¼ 34 ms for men and k ¼ 22 ms for
women.

Papers from a symposium entitled “The
J-Tpeak initiative” were recently published [51].

Conclusion

It should be clear that using age- and sex-based
criteria optimises the sensitivity and specificity in
reporting an ECG abnormality. For example, the
upper limit of normal Sokolow and Lyon index for
young males exceeds 5 mV, and so it does not
make sense to use the much quoted threshold of
3.5mV to report left ventricular hypertrophy on the
ECG in youngmales.One implication could be that
a young person is prevented from participating in
sport, although an echocardiogram should be
recorded to look for evidence of increased LV
mass if the ECG finding is suspicious.

Similarly, a long QT interval may on
occasions be indicative of drug therapy affecting
the ECG or sufficient to raise a suspicion of a
“long QT interval”. It is known that the QT inter-
val is longer in females than males, and so again it
is optimum to minimise false-positive diagnoses
by using sex-dependent upper limits of normal
before suggesting, perhaps wrongly, that drug
therapy needs to be altered.

Thus, it is of significant importance to use age-
and sex-corrected upper limits of normal in
reporting the ECG.

This succinct survey has shown that significant
sex differences in ECG measures exist. They may
not always be acknowledged in clinical practice,
but they can very definitely be incorporated into
automated techniques for ECG interpretation. In
this way, a second opinion is provided to the

cardiologist in respect of all of the measures
derived automatically. The ECG is nowadays
said not to contain the same appeal to younger
physicians as do other cardiological investi-
gations such as echocardiography, MRI, etc., but
it still provides a wealth of information. ECG
interpretation could and should be optimised
using age-, sex- and race-based criteria.
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Abstract

When enough females and males are enrolled
in clinical trials, much more relevant informa-
tion is available on potential sex differences in
device safety and effectiveness. Unfortunately,
females have largely been underrepresented in
clinical studies of cardiac medical device

therapies for heart failure. In this chapter, sex
differences in heart failure characteristics and
cardiac electrophysiology and their influence
on the safety, effectiveness, and application of
implantable cardioverter defibrillators (ICDs),
subcutaneous ICDs (S-ICDs), and cardiac
resynchronization therapy (CRT) will be
discussed. In this way, the research commu-
nity will hopefully become more appreciative
of the potential differences in device effects
between females and males.
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Introduction

Professional society guidelines are used by
physicians to apply evidence-based treatment
and are largely based on well-designed
randomized controlled clinical trials. Even
though females now comprise a large portion of
clinical trial participants as a whole, they are still
underrepresented in some studies of potentially
lifesaving cardiac medical devices. This is prob-
lematic since sex differences in anatomy and
physiology can result in a different response to
medical device therapy. When clinical trial enroll-
ment reflects a real-world population of females
and males, much more relevant information is
available on potential sex differences in device
safety, effectiveness, and application.

Cardiac device trials where females have been
especially underrepresented (generally <30% of
enrollees) are those for implantable cardioverter
defibrillators (ICDs) and cardiac resynchronization
therapy (CRT). Both are treatments for heart fail-
ure based on modifying cardiac electrical function
to either treat arrhythmia (ICDs) or improve con-
traction (CRT). It is, however, important to note
that there are significant differences in underlying
heart failure characteristics and normal electrical
function between females and males that can influ-
ence the safety and effectiveness of these devices.

Sex Differences in Heart Failure
and Cardiac Electrophysiology

To properly understand sex differences in cardiac
device therapy, it is best to start with a general
overview of heart failure characteristics, cardiac
electrophysiology, and mechanisms of cardiac
death in females versus males. We will then
come back to these factors and how they tie into

device response in the specific sections on ICDs
and CRT.

In terms of heart failure, females may present
with different underlying characteristics than
males. Even though the prevalence of heart fail-
ure is similar in both sexes, females comprise
only ~35% of the patients with left ventricular
systolic dysfunction indicated by a low left ven-
tricular ejection fraction (LVEF, <35%), the rest
having LVEF �35–40% [13]. In addition,
females present with lesser scar tissue after
myocardial infarction which contributes to the
higher incidence of nonischemic causes of heart
failure in females compared to males [13]. This
may also be one of the reasons why females have
lower risk of sudden cardiac death (SCD) in gen-
eral and why the mechanism of cardiac death is
different between sexes; females are more likely
to experience pulseless electrical activity (PEA)
or asystole, while ventricular tachycardia (VT)/
ventricular fibrillation (VF) is more common
among males [39]. An additional explanation
could be sex differences in cellular electrophysi-
ological properties, autonomic modulation, and
hormonal effects on ion channels in the heart.
Lastly, it has been reported that females with
heart failure are less likely to have underlying
atrial fibrillation [13].

In addition to the differences in heart failure
disease characteristics and modes of death, there
are sex differences in cardiac electrophysiology
that can potentially influence device response.
Females have ~5 ms shorter QRS duration than
males on the electrocardiogram (ECG) at baseline
[29], likely because of their smaller heart size.
With heart failure, the left ventricle in both
females and males dilates, and conduction
becomes less rapid causing dyssynchrony in sep-
tal and left ventricular lateral wall contraction and
therefore lower LVEF. The most severe form of
this is a left bundle branch block (LBBB)
(Fig. 7.1) where the two walls are completely
uncoupled and the lateral wall contracts
~100 ms later than the septum [47]. It is
postulated that since females have shorter QRS
duration at baseline, they may require less QRS
duration prolongation, and are therefore more
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susceptible, to develop LBBB compared with
males [47].

Sex-Specific Safety and Effectiveness
of Implantable Defibrillators

Implantable defibrillators have been around
since the 1980s, and, even though the technology
has significantly advanced since then, their
main therapeutic goal of terminating ventricular
arrhythmias is still the same. ICDs generally have
one lead in the right ventricle (single chamber) or
additionally in the right atrium (dual chamber)
(Fig. 7.2) and can provide three types of therapy:
regular pacing as with a normal pacemaker,
antitachycardia pacing (ATP), or defibrillation.
ATP aims to terminate ventricular tachycardia
by sending pacing pulses to the myocardium at a
higher frequency than those caused by the
arrhythmia itself, thereby terminating tachycardia
and restoring normal sinus rhythm. If ATP is not
successful or there is ventricular fibrillation, a
defibrillation shock will be applied attempting to
terminate the arrhythmia by creating an electrical
current between the RV lead and the ICD pulse
generator.

Clinical indications for use of ICDs developed
by professional societies in the United States
(US) (American Heart Association (AHA)/Amer-
ican College of Cardiology (ACC)/Heart Rhythm
Society (HRS)) [18] and Europe (European
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Fig. 7.1 Schematic representation of normal and LBBB
activation. Sagittal view of the heart’s ventricles in normal
electrical activation (a) and left bundle branch block
(LBBB, b); activation starts at the small arrows and
spreads with each line representing 10 ms. The delay
between septum and left ventricular lateral wall activation
is ~40 ms in normal activation but ~100 ms in LBBB.
(Adapted from Strauss et al. [46] (with permission))

Fig. 7.2 Placement of ICD (left), S-ICD (middle), and
CRT(-D) (right) pulse generators and leads. ICD implant-
able cardioverter defibrillator, S-ICD subcutaneous

ICD, CRT(-D) cardiac resynchronization therapy
(-defibrillator). Adapted from mayoclinic.org (with
permission)
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Society of Cardiology (ESC)) [36] are largely
based on the New York Heart Association
(NYHA) heart failure class and LVEF. At the
time of writing, ICD therapy is generally applied
in patients who survived a previous cardiac arrest
(secondary prevention) or those with LVEF
�30–40% (primary prevention), depending on
the specific indication. The overall profound sur-
vival benefit of ICDs used for primary prevention
demonstrated in the large pivotal trials in the
1990s and 2000s, such as MADIT-II, DEFINITE,
and SCD-HeFT, has been the basis for these
recommendations. Unfortunately, however, the
evidence of safety and effectiveness is much
stronger in males since females comprised less
than 30% of enrollees in the listed clinical trials.

To (hopefully) overcome the sex bias in evi-
dence for ICDs, a large number of studies were
conducted to assess whether there are differences
in ICD response between females and males.
These included subanalyses of clinical trials,
which are notoriously underpowered to answer
subgroup questions, meta-analyses, and observa-
tional studies. However, causality is difficult to
determine due to the lack of randomization, and
analyses have demonstrated conflicting results. In
addition, after the original clinical trials were
conducted and the guidelines were established,

real-world use of ICDs has still been significantly
more prevalent among males [33, 45, 50]
(Fig. 7.3).

Sex-specific analysis of the pivotal trials
MUSTT [9] and MADIT-II [32] for primary pre-
vention have shown no difference in mortality
outcomes between females and males, while a
substudy of the SCD-HeFT trial [2] demonstrated
lower mortality in females. A subsequent meta-
analysis of all the above trials with additional
inclusion of DEFINITE and COMPANION
found that there were no sex differences in mor-
tality [42]. However, most of these trials were
conducted almost two decades ago, and heart
failure treatment in general has changed signifi-
cantly since then. Starting around 2013, there
have been numerous studies assessing mortality
benefit in females and males receiving ICDs for
primary or primary + secondary prevention. In an
analysis of the National Cardiovascular Data
Registry (NCDR) ICD Registry for primary pre-
vention in the United States by Russo et al.,
females with ICDs had a higher mortality than
males with ICDs; however, it was also shown that
females had greater comorbidity and more
advanced heart failure at baseline [41]. A later
analysis in the same Registry demonstrated that
when matching females and males with ICDs

Fig. 7.3 Distribution of male and female patients with
implantable devices. Distribution of implantable
cardioverter defibrillators (ICD), cardiac resynchronization
therapy (CRT)-defibrillator (CRT-D), and CRT-pacemaker

(CRT-P) implantations by sex in a nationwide US cohort
between 2008 and 2011. (Adapted from Varma et al. [50]
(with permission))
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based on baseline characteristics, thereby creating
a more equal distribution of comorbidity and
heart failure, mortality differences between
sexes disappeared [52]. A third analysis of the
Registry again showed that females had better
survival than males [31]. These discrepancies in
mortality benefit are, however, not limited to
studies of US Registries and can be seen in inter-
national registries as well. Bhavnani et al. (in a
community cohort) [5], Providencia et al. (in a
French registry) [37], Varma et al. (in a remote
monitoring database – Fig. 7.4) [50], and Zeitler
et al. (in the Get With The Guidelines-Heart
Failure [GWTG-HF] study) [53] demonstrated
similar mortality between sexes, while a meta-
analysis of 20 studies by Conen et al. [14] and a
more recent analysis by Sticherling et al. in a
combined registry of 11 European countries
[45] showed a more favorable survival benefit
among females. Some of these studies were
conducted just among primary prevention
populations, while others included subjects with
ICDs for both primary and secondary prevention
purposes.

Another part of the balance between benefit
and risk for ICDs includes procedural compli-
cations and appropriate and inappropriate ICD
therapy. Masoudi et al. [31] and Gold et al. [23]
demonstrated that females had a higher risk of
complications than males including pneumotho-
rax, hemothorax, tamponade, and pericardio-
centesis, likely related to smaller heart size and
vasculature. Similarly, female sex was an inde-
pendent predictor of complications associated
with lead extractions [17], which are nowadays
being performed more often. In addition, in the
PAIDLESS study, there were more lead failures
in females indicated by an average lead survival
time of 13.4 vs. 14.7 years in males; however, this
did not result in a mortality difference between
sexes [21]. At the same time, females had lower
risk of appropriate therapy and generally no dif-
ference in inappropriate therapies with ICD;
only one substudy of the MADIT-CRT trial
demonstrated a lower risk of inappropriate ther-
apy in females compared to males [48].

Finally, three studies investigated social health
factors between females and males receiving
ICDs. Christensen et al. noted lower quality of

Fig. 7.4 Post-implant
survival in females and
males with ICD
Unadjusted Kaplan-Meier
survival rates for
implantable cardioverter
defibrillator (ICD) patients
by sex (bottom) and female-
to-male hazard ratios
(HR) for all-cause mortality
(top) in a nationwide US
cohort between 2008 and
2011. (Adapted from
Varma et al. [50] (with
permission))
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life (QoL) and mental health questionnaire scores
in females [11], while Pedersen et al. demon-
strated that females were more likely to experi-
ence anxiety, depression, and fear of ICD shocks
compared with males [34]. Hess et al. in addition
showed that females receive less ICD counseling
than males [24].

Overall, the current evidence for ICD safety
and effectiveness generally points toward
underuse in females compared to males but also
higher complication rates, lower social health,
lower appropriate therapy, and an unsure mortal-
ity benefit in females. Potential reasons for lower
utilization rates in females include these higher
risk factors or the plain fact that females do not
meet current clinical guideline criteria because of
relatively preserved LVEF compared to males, as
discussed earlier. However, it has been shown
that even when females meet the guideline
indications for ICD, they still do not receive it
as often as males. The lower appropriate ICD
therapies could be explained by females having
a lower risk of SCD in general and by the fact that
they less often have VT/VF as their mode of
death. These two characteristics also go together
with females more often having nonischemic car-
diomyopathy underlying heart failure with lower
amounts of scar than males [28] potentially lead-
ing to less of an arrhythmic substrate for ICDs to
be beneficial. This is further corroborated by
Kwon et al. who showed that males who have
larger scars have lower mortality with ICDs [26],
likely because this leads to more VT/VF treated
by ICDs. Interestingly, however, in females with
ICDs, larger scars were shown to be associated
with higher mortality. This could indicate that
females with larger myocardial scars do not actu-
ally develop more VT/VF but instead die from
worsening heart failure. Finally, it should be men-
tioned that LVEF used in clinical guidelines is an
inaccurate predictor of risk of SCD, especially in
females [15].

More recent developments in the defibrillator
space include the approval of the subcutaneous
ICD (S-ICD) in the early 2010s. The S-ICD is
different from the transvenous ICDs discussed
above as it only has one subcutaneous lead
implanted next to the sternum and a pulse

generator that is implanted on the patients left
rib cage, thereby preventing implantation of any
transvenous leads (Fig. 7.2). The S-ICD was
mainly developed for patients with underlying
congenital abnormalities, limited or difficult vas-
cular access precluding placement of transvenous
leads and to reduce lead-related complications
and infection. Because of its configuration, it
cannot apply pacing or ATP like the transvenous
ICD but provides defibrillation when necessary.
The S-ICD was shown in the pivotal study for
approval in the United States (which included
younger and healthier subjects compared to the
population receiving transvenous ICDs) to be
equally safe and effective as transvenous ICDs
for treatment of life-threatening ventricular
arrhythmias [51].

One would think that the experience with the
transvenous ICDs in terms of potential sex
differences would lead to the inclusion of more
females in clinical trials for S-ICDs, especially
given the fact that females suffer from more lead-
related complications. Unfortunately, females still
comprised only ~26% of patients in the pivotal
IDE trial for approval in the United States [23].
Post-approval real-world use in females does not
seem to be much better; the subsequent post-
approval study [23] and the EFFORTLESS
S-ICD Registry [8] have included ~30% females.
This low enrollment could potentially be explained
by the fact that patients in the S-ICD trials had to
have general indications for transvenous ICDs,
which suffer from the same sex biases as discussed
earlier. Furthermore, even though an analysis of
the S-ICD post-approval study showed a higher
absolute rate of complications in females versus
males (5.8 vs. 2.8%) [23], it is too early to defini-
tively conclude that females benefit less from
S-ICDs than males, also given the fact that no
sex-specific outcome studies have been performed
to date.

The sad conclusion to all of this is that after
more than 30 years of technological advancement
in the implantable defibrillator space, we still do
not know whether they are truly as beneficial in
females as in males. There is a need for more
inclusion of females in contemporary ICD
practices in order to perform larger (randomized)
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studies that can fully elucidate their benefits and
risks and to develop better, possibly sex-specific,
predictors of SCD.

Sex-Specific Safety and Effectiveness
of Cardiac Resynchronization Therapy

The first large clinical trials on CRT, which is
more commonly called biventricular pacing, were
conducted during the early 2000s, but CRT treat-
ment has only become more mainstream since the
early 2010s with the expanded indications for
patients with less severe heart failure. CRT
devices are very similar to regular pacemakers
and ICDs with one lead in the right atrium and
one in the right ventricle, but in addition they
have a lead on the epicardium of the left ventricu-
lar lateral wall (Fig. 7.2). CRT can either be used
on its own (CRT-pacemaker [CRT-P]) or in com-
bination with a defibrillator (CRT-defibrillator
[CRT-D]). The right and left ventricular leads
together conduct pacing impulses to their respec-
tive areas with the goal of restoring physiological
mechanical contraction of the left ventricle,
thereby increasing pump function (Fig. 7.5). As
discussed earlier, in heart failure, the left ventricle
dilates leading to dyssynchronous contraction of
the septum and the left ventricular free wall, and
this dyssynchrony is most severe, and likely most
amenable to CRT, with a complete LBBB.

Current clinical indications for CRT devel-
oped by the same US and European authorities
as for ICDs are mainly based on clinical trials and
meta-analyses of clinical trials and use NYHA
heart failure class, LVEF, QRS morphology, and
QRS duration on the ECG to determine specific
indications [18, 35]. The US and European
guidelines are somewhat different but mainly rec-
ommend CRT treatment in patients with a LVEF
�35%, LBBB morphology, and QRS duration
�150 ms (�130 ms in current European
guidelines), while patients without LBBB gener-
ally receive lower indications. Unfortunately, as
with ICDs, the clinical trials for CRT included a
low number of females (only ~20%), and the
guidelines may therefore not fully reflect the
best treatment options for females.

A wealth of information on sex-specific CRT
effects is available in the literature. They include
subgroup analyses from clinical trials, meta-
analyses, large registry, and claims analysis and
single-center studies conducted mainly in patients
with NYHA Class II or III heart failure
symptoms. As mentioned before, causality is dif-
ficult to determine due to a lack of randomization;
however, it is encouraging that almost all of the
studies that assessed hard endpoints such as death
or heart failure events have pointed in the same
direction, a more beneficial effect of CRT in
females compared to males (Fig. 7.6). This effect
was detected regardless of the fact that females
are less likely to receive CRT and are underrepre-
sented in real-world use (Fig. 7.3). Analogous to
the clinical guidelines, most sex-specific analyses
have made a distinction between patients with
NYHA Class II and III heart failure symptoms
even though it is questionable whether this is the
best measure to determine benefit since heart
failure symptoms are mostly subjective.

Fig. 7.5 Electrical resynchronization of LBBB with CRT
Concurrent pacing of the septum with the right ventricular
lead (RV lead) and left ventricular free wall with the
coronary sinus lead (CS lead) leads to electrical resynchro-
nization of the left ventricle; earliest activation in orange.
LBBB, left bundle branch block. (Adapted from Rao and
Faddis [38] (with permission))
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The MADIT-CRT, RAFT, and REVERSE
trials, which compared patients with CRT-D to
those with an ICD, were responsible for the
expanded indications in patients with less severe
heart failure (NYHA Class II). Most sex-specific
information in this category therefore comes from
subgroup or meta-analyses of these trials. Two
separate substudies of the MADIT-CRT trial
showed that females with CRT-D had lower risk
of death or heart failure hospitalization than males
with CRT-D [1, 6]. The second study further
stratified females and males by the presence of
LBBB. It was shown that females with LBBB had
lower risk of death or heart failure than males
with LBBB, even more so than in the first study
that compared all females and males together
regardless of QRS morphology [6]. In addition,
while the first study demonstrated that only
females benefited with a QRS duration <150 ms
and both sexes benefited with QRS duration
�150 ms [1], the second study added that this
was mainly seen in patients with LBBB
[6]. Meanwhile, neither females nor males with
non-LBBB morphology benefited from CRT. A -
patient-level meta-analysis of all three clinical

trials corroborated all these findings but was also
able to further stratify patients by 10 ms
increments in QRS duration. Patients with
LBBB and QRS duration 120–129 ms did not
benefit, regardless of sex, while both sexes
benefited with LBBB and QRS duration
�150 ms. Interestingly, in the middle part of the
LBBB QRS duration spectrum (130–149 ms),
only females demonstrated lower risk of death
or heart failure, while males did not [55]
(Fig. 7.7, left).

Multiple clinical trials enrolled patients with
NYHA Class III heart failure symptoms. A study-
level meta-analysis of COMPANION, CARE-
HF, and MADIT-CRT along with 42 other obser-
vational studies found that females had lower
mortality risk and lower composite heart failure
or death risk than males [10]. Meanwhile, a
subsequent patient-level meta-analysis of the
MIRACLE, MIRACLE-ICD, CARE-HF,
REVERSE, and RAFT trials did not demonstrate
any sex differences for the same endpoints; how-
ever, this comparison included a mixed control
group of patients with ICDs, medical treatment,
or standard pacing [12]. Just as in patients with

Fig. 7.6 Post-implant survival in females and males with
CRT-D and CRT-P. Unadjusted Kaplan-Meier survival
rates for cardiac resynchronization therapy defibrillator
(CRT-D) (a) and CRT-pacemaker (CRT-P) (b) patients

by sex (bottom) and female-to-male hazard ratios (HR) for
all-cause mortality (top) in a nationwide US cohort
between 2008 and 2011. (Adapted from Varma et al.
[50] (with permission))
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NYHA Class II heart failure symptoms, LBBB
was an important predictor of benefit; an insur-
ance claims data analysis of CRT-D patients
revealed that females with LBBB had a lower
mortality risk as well as a lower risk of heart
failure hospitalization or death than males with
LBBB [27]. This was later confirmed by two
large studies in the NCDR ICD Registry. These
Registry analyses also showed that in both
females and males, CRT-D resulted in lower mor-
tality risk with LBBB and QRS duration�140 ms
(but the effect was larger among females with
LBBB and QRS duration 140–149 ms) [54],
while the second study detected a CRT-D benefit
for both sexes with LBBB and QRS duration
�130 ms [56] (Fig. 7.7, right). There was no sex
difference in CRT-D benefit in patients with
non-LBBB morphology. A subanalysis of the
ECHO-CRT trial also confirmed that in those
with QRS duration <130 ms, there was no benefit
of CRT in either sex and may even cause harm
[44]. Finally, echocardiographic CRT response in
females is also generally better than in males, but

these are not discussed here since these measures
do not necessarily correlate well with harder
endpoints such as heart failure events or mortality
and their role in determining benefit is
unclear [22].

The above clinical studies have exclusively
assessed benefit from CRT-D; however, not
much is known about the potential differences in
effects of CRT-D versus CRT-P, let alone by
sex. This is likely explained by a large overlap
in clinical indications for CRT and ICD devices
which causes them to often be applied together.
In addition, CRT-P devices are not captured in
registry data. Only two studies assessed sex
differences in CRT-P versus CRT-D. Varma
et al., in a large remote monitoring database,
showed that CRT-P accounts for ~14% of all
CRT device implantations and that there was
a somewhat better distribution of CRT-P
implantations between females and males com-
pared to CRT-D (43% in females versus 57% in
males) [50] (Fig. 7.3). They also demonstrated
that, next to females having superior survival

Fig. 7.7 CRT-D benefit across 10 ms QRS duration
groups in females and males with LBBB. Left, CRT-D-
to-ICD hazard ratios in patients with left bundle branch
block (LBBB) for the outcome of heart failure (HF) event
or death in patients with predominantly New York Heart

Association (NYHA) Class II heart failure symptoms;
right, CRT-D-to-ICD hazard ratios in patients with
LBBB for the outcome of death in patients with predomi-
nantly NYHA Class III heart failure symptoms. Adapted
from [55, 56] (with permission)
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with CRT-D compared to males with CRT-D,
females also had better survival with CRT-P
(Fig. 7.6). Another study by Barra et al. indicated
that there was equal survival benefit of CRT-Ps
compared to CRT-Ds, regardless of sex [3]. Com-
ing back to the discussion on ICDs, these findings
may suggest that complication rates of ICDs
among females as discussed above are not a rea-
son for lower defibrillator use. In addition, this
could further explain the finding that females
receive less appropriate ICD therapy since
females who are CRT responders also had a
reduced incidence of VT/VF likely caused by
increased reverse remodeling creating less of an
arrhythmic substrate compared to males. How-
ever, more studies are needed to confirm these
findings.

Overall, the current evidence points toward
females receiving CRT less often than males
even though they have a lower risk of mortality
and heart failure events. This sex-specific benefit
seems largest in the presence of a LBBB. Some
differences were noted with regard to QRS dura-
tion in patients with NYHA Class II or III heart
failure; females with LBBB and QRS duration
�130 ms benefited from CRT, while males with
LBBB only benefited with QRS duration
�150 ms in NYHA Class II. In NYHA Class III
both females and males with LBBB benefited
from CRT with QRS duration �130 ms.
Non-LBBB patients generally did not benefit
from CRT, regardless of sex. As with ICDs, the
underrepresentation of females may be caused by
the fact that they do not meet clinical indications
for CRT implantation since they generally have
heart failure with relatively preserved LVEF,
although it was shown that females receive CRT
less often than males even when they do meet
professional society guideline indications. Poten-
tial explanations for the higher benefit in females
could be that females more often have
nonischemic causes of heart failure and less atrial
fibrillation, where CRT has proven to be more
effective, or more often have LBBB and therefore
more dyssynchrony amenable to CRT. In a CRT
cohort, females were indeed shown to have less
myocardial scar compared to males especially in

the area where the left ventricular lead is placed
[28]. In terms of LBBB, as discussed earlier,
females may more often have a true LBBB at
lower QRS durations than males due to smaller
heart size and shorter QRS duration at baseline.
This difference between females and males was
captured in newly proposed “strict” ECG criteria
for LBBB which require a shorter QRS duration
in females than in males [47]. The new
sex-specific criteria indeed predicted CRT benefit
better than other ECG criteria, both in terms of
left ventricular mechanical dyssynchrony [40]
and long-term mortality and heart failure
outcomes [30]. However, they could benefit
from further improvement as it was found that
left ventricular electrical activation in some
patients with strict LBBB was still heterogeneous
[25]. This may also be the reason why a recent
study found no differences in echocardiographic
benefit from CRT in patients meeting AHA ver-
sus strict LBBB criteria [4]. In addition, Varma
et al. demonstrated that the sex difference in QRS
duration response to CRT was not fully explained
by application of the new LBBB criteria or by
additional correction for body surface area (BSA)
as a measure for differences in ventricular size
between females and males [49]. Instead, it was
found that sex differences by QRS duration were
only resolved by normalization for ventricular
size using left ventricular mass. This could indi-
cate that, in addition to QRS duration, differences
in ventricular mass need to be taken into account
when defining true LBBB; however, this may be
difficult when using the ECG alone since criteria
for determining ventricular mass have not proven
to be accurate [43].

In summary, there is evidence to support that
females benefit more from CRT than males even
though they are less likely to receive it. As also
outlined in a recent paper, the current clinical
guidelines for CRT could be updated to reflect
this information [57]. Still, more females should
be included in trials of cardiac resynchronization
to be able to fully understand sex differences in
device benefit, especially since application of true
resynchronization therapy has been continuously
improving to fit individual needs.
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Developments and Recommendations
to Enhance Sex-Specific Information
of Medical Device Therapies

From the above discussion, it is clear that sex
differences exist in the application, effectiveness,
and safety of some cardiac medical devices, while
there is not enough information for others. With-
out proper representation of both sexes in clinical
studies, it is difficult to assess whether devices are
equally effective and safe in females and males
and, when there are differences, what potential
explanations for this could be.

There can be multiple reasons why females are
underrepresented in cardiac medical device stud-
ies, one of them being that females do not
meet guideline indications as discussed earlier.
This is, however, somewhat of a vicious cycle
when guidelines are mainly based on male
characteristics. Other reasons may include a lack
of understanding about main obstacles to female
participation or about sex differences in disease
pathophysiology, fear of potential effects on
females of childbearing age, family responsi-
bilities, or avoidance of female patients because
of the perception that it takes more time and
money to recruit them [19]. Interestingly, in
1 study where 20 pregnancies were conceived
by 12 females carrying ICD devices, pregnancy
had no effect on ICD operation, and there was no
evidence that could link the presence of the
device to adverse maternal or fetal outcomes;
however, one miscarriage was observed that
could have been associated with an ICD
shock [7].

Regulatory agencies, such as the US Food and
Drug Administration (FDA), have been looking
into possibilities to enhance inclusion of females
in clinical studies for medical product approval.
In 2014, the FDA published an action plan that
contains recommendations for improving the
quality, transparency, and diversity of clinical
data on females (and other demographic
subgroups) and to increase enrollment according
to sex-specific disease prevalence [20]. In addi-
tion, FDA published a guidance document that
provides a framework for how to analyze and

communicate data on females and males in clini-
cal studies for medical devices [19]. However,
these measures are generally only considered
recommendations and not requirements, some-
thing which is proven by an analysis by Dhruva
et al. [16]. They examined 77 studies supporting
42 original device approvals in 2015 that included
both females and males and found that sex com-
position was reported in a little less than half of
the device labels. In addition, only 17% of the
studies investigated results by sex of which one
found less safety in males, one found less safety
in females, and one found less effectiveness in
females.

In order to truly overcome sex-specific bias in
clinical studies, investigators need to become more
aware of potential differences in the safety and
effectiveness of medical products between females
and males. This may only be achieved when levels
of enrollment for females are adequate to deter-
mine safety and effectiveness by sex.

Summary

Females are underrepresented in some clinical
trials of cardiac medical devices, especially for
ICDs, S-ICDs, and CRT indicated for the treat-
ment of heart failure, and current clinical
guidelines for their applications are based on
these clinical trials. This is problematic since the
information on device safety and effectiveness
primarily reflects the effects in males, while
there are sex differences in underlying disease
characteristics, anatomy, and (patho)physiology
that can influence device performance. Females
with heart failure usually have relatively pre-
served LVEF, less scar leading to more
nonischemic heart failure, and a lower risk of
SCD (with less underlying VT/VF) compared
with males. In addition, they have smaller heart
size and shorter QRS duration at baseline. Some
of these factors could explain why the current,
even though somewhat conflicting, evidence
for ICDs points toward an underuse in females.
However, a higher complication rate, lower
appropriate ICD therapies, and unsure mortality
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benefit compared to males may be related to this
observation as well. More recently, S-ICDs were
developed to overcome some of the lead-related
complications with regular ICDs, which are more
common among females. However, studies have
suffered from the same underrepresentation of
females, likely because of similar indications for
use of regular ICDs and S-ICDs. In addition, large
sex-specific outcome studies for S-ICDs have not
yet been performed. For CRT, a similar
sex-specific bias was noted even though females
were shown to benefit more from therapy than
males. This may, again, be related to sex
differences in underlying disease characteristics,
anatomy, and physiology.

There may be multiple reasons why females
are underrepresented in some cardiac medical
device clinical studies, and regulatory agencies,
such as the FDA, have been trying to address this
by publishing action plans and guidance
documents. Unfortunately, these have not been
very effective so far. There is a need for more
inclusion of females in clinical studies of cardiac
devices in order to perform larger (randomized)
studies that can fully elucidate their benefits and
risks, especially since device therapies are contin-
uously improving and are being applied in larger
populations. To achieve this, a collective effort by
researchers, patient advocacy groups, federal
agencies, and industry is required.
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Cardiophysiology Illustrated
by Comparing Ventricular Volumes
in Healthy Adult Males and Females
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Peter L. M. Kerkhof , Tatiana Kuznetsova , J. Yasha Kresh ,
and Neal Handly

Assessment of cardiac size. Art work by Piet Michiels, Leuven, Belgium.

Abstract

Recent advances in cardiac imaging
techniques have substantially contributed to a
growing interest in the analysis of global car-
diac chamber dimensions and regional
myocardial deformation. During the cardiac
cycle, ventricular luminal volume varies due
to the contraction process, which also confers
a shape change including substantial alteration
of long axis length, as well as rotation of the
base compared to the apex. Local deformation
can be assessed by strain (rate) analysis.
Reviewing the present literature, it must be
concluded that there is no single metric
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available to comprehensively characterize
ventricular function. Every candidate
advanced thus far has been found to incom-
pletely reflect ventricular performance. This
observation is not surprising in view of the
complexity of the cardiac pump system. Addi-
tionally, sex-specific modifiers may play a
role. More than three decades ago, it was
shown that on average the ventricular volume
is smaller in healthy women compared to
matched males. Therefore, the present contri-
bution concerns the interpretation of data
derived from the healthy heart in both men
and women. Starting from the classical Star-
ling concept, we apply a simple mathematical
transformation which permits an insightful
representation of ventricular mechanics. Relat-
ing end-systolic volume (ESV) to end-dia-
stolic volume creates the ventricular volume
regulation graph which features the pertinent
working point of an individual heart. This
fundamental approach illustrates why certain
proposed performance indexes cannot individ-
ually reveal the essence of ventricular systolic
function. We demonstrate that particular
metrics are highly interconnected and just tell
us the same story in a different disguise. It is
imperative to understand which associations
exist and if they expectedly are (nearly) linear
or frankly nonlinear. Notably, ejection fraction
(EF) is primarily determined by ESV, while in
turn EF is not much different from ventriculo-
arterial coupling (VAC). Insight into cardiac
function is promoted by identification of the
paramount/essential components involved.
The smaller ESV ( p < 0.0001) implies that
EF is higher in women and may also have
consequences for VAC.

Keywords

Ventricular volume · Sex-specific analysis ·
Starling concept · Ejection fraction · Cardiac
output · Heart rate · End-systolic volume ·
Systolic elastance · Ventriculo-arterial
coupling · Pressure–volume loop · History of
cardiology · Titin isoforms · Soltis–Saucerman
model · Cardiomyogenesis · Review

Introduction

Gross anatomical contours of the heart have been
depicted already by prehistoric hunters more than
17,000 years ago (the Upper Paleolithic period).
Examples of such primitive art have been found
in the caves of Lascaux, Southern France. One
view holds that these instructional paintings
facilitated the work of hunt; another refers to an
expiatory ritual [4]. Until the late Middle Ages,
most anatomical illustrations concern the com-
plete body, without attention for individual
organs [45]. The first illustrated anatomical text-
book that includes a detailed description of the
structure of the heart was written by Jacopo
Berengario (Barigazzi) of Carpi [23, 47]. His
insights were based on the many dissections
performed when he was professor of surgery at
Bologna between 1502 and 1527 [53]. The tran-
sition from anatomy (i.e. form) to physiology
(viz. pump function) took several centuries. It
must be emphasized that determination of the
phasic size of the beating heart was not relevant
until relatively recently (i.e., around 1900), when
physiologists started studying pump function,
e.g., by relating output to input (see Frank &
Starling). Even William Harvey [14] was not
primarily interested in ventricular size as such.
He just mentioned an estimate of the amount of
circulating blood by stating that everyone who
crosses streets in the butchers’ quarter knows
that only a few liters of blood leave the animal
once the major neck vessels are severed. It was
more than a century later that interest developed
in quantifying the size of the (non-beating) heart.
Investigations regarding left ventricular (LV) size
and shape were carried out by the Reverend
Stephen Hales (1677–1761) from Middlesex,
who made casts of the lumen of animal heart
chambers using the beeswax cast technique [13].
A recently created example based on the same
technique is shown in a photographic illustration
elsewhere [26].

Cardiac function has often been analyzed by
evaluating cardiac output (CO), as well as by
considering metrics that directly employ informa-
tion on end-systolic volume (ESV) and end-dia-
stolic volume (EDV). An indication about the
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magnitude of CO in animals was noted by
Harvey, as mentioned. Following experiments
on skeletal muscle, cardiac physiologists
commenced investigating the isolated animal
heart, while manipulating filling characteristics
as in the experiments by O. Frank, E. Starling,
and M. Blix [15, 49]. Around the beginning of the
twentieth century, physiologists analyzed the
relationship between filling (preload) and output,
resulting in the famous Starling curve. The Italian
scientist Dario Maestrini (Corciano 1886–1975
Arezzo) is said to have arrived at similar
statements [36, 38]. It took somewhat longer to
devise methods that can actually estimate LV
chamber volume in the beating intact (innervated)
heart. The introduction of indicator dilution
techniques permitted calculation of ejection frac-
tion (EF), being the rate of washout during suc-
cessive heart beats, i.e., ejected stroke volume
(SV) relative to filling volume. With the advent
of x-ray imaging, biplane angiography, and radio-
nuclide tracers, besides noninvasive methods
such as advanced 3D echocardiography, MRI,
and CT scan, accurate estimations of ESV and
EDV became within reach [31]. Thus, EF became
“redefined” as (1-ESV/EDV). The distinction
between ventricular size in men and women was
established 35 years ago [7, 8] and is increasingly
being appreciated.

Cardiomyocyte and Contraction
Process

The fundamental building block of cardiac mus-
cle contraction refers to the cardiomyocyte which
contains myofibrils consisting of contractile
proteins arranged in units which are called
sarcomeres. Activation takes place via an electri-
cal stimulus which in the healthy heart spreads
from the sinus node via the AV node and the
ventricular septum in the direction of the apex,
to continue along the free wall in the direction of
the base of the heart [24]. The electrical trigger
initiates contraction, and the complete sequence
can be recorded as the typical electrocardiogram
(ECG). The precise mechanisms of contraction at
the cellular level are complex and still an area of

intense investigation. The contractile machinery
is summarized in Fig. 8.1 [39]. The intrinsic
capability to contract and generate force is
referred to as contractility (or inotropy). Similarly
the property describing the ease of relaxation
during diastole is referred to as lusitropy. Both
processes are modulated by β-adrenergic stimula-
tion (β-AS), which increases (the rate of) peak
force development, in addition to enhancing
lusitropy [44]. Notably, β-AS raises intracellular
cAMP levels, activating protein kinase A (PKA),
which in turn phosphorylates key proteins
involved in excitation–contraction (EC) coupling.
These include the L-type Ca2+ channel and
phospholamban (PLB), respectively, increasing
Ca2+ entry into the cytoplasm and sarcoplasmic
reticulum (SR) Ca2+ reuptake by the SR Ca2+-
ATPase2a (SERCA2a). These effects contribute
to increased SR Ca2+ content, inotropy, and
lusitropy. High SR Ca2+ load also enhances Ca2+

leak and fractional Ca2+ release during EC cou-
pling. Interestingly, ß-AS has been shown to
increase the gain of cardiac EC coupling.
Mechanisms of cardiac EC coupling have been
found to differ between the sexes [10].
Contractions and Ca2+ transients in rats are signifi-
cantly smaller in myocytes from females when
compared to males. Ca2+ spark frequency does
not differ between the sexes, but amplitudes are
smaller in cells from females when compared to
males. Thus, the gain of EC coupling (i.e., SR Ca2+

release per unit Ca2+ current) is much lower in
cells from females [10]. As the amount of Ca2+

released during a spark is regulated by the intrinsic
gating of the RyR2 (type 2 release) channels,
sex differences in the opening of individual
channels could be responsible. Alternatively, as
RyR2 levels are actually higher in females, it is
possible that there are posttranslational
modifications in males that could contribute to
increased SR Ca2+ release by increasing channel
opening [40]. Additionally, estrogen receptor acti-
vation was found to influence cardiac myofilament
function [33]. At the myofilaments, PKA
phosphorylates troponin I (TnI) and myosin bind-
ing protein-C (MyBP-C). Cross-bridge (XB)
cycling rate (XBcy) is still debated in the literature.
Most studies on ion channels and Ca2+ transport
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Fig. 8.1 Model summarizing major components and pro-
cesses involved in cardiac contraction at the cellular level
(A) Constitutive muscle unit, consisting of half-sarcomere
length (L) composed of thick (ThF) and thin (Tf) filaments
in parallel with an elastic element. The equivalent cross-
bridge (XB) representing all attached cross-bridges is part
of the ThF. It attaches to the Tf by the mobile end of its
elastic structure, with h elongation, defining an
inextensible half-sarcomere length X ¼ L-h. A series
elastic element with length Ls accounts for compliant
muscle ends and together with L make up total muscle
length (Lm). (B) Cross-bridge dynamics showing steady-
state XB elongation (hr), its decrease due to ΔL, and later
return to hr at shorter half-sarcomere length (L-ΔL).
(C) Four-compartment myocyte model: bulk cytosol,
cleft, sarcoplasmic reticulum (SR), and subsarcolemmal
space (Sub-SL) [50, 54] with ion currents as described
by various authors. This model is coupled to the myofila-
ment force development model consisting of 5-state tro-
ponin systems (TS) with Ca2+ binding. Each TS is

composed of three adjacent troponin–tropomyosin regu-
latory units able to act cooperatively to bind Ca2+ in three
successive steps. Troponin systems are free TS, Ca2+

bound to TS without attached XBs (TSCa3), Ca2+ bound
to TS with attached XBs in the weak state (TSCa3�), Ca2+

bound to TS with attached XBs in the power state
(TSCa3*), and TS without Ca2+ with attached XBs in the
power state (TS*). Baseline mechanical parameters and all
changes used for ISO are in Table 8.1 of the original
publication. Reproduced from Negroni et al. [39], with
permission. Other abbreviations: AP(D) action potential
(duration), CaMKII Ca2+/calmodulin-dependent protein
kinase II, CFTR cystic fibrosis transmembrane conduc-
tance regulator, EC excitation–contraction, Fm muscle
force, ICaL L-type Ca2+ channel current, ICFTR CFTR-
mediated Cl� current, ICl(Ca) Ca2+-dependent Cl� cur-
rent, IKr rapid delayed rectifier K+ current, IKs slow
delayed rectifier K+ current, INa fast Na+ current, INCX
Na+–Ca2+ exchanger current, INKA Na+–K+-ATPase cur-
rent, ISO isoproterenol, ISO-Cytofl ISO effect without
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have been limited to myocyte ion handling and
electrophysiological descriptions. However, an
advanced approach by Negroni et al. [39] clarifies
how altered Ca2+ sensitivity and XBcy interact
during β-AS in ventricular myocytes. Thus, they
provide a quantitative framework to study β-AS
dynamic effects on Ca2+ transients, action poten-
tial, and contractile properties while incorporating
an updated Soltis–Saucerman model [54]. The lat-
ter integrates the Shannon–Bers Ca2+ electrophys-
iological myocyte model [50] with dynamic
descriptions of CaMKII and PKA signaling
pathways. The half-sarcomere is composed of
inextensible thick and thin filaments in parallel
with an internal elastic load (Fig. 8.1a). The thick
(ThF) and thin filaments (Tf) can slide past each
other defining a zone of overlap where XBs can
attach to the thin filament. Attached XBs act as
independent force generators, occupying different
states in the XB cycle [19]. It was demonstrated
[15] that as the sarcomere shortens below slack
length, titin-based restoring forces act to desensi-
tize the myofilaments. That study showed for the
first time the importance of titin-based restoring
force in length-dependent deactivation during the
early phase of diastole. Titin is synthesized as
either the more compliant (fetal) N2BA or stiffer
(adult) N2B form. Signaling by thyroid hormone,
insulin, and Gq-protein-coupled receptors to the
phosphoinositol 3 kinase–Akt–mammalian target
of rapamycin pathway enhances N2B expression.
The N2BA:N2B ratio generally increases in
humans with heart failure (HF) and reduced EF,
but changes in patients with preserved EF remain

less certain [51]. Recently, a validation was
realized of an LV finite element model driven by
a cell-based cross-bridge cycling descriptor and
coupled to a closed-loop lumped parameter circu-
latory model to simulate different ventricular load-
ing conditions (preload and afterload) and
contractility levels. This approach permitted repro-
duction of a linear end-systolic pressure–volume
relationship, a curvilinear end-diastolic pressure–
volume relationship, and a linear relationship
between myocardial oxygen consumption and
pressure–volume area [52].

Sex-Specific Differences
in Cardiomyocytes

The observation that receptors for all major sex
steroid hormones, including testosterone, are
present on individual cardiomyocytes suggests
that these hormones may influence the heart at
the cellular level. Male/female differences in
intracellular Ca2+ release and contraction in
isolated ventricular myocytes have already been
mentioned. Growing evidence suggests that these
differences arise from effects of sex steroid
hormones on processes involved in intracellular
Ca2+ homeostasis [2]. Also in adult mammals,
sex-based differences in cardiac structure and
function have been reported, based on main
molecular mechanisms involved in the response
of the heart to pathological situations. These
differences should be dealt with, not only in
basic science or clinical research but also with

��

Fig. 8.1 (continued) β-AS on parameters involved in
cytosolic fluxes, ISO-titin ISO effect without β-AS on
parameters involved in titin, ISO-XBCa ISO effect without
β-AS on parameters involved in XBCa, ISO-XBCa–XBcy
ISO effect without β-AS on parameters in XBCa and
XBcy, ISO-XBcy ISO effect without β-AS on parameters
involved in XBcy, kdf rate of force redevelopment (as
response to a length step), krel rate of force decay, ktr
rate of force redevelopment (response to a length pulse),
Lm muscle length, MyBP-C myosin binding protein-C,
NCX Na+–Ca2+ exchanger, NKA Na+–K+-ATPase,
PKA protein kinase A, PLB phospholamban, PLM

phospholemman, PMCA plasma membrane Ca2+ ATPase,
a transport protein in the plasma membrane, RyR
ryanodine receptor, SERCA sarcoendoplasmic reticulum
Ca2+-ATPase, SR sarcoplasmic reticulum, TnC troponin
C, TnI troponin I, TSCa3 Ca2+ bound to troponin system
without attached XBs, TSCa3 � Ca2+ bound to troponin
system with attached XBs in the weak state, TSCa3*
troponin system without Ca2+ with attached XBs in the
power state, XB (myofilament) cross-bridge, XBCa XB
Ca2+ sensitivity, XBcy cross-bridge cycling rate, WT wild
type, β-AS β-adrenergic stimulation
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regard to therapeutic approaches [11]. Recently,
in rats contractility in the whole heart, adult ven-
tricular myocytes, as well as myofibrils from both
sexes were analyzed. Functional sex differences
were observed at all levels. Hearts and
cardiomyocytes from female rats displayed
greater fractional shortening (FS) than males,
and female cells and myofibrils took longer to
relax. RNA sequencing experiments on these
cardiomyocytes were performed, resulting in the
identification of around 600 genes which were
expressed in a sexually dimorphic manner. Fur-
ther analysis revealed sex-specific enrichment of
signaling pathways and key regulators. At the
protein level, female cardiomyocytes exhibited
higher PKA activity, consistent with pathway
enrichment identified through RNA sequencing
[56]. In contrast, Farrell et al. [10] found FS to
be significantly smaller in female rats, and a simi-
lar finding for EF was attributed to the load
dependence of the metric. However, one would

rather expect an increased EF level [32] in women
in view of the lower arterial blood pressure levels
seen in both healthy humans (Table 8.1) and
animals [57]. Additionally, it is important to
point out that sex differences in genes and gene
families often reverse by sex in diseased versus
control, healthy tissues [9].

It remains unclear how these differences as
observed in rodents translate to macroscopic
distinctions in humans. Reportedly, EF is higher
in women ([8], and also this study), but the obser-
vation is likely associated with their smaller ESV
values [30]. Differences also occur during aging. A
progressive loss of telomeric DNA in human car-
diac stem cells (hCSCs) occurs with aging, and the
newly formed cardiomyocytes inherit short
telomeres and rapidly reach the senescent pheno-
type. One study including female (N ¼ 32) and
male (N ¼ 42) hearts from individuals without
cardiovascular disease (age range 19–104 years)
demonstrated that at all ages, the female heart is

Table 8.1 Hemodynamic variables in healthy adults (N ¼ 410) based on Kuznetsova et al. [34]

Variable Women Men p-value Unit

Persons involved 215 195 number

Age 43.4 � 42.7 0.62 years

Systolic blood pressure 116.5 < 121.8 <0.0001 mmHg

Diastolic blood pressure 74.6 < 77.8 <0.0001 mmHg

Mean arterial pressure 88.6 < 92.5 <0.0001 mmHg

End-systolic volume index 17.7 < 22.5 <0.0001 mL/m2

End-diastolic volume index 48.7 < 59.3 <0.0001 mL/m2

Stroke volume index 31.0 < 36.8 <0.0001 mL/m2

Cardiac output index 1.93 < 2.13 <0.0001 L/min.m2

Ejection fraction 63.7 > 61.9 0.0026 %

Effective arterial elastance 2.97 > 2.62 <0.0001 mmHg.m2/mL

Emax (assuming Vo ¼ 0) 5.3 > 4.3 <0.0001 mmHg.m2/mL

Ventriculo-arterial coupling 1.83 > 1.69 0.003 dimensionless

Arterial compliance 0.77 < 0.86 <0.0001 mL/(mmHg.m2)

Pulse pressure 41.9 < 44.0 0.009 mmHg

Peripheral resistance 48.1 > 45.4 0.014 mmHg.min.m2/L

Body surface area 1.74 < 1.97 <0.0001 m2

Heart rate 62.5 > 58.6 <0.0001 beats/minute

Volume data obtained by 2D echocardiography, collected in a north-eastern region of Belgium with mostly Caucasian
inhabitants (including 215 women). The subgroup listed here excludes individuals with hypertension or diabetes
mellitus. Possible age-dependent variation has not been considered in this survey. Note that all variables (with the
exception of age) are significantly different in females when compared to males. In summary: pressures are lower in
healthy women, while their ventricular volumes are smaller. Emax and Vo are defined in Fig. 8.3, assuming that Vo
vanishes. Details on standard deviations have been omitted for simplicity.
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equipped with a larger pool of functionally com-
petent hCSCs and younger myocytes than the male
myocardium. The replicative potential is higher,
and telomeres are longer in female hCSCs than in
male hCSCs. In the female heart, myocyte turn-
over occurs at a rate of 10%, 14%, and 40% per
year at 20, 60, and 100 years of age, respectively.
Corresponding values in the male heart are 7%,
12%, and 32% per year, documenting that
cardiomyogenesis involves a large and progres-
sively increasing number of parenchymal cells
with aging. From 20 to 100 years of age, the
myocyte compartment is replaced 15 times in
women and 11 times in men [20].

Ventricular Pressure and Volume
in Males and Females

So much for the difficult part. All those ion
currents and sliding filament activities serve to
get something like a compression pump fully oper-
ational on a 24-h basis. Now the more straightfor-
ward pump function description deserves
attention, referring to a macroscopic view. Stroke
volume (SV) and heart rate (HR) are important
determinants of ventricular pumping capacity. SV

is the difference between EDV and ESV. Cardiac
output (CO) is obtained by multiplying SV and
HR. Figure 8.2 illustrates positions of SV and HR
combinations as measured in a population
consisting of 410 healthy individuals. Iso-CO
curves (i.e., trajectories with fixed CO levels) are
inscribed. Obviously, similar values for SV can be
generated by various suitable combinations of
EDV and ESV. Therefore, we need a framework
in which we can depict not just the difference
between EDV and ESV (as shown on the ordinate
of Fig. 8.2), but rather the particular volumes
that actually generate a certain SV, either in a
healthy individual or in a cardiac disease patient.
In other words, it is required to define a so-called
working point, which exactly characterizes the
conditions which are responsible for a particular
SV. This concept has been presented in detail
elsewhere [32].

The Pressure–Volume Loop in Healthy
Males and Females

Table 8.1 shows a comparison of various hemo-
dynamically relevant variables routinely explored
in clinical investigations. Apart from the slight

Fig. 8.2 Diagram showing
combinations of stroke
volume index and heart rate
as measured in 410 healthy
adults. Multiplication of
both components yields
cardiac output index (COi),
as reflected by the relative
bubble size. Two levels of
constant COi are indicated
by the dotted curves,
namely 3 (upper tracing)
and 2 L/min.m2. Average
values are different for
males and females (see
Table 8.1). Abbreviation:
bpm, beats per minute
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disparity of systolic pressure, it is remarkable to
observe the significant differences regarding LV
volumes when comparing men and women. This
notable fact was first published by Buonanno et
al. [8] and unfortunately had not received the
attention which it deserves. Figure 8.3 combines
LV pressure and volume data to construct average
PV loops, typical for healthy males and females.
Again, the contours of the loops depict remark-
able sex-specific differences which generally are
not discussed in standard textbooks. The LV
peak systolic pressure (PSP) vs ESV relationship
was first described by Holt [17]. Nowadays, end-
systolic pressure (ESP) is often approximated as
0.9* PSP, yielding the familiar maximal systolic
elastance (Emax), shown in Fig. 8.3.

It is well-known that the size of the healthy
heart varies, depending on age and size of the
animal or human under consideration. In contrast,
in the healthy organism, it is found that arterial

blood pressure at resting conditions is nearly con-
stant across all species, although being slightly
lower in adult healthy females [48, 57]. A popular
index to indicate systolic function (i.e., pump
performance) is EF, being the ratio of SV and
EDV and often expressed as a percentage. Since
average ESV is significantly smaller in healthy
adult women, it follows that EF tends to be higher
in females [30], and this is confirmed (Table 8.1)
based on data described elsewhere [34]. Although
EF depends on both ESV and EDV, it appears
that ESV is the dominant component [30].
Indeed, the relationship between EF and ESV is
based on the boundary conditions of ventricular
function, where ESV cannot be greater than EDV,
while values for SV occur within a certain range.
When these restrictions are applied to a Monte
Carlo model, we find a distribution of theoretical
working points similar to what we encounter in
the actual VRG [27]. In Fig. 8.3 the SV can be

Fig. 8.3 Schematic sketch of the left ventricular
pressure–volume loop, reflecting the dynamic behavior
during a single cardiac cycle. Although not emphasized
in most textbooks, there are considerable differences
between the healthy adult male and female. The loops
refer to a single cardiac cycle. Filling is complete when
reaching end-diastolic volume (EDV). Then pressure
builds up, which eventually opens the aortic valve, while
starting ejection until end-systolic volume (ESV) with
end-systolic pressure (ESP) is reached. Subsequently

pressure falls and filling resumes. Essentially the diagram
is similar for men and women, except for the fact that ESV
and EDV are significantly smaller in healthy adult women,
while ESP is slightly lower. End-systolic elastance Emax
is defined as ESP / (ESV-Vo), where Vo is an extrapolated
value, here based on a reasonable estimate. The effective
arterial elastance (Ea) is given by ESP/(EDV–ESV). The
ratio of Emax and Ea is called ventriculo-arterial coupling.
Based on average data from [34] see Table 8.1
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identified as the width of the loop, since this is the
difference between EDV and ESV. The latter two
variables determine the working point as
illustrated in Fig. 8.4 which is based on the
pioneering work by Holt on obtaining LV and
right ventricular (RV) volume in dogs [16–18].
The electric conductivity method employed by
those authors to measure volumes was refined
[3] and adapted for use in humans, horses [22],
and small animals (survey in [31]).

The Volume Regulation Graph
for the Right Ventricle

Similar to that for the LV, the VRG can be
derived for the RV. Figure 8.4 shows the results
based on a study by Holt [18], where heart rate
(range 70–108 beats per minute) is reflected by
“bubble” size. Average fractional emptying (an
expression coined by Holt, nowadays called EF)
amounted to 39% for the RV in seven
anesthetized dogs, while in a preceding study
[16], 46% was found for the LV. Although the
authors recognized the fractional behavior of the
dilution curves, their primary interest was not EF
or any equivalent thereof but rather the estimation
of residual volume, i.e., ESV. The findings for the
RV VRG shown in Fig. 8.4 have been confirmed
in numerous other studies, including, e.g., those
reporting on post-Fallot repair studies [28].

The Case of Sharing a Pizza

Imagine that someone offers you a slice of pizza.
She or he cuts a piece that is 3/5 (60%) of the total
size. Now, how many bites do you get? Is this
going to be a complete meal or just a snack? Well,
apart from the toppings, it all depends on whether
we are talking about a mini-pizza or a supersized
one. So, given the fraction offered, you need to
know the circumference (or diameter), because
traditional pizzas, homemade or not, are reported
to be round. A similar unspecified attribute is
involved when discussing EF, which is often
magically endowed with the prestigious title:
indicator of systolic function.

The metric EF is also often referred to as an
index. Wheelan [58] has nicely described how to
view such an indicator: “The advantage of any
index is that it consolidates lots of complex infor-
mation into a single number. We can then rank
things that otherwise defy simple comparison –

anything from quarterbacks to colleges to beauty
pageant contestants. In the Miss America pag-
eant, the overall winner is a combination of five
separate competitions: personal interview, swim-
suit, evening wear, talent, and onstage question.”
He continues providing a similar example on
ranking sports cars, emphasizing that each classi-
fication system has the potential to produce a
different outcome. The same line of reasoning
applies to the heart when we consider EF.

Fig. 8.4 Volume
regulation graph,
constructed on the basis of
right ventricular (RV)
volume data (normalized by
body weight) for seven
anesthetized dogs as
reported by Holt [18], using
an electrical conductance
method and saline injection
to obtain indicator dilution
curves. Bubble size refers to
heart rate (range 70–108
beats per minute)

8 Cardiophysiology Illustrated by Comparing Ventricular Volumes in Healthy. . . 131



Robotham et al. [46] concluded: “Thus, EF,
although a relatively simple measure that is intui-
tively easily comprehended, is an extremely
complex parameter describing the entire cardio-
vascular system and requires additional study.”
Strictly speaking, the outcome for EF only
depends on ESV and EDV when employing
the more insightful variant of the definition
formula:

EF ¼ 100∗ 1� ESV=EDVð Þ ð8:1Þ

However, both ESV and EDV themselves
depend on many underlying factors. Ventricular
function can be described via the volume regula-
tion graph (VRG) approach or based on the
elastance concept [27]. ESV and EDV can be
related [21] to each other via

ESV ¼ αþ β EDV ð8:2Þ

and graphically represented in the VRG; see Fig.
8.4. In the past, we derived an analytical expres-
sion by combining Eq. (8.1) with the definition
formula for EF:

EF ¼ 1þ C1 fESV=ðC2�ESVÞg ð8:3Þ

with constants C1 and C2 calculated for the popu-
lation under consideration (Kerkhof 1984) [21].
This expression underscores the importance of
measuring ESV [29, 30]. From the PV loop
(Fig. 8.3), we can define (assuming linearity
when considering a sufficiently small ESV
range) the Emax using ESP, end-systolic volume
(ESV), and the intercept Vo [6]:

Emax¼ ESP=ðESV�VoÞor,
ESV¼ ESP=Emaxþ Vo:

The ventricular diastolic stiffness is tradition-
ally defined as an exponential curve [27], by
relating end-diastolic pressure (EDP) to two
constants (i.e., Po and m), EDP ¼ Po e(m*EDV),
where Po is a constant and m is the modulus
referring to LV distensibility. Thus, EDV can be
expressed as EDV ¼ (log EDP � log Po)/m. As a
consequence, EF can be described either as a

function of {ESV, ESP, Vo, EDP, Po, and m} or
as dependent on {ESV, α, β, R2, EDVave}.

Importantly, the VRG can be used as a starting
point to derive various connections with clinically
relevant metrics, such as EF and Emax. This view
is summarized in Fig. 8.5, where (1-EF) is shown
by the line connecting the origin with any partic-
ular operating point of {EDV, ESV}, for exam-
ple, for the average values in males and females.
In dogs of various breeds, admitted to the clinic
because of heart disease, age seems to affect
ventricular volume regulation (as reflected by
the slope difference in the VRG), but this effect
is only discernible in female dogs [42].

Another application of the VRG concept refers
to EF versus ESVi (Fig. 8.6). The male/female
regression curves based on Eq. (8.3) show over-
lap, but average values for males and females are
significantly different (Table 8.1).

These findings can be summarized as shown in
Fig. 8.7 where EF is presented in the VRG as a
box which contains several surprises when we
look at the true contents. The example is based
on data (N ¼ 12) obtained in healthy individuals
[1], illustrating that EF is inversely associated
with both ESVi, and with the VAC index, the
latter only when assuming that Vo ¼ 0. It is
important to note that EF and VAC are
“uncoupled” when the true Vo is taken into
account. Otherwise, the relation between EF and
VAC is trivial, and one metric does not offer any
additional information to that of the other.

Associations Between Clinically
Relevant Variables

The insightful and telling Fig. 8.8 obtained from
Ky et al. [35] nicely summarizes the associations
between major variables of relevance in cardio-
vascular studies. These authors did not stratify for
sex but report that their analysis is based on 466
patients (37% females) with systolic HF with an
average EF of 27%. In an earlier study concerning
HF patients, we found that both average EF and
VAC are significantly higher in women [26].
Table 8.1 documents that this is also the case in

132 P. L. M. Kerkhof et al.



healthy adults. Not all variables listed in Fig. 8.8
were discussed in the present survey, but clearly
the correlation reported between ESV and EDV is
the highest found among all combinations. This
outcome supports our starting point reflected by
the VRG (Figs. 8.4 and 8.5), which has also been
discussed elsewhere [5, 25].

Discussion

Strictly speaking, any sex-specific analysis is of
limited meaning if not interpreted against the
context of the potential role which age plays.
The data we discussed here refer to healthy adults,

Fig. 8.6 Ejection fraction
(EF) versus end-systolic
volume index (ESVi) for
healthy individuals,
stratified for sex, as also
shown in Fig. 8.1. The
yellow triangle refers to the
average value for males,
while the yellow star
reflects average value for
females. Both EF and ESVi
are significantly different
(see Table 8.1). The
regression curve is based on
Eq. (8.3)

Fig. 8.5 Volume regulation graph, showing relationship
between end-systolic volume index (ESVi) and end-dia-
stolic volume index (EDVi) in healthy adult individuals
(N ¼ 410), stratified for sex (215 women). The broken
lines refer to linear regression analysis. These lines should

be distinguished from the solid lines with arrow heads that
connect the origin with each group average, illustrating that
average ejection fraction (EF) is higher in women (see Table
8.1). A steeper slope indicates a lower EF. Data from
Kuznetsova et al. [34], measured by 2D echocardiography
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with age ranging from 15 to 90 years. From our
observations on healthy adults, we conclude that
there are significant sex differences regarding
average LV size when considering the nearly
complete adult lifespan. These findings fully sup-
port earlier findings reported in the literature [8],
which unfortunately did not receive the attention
it deserves within the clinical discipline. The
results on the LV have been extended to the RV,
e.g., by [37].

Using gated myocardial perfusion SPECT for
the LV, Peace et al. [41] studied the effect of sex,
age (range), and weight (range) on LV EF and
ESV reference limits in adults. These authors
fully confirm the findings obtained by Buonanno
et al. [8]. Using coronary CT angiography,
Gebhard et al. [12] analyzed 1155 individuals
(54.5% males) free from overt heart disease

and found that average EF was 2.0% points
higher in females (p < 0.001). This male/female
difference increased with advancing age (range
18–92 years). Slight age-dependent variation has
been observed in some studies, and this potential
modifying effect requires further study, because
conflicting results have been reported, e.g., no
correlation between EF and age [41].

Why ventricular size is generally smaller in
healthy females compared to males is not entirely
clear. Various factors have been implicated,
including differences in neurohumoral signaling,
age-dependent changes in estrogen/progesterone
status, gender-related life style factors, and pro-
gressive cardiomyocyte loss with age in males
(but not observed in women).

The embryologic origins of the RV and the LV
differ. The RV exhibits dominant pump function

Fig. 8.7 Volume regulation graph illustrating the deriva-
tion of ejection fraction (EF) by considering the slope of
the line which connects the origin with the pertaining
working point defined by {EDV,ESV}. The inset (upper
panel) shows that EF is nonlinearly related to ESVi, while

an exponential relationship describes ventriculo-arterial
coupling versus EF (lower right inset). For explanation
see text. Data (N ¼ 12) based on healthy individuals
described by Asanoi et al. [1]
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during fetal development. At birth, separation of
the pulmonary and the systemic circulation
causes that the LV assumes primary pump func-
tion generating much higher needed pressures.
Concomitant with morphological and functional
modifications in both the LV and RV, the neona-
tal cardiomyocytes undergo changes in morphol-
ogy, respiration, metabolism, and contractile
function. Distinct key transcription factors drive
the chamber-specific gene networks during devel-
opment. Existing evidence reveals a critical role of
noncanonical Wnt11 in orchestrating early devel-
opment. Expression of Wnt11 is dynamically
regulated in a temporal–spatial manner, playing
important roles in myocardial development [55].
However, these researchers only looked at male
mice, and further investigations are needed.

Another intriguing approach for elucidating male/
female phenotypic differences in cardiac size
follows the pattern of ventricular volume adapta-
tion for sex-mismatch cases in heart transplant
patients, both in children and adults [43].

Conclusions

In healthy adults we observe striking (significant)
differences when blood pressure and left ventric-
ular volumes are compared in males and females.
These disparities have serious consequences for
particular metrics commonly used to evaluate
cardiovascular function. Pulse pressure (which is
related to vascular stiffness) is higher in males. In
contrast EF (often used to assess systolic

Fig. 8.8 Cross table of volume-related variables of the
left ventricle, measured by echocardiography in 466
patients with chronic systolic heart failure, showing corre-
lation coefficients for all combinations of two components.
Ees is obtained by the single beat (sb) method and more or
less comparable to Emax in our text. Note that the cou-
pling index is here defined as our (k�1). The blue ellipse
signifies a positive correlation, while a red contour refers

to negative correlation. The intensity of the color reflects
the strength of the association. Interestingly, the two
variables which we employ for depicting the volume reg-
ulation graph, namely, ESV and EDV, yield the highest
correlation. V100 is the volume which corresponds with a
pressure level of 100 mmHg on the linearized Emax curve.
Abbreviations as in our text. Reproduced from Ky et al.
[35], with permission
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function), Emax (reflecting contractility), and
VAC are higher in women (assuming that the
intercept Vo can be neglected). However, mean
blood pressure (an indicator of afterload) is lower
in women. As illustrated, ESV and EDV are
linearly correlated, clarifying why EF is slightly
higher in women (Figs. 8.4 and 8.9), and permit-
ting the robust description of various
relationships, including EF vs ESV(i). It is often
emphasized that sex matters when studying car-
diovascular properties, and this notion has been
confirmed in the present analysis based on
healthy individuals. Further studies in cardiac
disease patients are required to investigate if
these differences persist in selected diagnostic
cohort categories and what ultimately will be the
implications for more precise diagnosis and
treatment.
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Abstract

Hypertension is one of the leading risk factors
for cardiovascular disease, myocardial infarc-
tion, and stroke. There are gender differences
in the prevalence of hypertension and in the
mechanisms responsible for hypertension in
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humans. This review will discuss the
mechanisms for regulation of blood pressure,
sex differences that have been identified in
animal studies, and the gender differences
that have been identified in humans.
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Introduction

Hypertension affects approximately 72 million
US adults, with an overall prevalence of 29.3%
[6, 24]. Hypertension is also a major public health
problem worldwide both because of its high prev-
alence and also its role as a major risk factor for
cardiovascular and kidney disease. The Global
Burden of Disease Study identified hypertension
as the leading global risk factor for mortality and
the third leading global risk factor for disease
burden in both men and women [16, 41]. Hyper-
tension is not only a key risk factor for cardiovas-
cular disease but the leading cause of death in
both women and men. Moreover, more than half
of all deaths in the United States (USA) are
related to diseases which are aggravated by
hypertension: heart disease, stroke, and renal fail-
ure [16]. Despite increasing awareness of cardio-
vascular disease and treatment of cardiovascular
disease risk factors, the incidence of cardiovascu-
lar disease has increased over the last decade,
especially in women. Thus, the control of blood
pressure (BP) is paramount to protect the quality
of life in men and women.

Prevalence of hypertension is significantly and
independently associated with increasing age,
increasing body mass index (BMI, kg/m2), being
African-American, and having less education
[43]. Younger women have a lower prevalence
of hypertension than men. In fact, the prevalence
of hypertension is higher in men than women at
young and middle ages and lower at elderly ages
[24]. As such, women older than 60 years tend to

have a higher prevalence of hypertension com-
pared to men of similar ages. The highest preva-
lence of hypertension occurs among black
women, older than 75 years, in whom prevalence
rates exceed 70% [43].

Around the world, women with hypertension
are more likely to be treated than men ([34, 54];
US). However, there are society differences as to
whether men or women are better controlled for
their hypertension. In the US National Health
and Nutrition Examination Survey (1999–2004),
61.4% of women with hypertension were treated
compared to 56.8% of hypertensive men. How-
ever, only 44.8% of treated women achieved BP
control compared to 51.1% of treated men
[21, 43]. Studies from the German Health Exami-
nation Surveys (GHES) showed that men are less
aware of their hypertension, received less treat-
ment for their hypertension, and had lower con-
trol of their BP than did women, which was a new
finding in the 2008–2011 compared with 1998
studies in which there were no gender differences
observed among those treated for hypertension
[54]. In data from the US National Health and
Nutrition Examination Survey (NHANES) IV
(1999–2004), 50.8% of men and 55.9% of
women had uncontrolled BP, despite the fact
that women more frequently had their BP
measured in the previous 6 months [30]. Further-
more, in a comparison of the NHANES III cohort
(ending in 1999) with the NHANES IV cohort
(ending in 2004), hypertension was less well-
controlled in women than men, although the
drugs used to treat hypertension were similar
between men and women. BP normally falls dur-
ing the night, and non-dipping BP at night is
associated with increased target organ damage in
both men and women [53, 61, 68]. Non-dipping
BP in women appears associated with greater
target organ damage than in men [4, 61], and
postmenopausal women are more likely than
premenopausal women to exhibit nocturnal
non-dipping of BP [68].

Drug treatment regimens are also different in
men and women often depending on the culture.
In the GHES, younger women were more often
prescribed β-adrenergic receptor blockers [54]
and less angiotensin-converting enzyme
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inhibitors (ACEIs) than men. The Swedish Pri-
mary Care Cardiovascular Database (SPCCD)
studies recently reported that women were also
more often treated than men, more often treated
with diuretics, and men were treated with ACEIs
or angiotensin receptor blockers (ARBs)
[34]. Men also interrupted their treatment more
often than women. There are no gender specific
guidelines for treatment of hypertension. In addi-
tion, whether certain classes of antihypertensive
medications are more efficacious in men or
women is virtually unstudied or has been studied
but not evaluated for gender differences. The fact
that animal studies have shown that there are sex
differences in the mechanisms responsible for
hypertension suggest that there may also be dif-
ferent mechanisms responsible for the hyperten-
sion in men and women, and further human
studies are warranted.

Increased BP is independently and continu-
ously associated with cardiovascular disease (5).
Hypertension is defined as a systolic BP of
140 mmHg and higher or a diastolic BP of
90 mmHg and higher; prehypertension is defined
as a BP between 120 and 39 systolic or
80–89 mmHg diastolic [47]. The higher the BP,
the greater the risk for target organ injury, includ-
ing myocardial infarction, heart failure, renal
injury, and stroke [26], and an increase in cardio-
vascular disease risk begins with blood pressures
as low as 115/75 mmHg [32]. Previously, hyper-
tension was considered controlled if BP was less
than 140/90 mmHg or, for those with diabetes or
chronic kidney disease, less than 130/80 mmHg.
However, the recent multicenter Systolic Blood
Pressure Intervention Trial (SPRINT) showed
that intensive reduction of BP with medications
to 120 mmHg in individuals with hypertension
and elevated cardiovascular disease (CVD) risk
caused such a significant reduction in event rates,
including myocardial infarction, acute coronary
syndrome, stroke, decompensated heart failure,
and cardiovascular disease-related death, that the
trail was halted early [66].

SPRINT was performed in men and women
average age 70 years > 50 years old [59], and the
results were consistent across pre-specified

clinical subgroups including age, sex, race,
tertiles of SBP, history of cardiovascular disease,
and any history of chronic kidney disease. Inter-
estingly, only 2.8 medications were needed to
reduce BP to 120 mmHg in subjects versus 1.8
medications in the standard treatment group
[66]. Only 35–36% of the subjects in the SPRINT
were women, and since the trial was stopped
early, the data were not statistically significant
that treating lower levels of BP was actually suc-
cessful in reducing events in women [70]. The
new American College of Cardiology/American
Heart Association guidelines recommended
stricter blood pressure control, and treatment in
women was relegated to “Other Groups”, despite
that >50% of women over the age of 70 years are
hypertensive.

Mechanisms Responsible
for Hypertension

BP control is mediated via the kidney since stud-
ies have shown that the way the body manages
salt and water is central to the level of BP
[22, 23]. A normal kidney, when given a salt
load, will cause an increase in BP such that
there is a shift in the pressure-natriuresis relation-
ship, whereby at higher salt content, the BP
increases. As the salt is excreted with water by
the kidney, the BP will return to normal levels in
a few hours. In abnormal kidneys, when a salt
load is taken, the BP increases, but this time the
kidney is unable to excrete the salt and water, and
the BP remains elevated causing a permanent
shift in the pressure-natriuresis relationship to
higher blood pressures. Thus during the steady
state, elevated BP becomes necessary for salt
excretion to be maintained at “normal” levels.
This is why sodium excretion levels are similar
for animals with similar salt intake regardless of
one that is hypertensive and one that is
normotensive.

Many homeostatic and hormonal systems con-
tribute to BP regulation, including the renin-
angiotensin system, the sympathetic nervous sys-
tem via the renal nerves, the eicosanoid system,
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the oxidative stress/nitric oxide system, obesity
and metabolic syndrome, the endothelin system,
and sex steroids. In this review, the mechanisms
and the sex differences in them will be discussed
in terms of studies done in common animal
models.

The Spontaneously Hypertensive Rat
(SHR) as a Model of Hypertension

The SHR is a model that develops elevated BP as
they progress through puberty [48]. When young,
the BP is similar between males and females, but
after puberty, the BP is significantly higher in
males than females. Castration of male SHR
reduces BP to levels found in females. Ovariec-
tomy of the females has no effect on the BP,
but testosterone treatment after puberty increases
BP as in males. Thus the hypertension in the
males is androgen-mediated, but the hypertension
in the females is independent of estrogens. With
aging, the BP remains static after approximately
9 months of age in the males, but in females,
BP increases after cessation of estrous cycling,
between 10 and 12 months of age, such that by
16 months of age, BP is similar to or higher in
females than males [46]. This model has
been used as a model of postmenopausal
hypertension.

The mechanisms regulating BP are not only
different between male and female SHR but are
also different between aging and young animals.
For example, in young SHR, the hypertension is
mediated via the renin-angiotensin system (RAS)
[49] and the sympathetic nervous system (SNS)
[28]. This is not the case in aging animals as will
be described below.

Role of the Renin-Angiotensin System
(RAS)

Angiotensin II is an important regulator of BP
[5]. Angiotensin (Ang) II is produced by the
conversion of angiotensinogen to Ang I by renin
and subsequent conversion of Ang I to Ang II by

Ang I-converting enzyme (ACE). Ang II has its
biological activity to increase BP through the Ang
II AT1 receptor (AT1R). This makes up the vaso-
constrictor arm of the RAS. Androgens have been
shown to increase angiotensinogen synthesis in
SHR [49], whereas estrogens have been shown to
reduce expression of AT1Rs [5]. In addition to
it’s vascular effects, in the kidney, Ang II causes
sodium reabsorption via the proximal tubule, also
leading to increase in BP. Ang II can also be
converted by ACE2 to Ang(1–7) [5], a vasodila-
tor that has biological activity via the Mas recep-
tor. Estrogens have activity to increase ACE2
activity and promote the vasodilatory effects of
Ang(1–7). Thus there are sex differences in the
RAS that can affect BP.

Essential hypertension in humans is associated
with activation of the RAS in many cases. Even
salt-sensitive hypertension, which is considered a
low-renin hypertension and is prevalent in African-
American individuals [63], is associated with
abnormally elevated plasma renin activity com-
pared to levels that should be accomplished when
salt levels are elevated. Both men and women are
prescribed ACEI and AT1R antagonists, although
in some societies as mentioned above, men receive
RAS blockers more frequently than women
[34]. Both ACEIs and ARBs reduce BP to similar
normotensive levels in young male and female
SHR [49, 80], showing the RAS plays a greater
role in the hypertension in male SHR than females
since BP at baseline is higher in males. Further-
more, in the presence of male-level androgens in
females, enalapril also lowers the BP [49],
suggesting that androgens are working through
the RAS to increase BP in male SHR.

The hypertension developed with Ang II infu-
sion in rodents is also sex dependent. If the endog-
enous production of Ang II is blocked by enalapril,
female rats exhibit a greater pressor response than
males, but the hypertension is not salt sensitive,
whereas it is in males [55]. Male mice, regardless
of whether the endogenous RAS is blocked or not,
have a greater pressor response to Ang II than
females [67, 71]. Zimmerman and colleagues also
reported that candesartan, an ARB, does not pre-
vent the pressor response to Ang II infusion in
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males, but does prevent the response in female
SHR. In addition they showed that depressor
response to candesartan in the females is mediated
via production of Ang(1–7) [80].

The contribution of the RAS of the hyperten-
sion in aging SHR is different, however. Enalapril
reduces the BP to 100 mmHg in male SHR, aged
16–18 months, but to only 130 mmHg in
age-matched females [74]. Thus the RAS is a
major mediator of the hypertension in aging
males, but in aging females, there are other
mediators of the hypertension.

The Sympathetic Nervous System

As noted above, β-adrenergic receptor anta-
gonists are common antihypertensive medi-
cations given to men and women. As noted
above, in some studies women are prescribed
them more frequently than men [54], although
there is little evidence that they are better at
controlling BP in women.

Studies in young SHR show that renal dener-
vation reduces BP by 8–10% in both males and
females. β-blockers, such as terazosin and pro-
pranolol, reduce BP in both male and female SHR
[28, 37, 38]. β-Blockers had a greater effect in
reducing BP in old females than in young females
[38], suggesting that aging may be associated
with increased sympathetic activation in female
SHR. The RAS is thought to be stimulated by
activation of the sympathetic nervous system. In
aging female SHR, renal denervation reduced BP,
but concomitant renal denervation followed by
chronic losartan (ARB) treatment caused a further
reduction in BP, but the rats still remained signif-
icantly hypertensive (approximately 140 mmHg)
[37]. These data suggest that the hypertension in
aging female SHR is mediated by both the sym-
pathetic nervous system and the RAS indepen-
dently and that other mechanisms contribute to
the hypertension in aging females. These data
have significant implications for hypertension in
postmenopausal women and suggest that inappro-
priate, inefficacious medications may contribute
to their resistant hypertension.

The mechanisms responsible for sympathetic
activation in SHR are not clear. Activation of the
melanocortin-4 receptor (MC4R) in the hypothal-
amus has been shown to increase sympathetic
activation, and leptin is one of the mediators of
MC4R activation. This is one of the mechanisms
thought to play a role mediating obesity-induced
sympathetic activation and hypertension since
leptin is produced in adipose tissue. Da Silva
and colleagues reported that intracerebroven-
tricular (ICV) blockade of the MC4R reduces
BP in young male SHR [8]. However, similar
ICV infusion of MC4R antagonist in young and
old female SHR failed to reduce BP, whereas the
antagonist reduced BP in aging male SHR
[39]. Thus the data suggest that different
mechanisms may be responsible for activation of
the sympathetic nervous system in males and
females. The mechanism(s) that mediate sympa-
thetic activation and hypertension in humans is
not clear. In morbidly obese humans with MC4R
deficiency, BP, heart rate, and urinary catechol-
amine excretion, all indicators of sympathetic
activity, are reduced [14]. Thus whether the
MC4R plays a role in mediating hypertension by
causing activation of the sympathetic nervous
system in men and women remains to be
determined.

The Role of 20-HETE

Arachidonic acid can be converted by cyto-
chrome P450 (CYP) ω-hydroxylases to
20-hydroxyeicosatetraenoic acids (20-HETE),
respectively [51]. 20-HETE is a vasoconstrictor
produced in endothelial cells. In the kidney,
20-HETE is also produced in renal tubules and
reduces sodium reabsorption. Thus the location of
20-HETE production in the kidney (vascular vs
tubular) determines whether it is prohypertensive
or antihypertensive, respectively. An increase in
plasma 20-HETE has been shown to occur in
humans with acute ischemic stroke [77, 78] and
acute coronary syndrome [81]. Thus 20-HETE
could contribute to BP control in humans.

With regard to SHR, Zhang et al. [79] reported
that adenoviral vector delivery of a CYP4A1
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cDNA caused a decrease in BP in young male
SHR, whereas the antisense CYP4A1 cDNA
caused an increase in BP in control Sprague-
Dawley rats. The investigators interpreted the
data to mean that 20-HETE is important in both
maintaining normotension and in contributing to
hypertension. In old female SHR, blockade of
20-HETE reduces BP, but there is no effect of
the inhibitor on BP in young females [75, 76]. To
our knowledge, there have been no studies in
which inhibitors of 20-HETE synthesis have
been given to old male SHR.

Interestingly, the combination of enalapril
and the eicosanoid synthesis inhibitor,
1-aminobenzotriazole (1-ABT), has different
effects on BP in old female SHR depending on
which drug is given first [33]. Treatment of old
female SHR with either 1-ABT or enalapril
reduces BP to similar levels. Addition of enalapril
to the 1-ABT causes a significantly greater reduc-
tion in BP than does the addition of 1-ABT to
enalapril. However, the BP remained approxi-
mately 125–130 mmHg. The data suggest that
both the RAS and 20-HETE contribute indepen-
dently to a part of the hypertension in old female
SHR but that 20-HETE may also have activity via
the RAS mechanism.

Whether 20-HETE plays a role in mediating
the BP in men and women or whether 20-HETE
blockade would cause a reduction in BP, and
thus could be a novel antihypertensive agent in
individuals with resistant hypertension, is
unknown and is a topic for further discovery.

Role of Oxidative Stress/Nitric Oxide
System

Oxidative stress is defined as the production of
superoxide or other reactive oxygen and/or nitro-
gen species (ROS/RNS) [52]. The NADPH oxi-
dase pathway, the xanthine oxidase pathway, and
mitochondria are thought to contribute to the pro-
duction of ROS. ROS are naturally produced as a
consequence of mitochondrial energy production
and play important roles in mediating intracellular
signaling mechanisms. Superoxide that is pro-
duced in the vasculature can bind nitric oxide

(NO), thus binding NO and causing vasoconstric-
tion. The combination of superoxide and NO also
produces peroxynitrite, a strong oxidant that is a
vasodilator that with time causes tachyphylaxis
resulting in vasoconstriction. Peroxynitrite can
also oxidize other factors, such as the vasodilator,
prostacyclin, which causes vasoconstriction.

Oxidative stress has been implicated as
playing a role in mediating hypertension, since
treatment of adult male SHR with tempol, the
superoxide dismutase mimetic, causes a reduction
in their BP [56]. Adult female SHR do not
respond with a reduction in their BP when tempol
is given [19]. However, if SHR are given tempol
from weaning, there is an attenuation of their BP
in both males and females, suggesting that oxida-
tive stress may be playing a role in development
of hypertension in males and females but that
maintenance of hypertension in male, but not
female SHR, is mediated by oxidative stress.
Male SHR also have a depressor response to an
NADPH oxidase inhibitor, apocynin, whereas
females do not. Sullivan et al. [62] reported that
male SHR exhibit greater excretion of hydrogen
peroxide than females. Interestingly, the levels of
F2-isoprostanes, an indicator of oxidative stress,
is similar in plasma of male and female SHR, are
higher in kidney tissue of males than females, but
excretion rate of F2-isoprostanes is tenfold higher
in females than males. Plasma total antioxidant
capacity measured in serum is similar in males
and females, whereas basal and NADPH-
stimulated lucigenin chemiluminescence, an indi-
cator of NADPH oxidase activity, is not different
in kidneys of males and females, but higher in
aortae of male SHR. Thus the lack of a depressor
response to tempol is not due to lack of oxidative
stress in female SHR. Female mREN2 rats
are hypertensive and also do not respond to
tempol [42].

In order to evaluate the mechanisms responsi-
ble for the pressor response to oxidative stress, we
gave molsidomine, a drug that causes an increase
in both superoxide and nitric oxide. Molsidomine
caused an increase in BP in male SHR but not
females or male WKY controls [18]. The increase
in BP in males was accompanied by an increase in
lucigenin chemiluminescence, an indicator of
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increased oxidative stress, an increase in nitrate/
nitrite excretion, an index of NO production, and
an increase in renal expression of catalase and
glutathione peroxidase in WKY males, but not
SHR males [18, 19]. Because it was hypothesized
that the lack of a response in females was
mediated by the increased endogenous NO levels,
rats were given nitro-L-arginine methyl ester
(L-NAME), the nonselective NOS inhibitor,
after molsidomine treatment [35]. While
L-NAME increased the BP in females, there was
no protective effect with molsidomine.

Endothelial NOS requires cofactors, such as
calcium and tetrahydrobiopterin, for activity. In
oxidative stress situations, tetrahydrobiopterin is
converted to dihydrobiopterin causing the
“uncoupling” of eNOS, such that the enzyme
produces superoxide rather than NO. In male
SHR we tested the hypothesis that infusion of
tetrahydrobiopterin would circumvent the
increased production of superoxide thus causing
a reduction in BP. Studies in male SHR showed
that, indeed, tetrahydrobiopterin infusion did
reduce BP in male SHR; however, the mechanism
was independent of NO and was due instead to a
reduction in the synthesis of androgens
[17]. Since the BP in male SHR is androgen
dependent, a reduction in androgens mediated
the reduction in BP.

Unfortunately, there are no studies in humans
that suggest that oxidative stress contributes to
hypertension. Clinical trials using various
antioxidants, such as vitamin E or C, either have
shown no benefit to BP, or actually increased
BP. Although most studies said the data were
“factored for sex,” the data were evaluated sepa-
rately for men and women. Since in our studies
and others hypertension in female animals is inde-
pendent of oxidative stress, it is possible that the
antioxidants were effective in men, but not
women. In addition, the studies were performed
in individuals who had been hypertensive for
years. In our studies we found that if the NO
system is blocked, tempol and apocynin are inca-
pable of reducing BP in male SHR [73]. These
data suggest that an active NO system is neces-
sary for antioxidants to reduce the BP. If the
individuals in the clinical trials had significant

endothelial dysfunction and thus reductions in
synthesis of NO, then the antioxidant therapy
would not be expected to be effective. Perhaps
antioxidant therapy would be more beneficial
in younger men who have little endothelial
dysfunction.

Role of the Immune System

Although there have been numerous animal stud-
ies showing that T cells contribute to hyperten-
sion, the data in humans is less striking (see
review [50]). ACEI does reduce the number of
circulating CD4+ T cells. Data from the Multi-
center AIDS Cohort Study indicate that untreated
HIV-positive patients with chronically low num-
bers of CD4+ T cells have a lower prevalence of
systolic hypertension than treated HIV patients
and uninfected control subjects [57]. In addition,
Herrera et al. [25] showed in a small cohort of
essential hypertensive individuals receiving
mycophenolate mofetil (MMF), an inhibitor of T
cell production, for rheumatoid arthritis or psori-
asis, that their BP fell. When MMF was
discontinued, BP returned to previously high
levels, suggesting that amelioration of hyperten-
sion was the result of immune suppression.
Whether there are sex differences in the immune
system-mediated increase in BP in humans is
unknown, however.

Sex differences have been shown to be present
in the hypertension in SHR. Tipton et al. [65]
reported that there are sex differences in the
type of T cells that infiltrate the kidney in SHR.
They found that the circulating levels of anti-
inflammatory CD3+ and CD4+ and pro-
inflammatory CD3 + CD4 + RORγTh17 cells
were higher in female SHR than males and that
males had more immune-suppressive circulating
CD3 + CD4 + Foxp3+ T regulatory cells. The
kidneys of females also had higher levels of
CD8+ and T regulatory cells than males, whereas
kidneys of male SHR had higher levels of CD4+
and Th17 cells. MMF decreased BP in both male
and female SHR, but the reduction was greater
in the females, suggesting an immune component
in the hypertension in both males and females.
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Interestingly, unlike discussed above, experi-
mental hypertension in females that has an
immune component is responsive to antioxidants,
such as tempol or apocynin. For example, tempol/
apocynin [40] and MMF [64] reduce BP in a
mouse model of lupus erythematosus. In addition,
the reduced uterine perfusion pressure (RUPP)
model of preeclampsia, which mimics conditions
in women, is associated with increases in T(H)17
cells that secrete IL-17, autoantibodies activating
the AT1R (AT1-AA), and placental oxidative
stress [12]. Tempol not only reduced the BP in
the model [58] but also reduced urinary excretion
of F2-isoprostanes and AT1-AAs [12]. Why
immune system-mediated hypertension in
females is susceptible to antioxidants but not
SHR hypertension when the immune system is
activated in SHR females is not clear and requires
further study. Studies into the role played by the
immune system in hypertension in aging men and
women or animals, and whether or not there are
sex differences, are limited and will also require
additional research.

Role of Obesity and Metabolic
Syndrome

Obesity is a common risk factor for hypertension
in both men and women of all ages. Over 70% of
adults in the United States with hypertension are
currently overweight or obese [47]. Epidemiologi-
cal and longitudinal studies clearly demonstrate
an association between increasing body weight
and increasing BP, and the increase in prevalence
of hypertension increases with increasing BMI.
Whether there are gender differences in the
increase in BP with increasing body weight in
humans has not been studied to our knowledge.

Sex differences in BP have not been well stud-
ied in animal models of obesity. BP
measurements in males and females exist but in
most cases, have not been done at the same time
or by the same groups. For example, telemetry
studies in the obese, male MC4R knockout rat
show that their BP is not different than control
Wistar rats [60], whereas telemetry BP is signifi-
cantly higher in obese female MC4R knockout

rats than WT controls [39]. In addition, no studies
have been done in which the increase in body
weight has been correlated with BP level. Future
studies will need to be done to address this
question.

Role of Sex Steroids

Numerous studies have shown that sex steroids
affect BP. Acutely, both androgens and estrogens
cause vasodilation. In experimental animals,
chronic estrogens cause an increase in eNOS
expression [69] and thus cause vasodilation
which should reduce BP. Androgens have differ-
ent effects on BP whether they are given to males
or females. Postmenopausal women often have
elevated androgen levels. Women with polycystic
ovary syndrome (PCOS), the most common
endocrine abnormality in young reproductive-
aged women, develop elevated BP with chronic
androgen excess [2, 13].

BP increases in men and women as they age
and endogenous sex hormone levels drop [47]. As
mentioned previously, the prevalence of hyper-
tension increases more in women after meno-
pause when estrogen levels drop than in
age-matched men. However, the role that lack of
estrogens play in hypertension in postmenopausal
women is controversial. There have been no stud-
ies to our knowledge in which ambulatory BP has
been serially measured over the perimenopausal
transition. Hormone replacement therapy (HRT),
even with estradiol rather than conjugated equine
estrogens (CEE), has not been shown to consis-
tently lower BP in postmenopausal women. The
method of drug delivery, whether oral or trans-
dermal, whether estradiol or CEE, likely
contributes to the variable BP effect. In addition,
many studies have been short term (e.g., <
1 year). Ichikawa et al. [27] reported lower dia-
stolic and mean BP with transdermal HRT for
12 and 24 months in normotensive postmeno-
pausal women. In another study by Prelevic
et al. [45], healthy postmenopausal women who
had been taking HRT for at least 5 years had
blood pressures similar to untreated age-matched
controls or the BP was even higher than controls.
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A recent meta-analysis supports these previous
findings, that oral HRT had a neutral effect on
BP in both normotensive and hypertensive post-
menopausal women [29]. Transdermal estrogen
and micronized progesterone had a beneficial
effect on normotensive women, but had only a
neutral effect on hypertensive women. These data
do not support estrogens as being the major
modulator of BP control in postmenopausal
women.

Obesity is associated with reductions in andro-
gen synthesis in men and male animals. For exam-
ple, in the male obese Zucker rat, androgen levels
by 22 weeks of age are reduced by almost 70%
compared to their lean littermates [10]. By the time
these rats are 32 weeks of age, the obese rats have
elevated BP, whereas the lean rats do not. Testos-
terone supplements in the obese Zucker rats cause
a further increase in BP despite the fact that the
supplements reverse the inflammation, insulin
resistance, and hyperlipidemia. BP does not
increase with testosterone supplements in lean
Zucker rats. These data suggest that androgen
supplements in obese men may reduce some of
the cardiovascular risk factors, but care should be
taken to monitor their BP carefully.

Alternatively, as shown in Table 9.1, the
effects of androgens in women and female rats
are very different than in men or male rats.
Androgen supplements in normotensive female
Sprague-Dawley rats have the opposite effect as
in males and cause an increase in food intake, an
increase in body weight, increased inflammation
and hyperlipidemia, and an increase in BP
[76]. This is a model of polycystic ovary syn-
drome (PCOS) in women [36]. Women with
PCOS have elevated BP and many of them are
overweight or obese [15]. Because women with

PCOS are young when diagnosed, their elevated
BP often does not meet the current guidelines for
treatment. It remains to be seen how the SPRINT
may change those guidelines.

Female-to-male transsexual individuals who
take high doses of androgens for virilization also
develop PCOS-type symptoms [3], elevated BP,
and elevated endothelin levels [20]. In contrast,
men with various forms of hypogonadism display
significantly higher endothelin levels in compari-
son with age-matched healthy males, and testos-
terone therapy decreased ET-1 levels in these
individuals [7].

The mechanisms by which androgens can
increase BP in females are not clear. Androgen
supplements do not increase BP in female rats
that are null for CYP4A2 [9], one of the
ω-hydroxylases that produce 20-HETE,
suggesting that activation of the 20-HETE path-
way may contribute. Also, if the MC4R is
blocked or if the rats are MC4R null, androgens
fail to increase their BP [9], suggesting that an
active MC4R system is necessary to increase BP
in females with androgens.

Role of Endothelin

Endothelin is known to be one of the most potent
vasoconstrictors. A thorough review of sex
differences in endothelin (ET1), the receptors,
ETA and ETB, and the mechanisms responsible
is available elsewhere [20]. In postmenopausal
women, plasma endothelin levels are increased
[31], suggesting that endothelin may contribute
to the increased BP following menopause.

The mechanism by which endothelin increases
in postmenopausal women is not clear. However,
Ang II increases preproendothelin synthesis [1],
and thus activation of the RAS after menopause
could contribute to the elevated ET-1. While
untreated postmenopausal women have been
shown to have elevated levels of endothelin, hor-
mone replacement therapy (HRT) with either
micronized 17β-estradiol and dydrogesterone or
CEE and medroxyprogesterone results in further
increases in endothelin levels [11, 44]. Thus the

Table 9.1 Sex differences in response to androgens

Parameter
Obese Zucker
males

Female Sprague
Dawley rats

Body weight Decrease Increase

Inflammation Decrease Increase

Insulin resistance Decrease Increase

Cholesterol Decrease Increase

Blood pressure Increase Increase
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role that the endothelin system plays in mediating
gender differences in BP in humans remains to be
elucidated.

In young and old male and female SHR,
endothelin likely plays little role in their BP. In
aging females ETA receptor antagonism reduces
the BP by approximately 10 mmHg [72, 73, 75],
but the rats remain very hypertensive. If the three
systems, the RAS (with enalapril), 20-HETE
(with aminobenzotriazole (1-ABT)), and the
ETA receptor (with ABT-627 – Abbott Labs),
are all blocked together, the BP in old female
SHR is reduced to approximately 120 mmHg
[33]. These data suggest that in aging women,
especially those who have essential hypertension
that is hard to control, several drugs from differ-
ent categories of antihypertensives may be bene-
ficial in managing their BP.

Summary

Sex differences in BP control employ a myriad of
mechanisms and the mechanisms are different
whether the subjects are young or aging. As
shown in Fig. 9.1, in young male SHR, the hyper-
tension is mediated via androgens to activate the
MC4R and subsequently activate the sympathetic
nervous system. Androgens also activate the RAS
by increasing expression of angiotensinogen and
thus increasing renin activity leading to increases
in Ang II. In addition, androgens activate the
oxidative stress pathway and could in turn
increase RAS acitvity. In young female SHR,
sex steroids and the MC4R do not contribute to
the hypertension, and thus only activation of sym-
pathetic nervous system and the RAS control
their BP.

Young males Young females

hypertension hypertension

SNS
activation

SNS
activation

RAS
activation

RAS
activation

MC4R
activation

androgens

a b

Oxidative
stress

Fig. 9.1 Mechanisms
responsible for
hypertension in young male
(a) and female (b) SHR.
Abbreviations: MC4R
melanocortin-4 receptor,
SNS sympathetic nervous
system, RAS renin-
angiotensin system

Old males Old females  

hypertension hypertension

SNS
activation

SNS
activation

RAS
activation

RAS
activation

MC4R
activation

androgens

ET-1

20-HETE

a b

Oxidative 
stress

Fig. 9.2 Mechanisms
responsible for
hypertension in old male (a)
and female (b) SHR.
Abbreviations: MC4R
melanocortin-4 receptor,
SNS sympathetic nervous
system, RAS renin-
angiotensin system, ET-1
endothelin
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As shown in Fig. 9.2, the aging males do not
change their mechanisms responsible for the
hypertension. In aging females, however, there
is a role for RAS activation of both endothelin
(ET-1) and 20-HETE, both of which are
vasoconstrictors and increase the BP.

Future studies are needed to clarify the
mechanisms responsible for their hypertension,
whether they are similar or different than in
SHR, and then how these mechanisms can impact
the way hypertension in men and women is
addressed therapeutically, especially in this age
of “precision medicine.” The problem of
non-compliance with antihypertensive medi-
cations needs to be addressed to determine why
it is that the medications are not taken or are
dropped. To improve compliance, more educa-
tion is needed to convince individuals that despite
their current lack of symptoms without anti-
hypertensive medication, treatment of hyperten-
sion reduces the probability of them developing
major debilitating cardiovascular diseases, such
as myocardial infarction and stroke, later. Finally,
future studies are needed to develop new pharma-
cological tools to specifically address the various
mechanisms responsible for hypertension in men
and women individually in order to develop more
“precision medicine” approach.

Acknowledgments This work is supported by NIH
grants, R01HL66072, R01HL67028, P01HL51971, and
P20GM121334.

References

1. Alexander BT, Cockrell KL, Rinewalt AN, Herrington JN,
Granger JP. Enhanced renal expression of preproendothelin
mRNA during chronic angiotensin II hypertension. Am J
Physiol Regul Integr Comp Physiol. 2001;280:R1388–92.

2. Azziz R, Carmina E, Dewailly D, Diamanti-Kandarakis E,
Escobar-Morreale HF, Futterweit W, Janssen O, Legro R,
Normal R, Taylor A, Witchel S. Position statement: criteria
for defining polycystic ovary syndrome: an androgen excess
society guideline. J Clin Endocrinol Metab. 2006;91:4237–5.

3. Baba T, Endo T, Honnma H, et al. Association between
polycystic ovary syndrome and female-to male transsexuality.
Hum Reprod. 2006;22:1011–6.

4. Ben-Dov IZ, Kark JD, Ben-Ishay D, Mekler J, Ben-Arie L,
Bursztyn M. Predictors of all-cause mortality in clinical ambu-
latory monitoring. Unique aspects of BP during sleep. Hyper-
tension. 2007;49:235–1241.

5. Chappell MC. Biochemical evaluation of the renin-
angiotensin system: the good, bad, and absolute? Am J Physiol
Heart Circ Physiol. 2016;310:H137–52.

6. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green
LA, Izzo Jr JL, et al. National Heart, Lung, and Blood Institute
joint National Committee on prevention, detection, evaluation,
and treatment of high blood pressure: the JNC 7 report.
JAMA. 2003;289:256072.

7. Christakou C, Economou F, Livadas S, Piperi C,
Adamopoulos C, Marinakis E, Jdiamanti-Kandarakis
E. Strong and Positive association of endothelin-1 with
AGEs in PCOS: a causal relationship or a bystander?
Hormones (Athens). 2011;10:292–7.

8. da Silva AA, do Carmo JM, Kanyicska B, Dubinion J,
Brandon E, Hall JE. Endogenous melanocortin system activity
contributes to the elevated arterial pressure in spontaneously
hypertensive rats. Hypertension. 2008;51:884–90.

9. Dalmasso C, Maranon R, Patil C, Moulana M, Romero DG,
Reckelhoff JF. 20-HETE and CYP4A2 ω-hydroxylase con-
tribute to the elevated blood pressure in hyperandrogenemic
female rats. Am J Physiol Renal Physiol. 2016;311:F71–7.

10. Davis DD, Ruiz AL, Yanes LL, Iliescu R, Yuan K,
Moulana M, Racusen LL, Reckelhoff JF. Testosterone supple-
mentation in male obese Zucker rats reduces body weight and
improves insulin sensitivity but increases blood pressure.
Hypertension. 2012;59:726–31.

11. de Kraker AT, Kenemans P, Smolders RG, Kroeks MV, van
der Mooren MJ. Short-term effects of continuous combined
oestrogenprogestogen therapy on several cardiovascular risk
markers in healthy postmenopausal women; a randomized
control trial. Eur J Obstet Gynecol Reprod Biol.
2009;142:139–44.

12. Dhillion P, Wallace K, Herse F, Scott J, Wallukat G, Heath J,
Mosely J, Martin JN Jr, Dechend R, La Marca B. IL-17-
mediated oxidative stress is an important stimulator of
AT1-AA and hypertension during pregnancy. Am J Physiol
Regul Integr Comp Physiol. 2012;303:R353–8.

13. Diamanti-Kandarakis E. Polycystic ovarian syndrome: patho-
physiology, molecular aspects and clinical implications. Exp
Rev Molec Med. 2008;10:1–21.

14. do Carmo JM, da Silva AA, Wang Z, Fang T, Aberdein N,
Perez de Lara CE, Hall JE. Role of the brain melanocortins in
blood pressure regulation. Biochim Biophys Acta. 2017;1863
(10 Pt A):2508–14.

15. Escobar-Morreale HF, San Millan JL. Abdominal adiposity
and the polycystic ovary syndrome. Trends in Endocrinol
Metab. 2007;18:266–72.

16. Ezzati M, Lopez AD, Rodgers A, Vander Hoorn S, Murray
CJ. Comparative risk assessment collaborating group.
Selected major risk factors and global and regional burden of
disease. Lancet. 2002;360:134760.

17. Fortepiani LA, Reckelhoff JF. Treatment with tetrahydro-
biopterin reduces blood pressure in male SHR by reducing
testosterone synthesis. Am J Physiol Regul Integr Comp
Physiol. 2005a;R288:R733–6.

18. Fortepiani LA, Reckelhoff JF. Increasing oxidative stress with
molsidomine increases blood pressure in genetically hyperten-
sive rats but not normotensive controls. Am J Physiol Regul
Integr Comp Physiol. 2005b;289:R763–70.

19. Fortepiani LA, Reckelhoff JF. Role of oxidative stress in the
sex differences in blood pressure in spontaneously hyperten-
sive rats. J Hypertens. 2005c;23:801–5.

20. Gohar EY, Giachini FR, Pollock DM, Tostes RC. Role of
endothelin system in sexual dimorphism in cardiovasular and
renal diseaes. Life Sci. 2016;159:20–9.

9 Sex Differences in Regulation of Blood Pressure 149



21. Gu A, Burt VL, Paulose-Ram R, Dillon CF. Gender
differences in hypertension treatment, drug utilization
patterns, and blood pressure control am19 US adults with
hypertension: data from the national health and examination
survey 19992004. Am J Hypertens. 2008;21:78998.

22. Hall JE, Guyton AC, Brands MW. Control of sodium excre-
tion and arterial pressure by intrarenal mechanisms and the
renin-angiotensin system. In: Laragh JH, Brenner BM, editors.
Hypertension, pathophysiology, diagnosis, and management.
2nd ed. New York: Raven Press; 1995. p. 1452–75.

23. Hall JE, Guyton AC, Brands MW. Pressure-volume regulation
in hypertension. Kidney Int Suppl. 1996;55:S35–41.

24. Health, United States. National Center for Health Statistics.
With special feature on death abd dying. Hyattsville, MD
2011. Table 67 Hypertension and high blood pressure among
persons 20 years of age and over, by selected characteristics:
US, selected years 1988–1994 through 2005-2008, 2010.
p. 250–51.

25. Herrera J, Ferrebuz A, MacGregor EG, Rodriguez-Iturbe
B. Mycophenolate mofetil treatment improves hypertension
in patients with psoriasis and rheumatoid arthritis. J Am Soc
Nephrol. 2006;17(Suppl 3):S218–25.

26. Hsia J, Margolis KL, Eaton CB, et al. Prehypertension and
cardiovascular disease risk in the women’s health initiative.
Circulation. 2007;115:85560.

27. Ichikawa A, Sumino H, Ogawa T, Ichikawa S, Nitta K. Effects
of long term transdermal hormone replacement therapy on the
renin-angiotensin-aldosterone system, plasma bradykinin
levels and BP in normotensive postmenopausal women.
Geriatr Gerontol Int. 2008;8:259–64.

28. Iliescu R, Yanes LL, Bell W, Dwyer T, Baltatu OC,
Reckelhoff JF. Role of the renal nerves in blood pressure in
male and female SHR. Am J Physiol Regul Integr Comp
Physiol. 2006;290:R341–4.

29. Issa Z, Seely EW, Rahme M, El-Hajj Fuleihan G. Effects of
hormone therapy on blood pressure. Menopause.
2015;22:456–68.

30. Kim JK, Alley D, Seeman T, Karlamangla A, Crimmins
E. Recent changes in cardiovascular risk factors among
women and men. J Women’s Health (Larchmont).
2006;15:73446.

31. Komatsumoto S, Nara M. Changes in the level of endothelin-1
with aging. Nippon Ronen Igakkai Zasshi. 1995;32:664–9.

32. Lewington S, Clarke R, Qizilbash N, et al. Age-specific rele-
vance of usual blood pressure to vascular mortality. Lancet.
2002;360:190313.

33. Lima R, Yanes LL, Davis DD, Reckelhoff JF. Roles played by
20-HETE, angiotensin II and endothelin in mediating the
hypertension in aging female spontaneously hypertensive
rats. Am J Physiol Regul Integr Comp Physiol. 2013;304:
R248–51.

34. Ljungman C, Kahan T, Schiöler L, Hjerpe P, Hasselström J,
Wettermark B, Boström KB, Manhem K. Gender differences
in antihypertensive drug treatment: results from the Swedish
Primary Care Cardiovascular Database (SPCCD). J Am Soc
Hypertens. 2014;8:882–90.

35. Lopez-Ruiz AF, Iliescu R, Reckelhoff JF. Refractory blood
pressure in female SHR to increased oxidative stress is not
mediated by NO or by upregulation of renal antioxidant
enzymes. Am J Physiol Regul Integr Comp Physiol.
2010;298:R266–71.

36. Mannerås L, Cajander S, Holmäng A, Seleskovic Z, Lystig T,
Lönn M, Stener-Victorin E. A new rat model exhibiting both
ovarian and metabolic characteristics of polycystic ovary syn-
drome. Endocrinology. 2007;148:3781–91.

37. Maranon RO, Reckelhoff JF. Mechanisms responsible for
postmenopausal hypertension in a rat model: Roles of the
renal sympathetic nervous system and the renin-angiotensin
system. Physiol Rep. 2016;4:e12669.

38. Maranon RO, Lima R, Mathbout M, Do Carmo JM, Hall JE,
Roman RJ, Reckelhoff JF. Postmenopausal hypertension: role
of the sympathetic nervous system in an animal model. Am J
Physiol Regul Integr Comp Physiol. 2014;306:R248–56.

39. Maranon R, Lima R, Spradley FT, do Carmo JM, Zhang H,
Smith AD, Bui E, Thomas RL, Moulana M, Hall JE, Granger
JP, Reckelhoff JF. Roles for the sympathetic nervous system,
renal nerves, and CNS melanocortin-4 receptor in the elevated
blood pressure in hyperandrogenemic female rats. Am J
Physiol Regul Integr Comp Physiol. 2015;308:R708–13.

40. Mathis KW, Venegas-Pont M, Masterson CW, Stewart NJ,
Wasson KL, Ryan MJ. Oxidative stress promotes hyperten-
sion and albuminuria during the autoimmune disease systemic
lupus erythematosus. Hypertension. 2012;59:673–9.

41. Mosca L, Banka CL, Benjamin EJ, Berr K, Bushnell C,
Ganiats T, et al. Update: American Heart Association
evidence-based guidelines for cardiovascular disease 2007
update. Circulation. 2007;115:1481–501.

42. Nautiyal M, Shaltout HA, de Lima DC, do Nascimento K,
Chappell MC, Diz DI. Central angiotensin-(1-7) improves
vagal function independent of blood pressure in hypertensive
(mRen2)27 rats. Hypertension. 2012;60:1257–65.

43. Ong KL, Cheung BM, Man YB, Lau CP, LamKS. Prevalence,
awareness, treatment and control of hypertension among
United States adults 1999–2004. Hypertension. 2007;49:6975.

44. Polderman KH, Stehouwer CD, van Kamp GJ, Dekker GA,
Verheugt FW, Gooren LJ. Influence of sex hormones on
plasma endothelin levels. Ann Intern Med. 1993;118:429–32.

45. Prelevic GM, Kwong P, Byrne DJ, Jagroop IA, Ginsburg J,
Mikhailidis DPA. Cross-sectional study of the effect of hor-
mone replacement therapy on cardiovascular disease risk pro-
file in healthy postmenopausal women. Fertil Steril.
2002;77:945–51.

46. Reckelhoff JF, Fortepiani LA. Novel mechanisms responsible
for postmenopausal hypertension. Hypertension.
2004;43:918–23.

47. Reckelhoff JF, Wofford M. Chapter 70: Hypertension in
women. In: Rexrode K, Wickline M, editors. Women and
health. 2nd ed. New York: Elsevier; 2012.

48. Reckelhoff JF, Zhang H, Granger JP. Testosterone exacerbates
hypertension and reduces pressure-natriuresis in male sponta-
neously hypertensive rats. Hypertension. 1998;31:435–9.

49. Reckelhoff JF, Zhang H, Srivastava K. Gender differences in
development of hypertension in spontaneously hypertensive
rats: role of the renin-angiotensin system. Hypertension.
2000;35:480–3.

50. Rodriguez-Iturbe B, Pons H, Johsnon RJ. Role of the immune
system in hypertension. Physiol Rev. 2017;97:1127–64.

51. Roman RJ. P-450 metabolites of arachidonic acid in the con-
trol of cardiovascular function. Physiol Rev. 2002;82:131–85.

52. Romero JC, Reckelhoff JF. State-of-the-Art lecture. Role of
angiotensin and oxidative stress in essential hypertension.
Hypertension. 1999;34:943–9.

53. Routledge FS, McFetridge-Durdle JA, Stress DCR. Meno-
pausal status and nocturnal BP dipping patterns among hyper-
tensive women. Can J Cardiol. 2009;25:e157–63.

54. Sarganas G, Neuhauser HK. The persisting gender gap in
hypertension management and control in Germany: 1998 and
2008-2011. Hypertens Res. 2016;39:457–66.

55. Sartori-Valinotti JC, Iliescu R, Yanes LL, Dorsett-Martin W,
Reckelhoff JF. Sex differences in the pressor response to

150 J. F. Reckelhoff



angiotensin II when the endogenous renin-angiotensin system
is blocked. Hypertension. 2008;51:1170–6.

56. Schnackenberg CG, Welch WJ, Wilcox CS. Normalization of
blood pressure and renal vascular resistance in SHR with a
membrane-permeable superoxide dismutase mimetic: role of
nitric oxide. Hypertension. 1998;32:59–64.

57. Seaberg EC, Muñoz A, LuM, Detels R, Margolick JB, Riddler
SA, Williams CM, Phair JP. Multicenter AIDS cohort study.
Association between highly active antiretroviral therapy and
hypertension in a large cohort of men followed from 1984 to
2003. AIDS. 2005;19:953–60.

58. Sedeek M, Gilbert JS, LaMarca BB, Sholook M, Chandler
DL, Wang Y, Granger JP. Role of reactive oxygen species in
hypertension produced by reduced uterine perfusion in preg-
nant rats. Am J Hypertens. 2008;21:1152–6.

59. SPRINT Research Group, Wright JT Jr, Williamson JD,
Whelton PK, Snyder JK, Sink KM, Rocco MV, Reboussin
DM, Rahman M, Oparil S, Lewis CE, Kimmel PL, Johnson
KC, Goff DC Jr, Fine LJ, Cutler JA, Cushman WC, Cheung
AK, Ambrosius WT. A randomized trial of intensive versus
standard blood pressure control. N Engl J Med.
2015;373:2103–16.

60. Stepp DW, Osakwe CC, Belin de Chantemele EJ, Mintz
JD. Vascular effects of deletion of melanocortin-4 receptors
in rats. Physiol Rep. 2013;1:e00146.

61. Stolarz K, Staessen JA, O’Brien ET, Night-time BP. Dipping
into the future? J Hypertension. 2002;21:2131–3.

62. Sullivan JC, Sasser JM, Pollock JS. Sexual dimorphism in
oxidant status in spontaneously hypertensive rats. Am J
Physiol Regul Integr Comp Physiol. 2007;292:R764–8.

63. Swart R, van Rooyen JM, Mels CMC. Change in renin,
cardiovascular and inflammatory markers over three years in
black and white population: the SABPA Study. BMC
Cardiovasc Disord. 2017;17:104.

64. Taylor EB, Ryan MJ. Immunosuppression with
mycophenolate mofetil attenuates hypertension in an experi-
mental model of autoimmune disease. J Am Heart Assoc.
2017;27:6.

65. Tipton AJ, Baban B, Sullivan JC. Female spontaneously
hypertensive rats have greater renal anti-inflammatory T lym-
phocyte infiltration than males. Am J Physiol Regul Integ
Comp Physiol. 2012;303:R359–67.

66. Tyson CC, Coffman TM. In the wake of systolic blood pres-
sure intervention trial: new targets for improving hypertension
management in chronic kidney disease? Nephron.
2017;135:287–90.

67. Venegas-Pont M, Sartori-Valinotti JC, Glover PH, Reckelhoff
JF, Ryan MJ. Sexual dimorphism in the blood pressure
response to angiotensin II in mice after angiotensin converting
enzyme blockade. Am J Hypertens. 2010;23:92–6.

68. Verdecchia P, Porcellati C, Schillaci G, Borgioni C, Ciucci A,
Battistelli M, et al. An independent predictor of prognosis in
essential hypertension. Hypertension. 1994;24:793–801.

69. Weiner CP, Lizasoain I, Baylis SA, Knowles RG, Charles IG,
Moncada S. Induction of calcium-dependent nitric oxide

synthases by sex hormones. Proc Natl Acad Sci USA.
1994;91:5212–6.

70. Wenger NK, Ferdinand KC, Bairey Merz CN, Walsh MN,
Gulati M, Pepine CJ. American College of Cardiology Car-
diovascular Disease in women committee. Women, hyperten-
sion, and the systolic blood pressure intervention trial. Am J
Med. 2016;29:1030–6.

71. Xue B, Pamidimukkala J, Hay M. Sex differences in the
development of angiotensin II induced hypertension in con-
scious mice. Am J Physiol Heart Circ Physiol. 2005;288:
H2177–84.

72. Yanes LL, Romero DG, Cucchiarelli VE, Fortepiani LA,
Gomez-Sanchez CE, Santacruz F, Reckelhoff JF. Role of
endothelin in mediating postmenopausal hypertension in a
rat model. Am J Physiol Regul Integr Comp Physiol.
2005a;288:R229–33.

73. Yanes L, Romero D, Iliescu R, Cucchiarelli VE, Fortepiani
LA, Santacruz F, Bell W, Zhang H, Reckelhoff JF. Systemic
arterial pressure response to two weeks of Tempol therapy in
SHR: involvement of NO, the RAS, and oxidative stress. Am J
Physiol Regul Integr Comp Physiol. 2005b;288:R903–8.

74. Yanes LL, Romero DG, Iles JW, Iliescu R, Gomez-Sanchez C,
Reckelhoff JF. Sexual dimorphism in the renin-angiotensin
system in aging spontaneously hypertensive rats. Am J
Physiol Regul Integr Comp Physiol. 2006;291:R383–90.

75. Yanes LL, Lima R, Moulana M, Romero DG, Yuan K, Ryan
MJ, Baker R, Zhang H, Fan F, Davis DD, Roman RJ,
Reckelhoff JF. Postmenopausal hypertension: role of
20-HETE. Am J Physiol Regul Integr Comp Physiol.
2011a;300:R1543–8.

76. Yanes LL, Romero DG, Moulana M, Lima R, Davis DD,
Zhang H, Lockhart R, Racusen LC, Reckelhoff JF.
Cardiovascular-renal and metabolic characterization of a rat
model of polycystic ovary syndrome. Gend Med.
2011b;8:103–15.

77. Yi X, Han Z, Zhou Q, Lin J, Liu P.
20-Hydroxyeicosatetraenoic acid as a predictor of neurologi-
cal deterioration in acute minor ischemic stroke. Stroke.
2016a;47:3045–7.

78. Yi X, Wu L, Liao D, Wang C, Zhang B. Interactions among
CYP2C8, EPHX2, and CYP4A11 variants and CYP plasma
metabolite levels in ischemic stroke. J Atheroscler Thromb.
2016b;23:1286–93.

79. Zhang F, Chen CL, Qian JQ, Yan JT, Cianflone K, Xiao X,
Wang DW. Long-term modifications of blood pressure in
normotensive and spontaneously hypertensive rats by gene
delivery of rAAV-mediated cytochrome P450 arachidonic
acid hydroxylase. Cell Res. 2005;15:717–24.

80. Zimmerman MA, Harris RA, Sullivan JC. Female spontane-
ously hypertensive rats are more dependent on ANG (1-7) to
mediate effects of low-dose AT1 receptor blockade than
males. Am J Physiol Renal Physiol. 2014;306:F1136–42.

81. Zu L, Guo G, Zhou B, Gao W. Relationship between
metabolites of arachidonic acid and prognosis in patients
with acute coronary syndrome. Thromb Res.
2016;144:192–201.

9 Sex Differences in Regulation of Blood Pressure 151



Arterial Flow, Pulse Pressure and Pulse
Wave Velocity in Men and Women at
Various Ages

10

Alberto P. Avolio, Tatiana Kuznetsova , Guy R. Heyndrickx ,
Peter L. M. Kerkhof , and John K.-J. Li

Art work by Piet Michiels, Leuven, Belgium

Abstract

The increase in pulse pressure (PP) that occurs
with advancing age is predominantly due to
reduced arterial distensibility leading to
decreased aortic compliance, particularly in
the elderly, in whom high blood pressure
mainly manifests as isolated systolic hyperten-
sion. Since age-related changes in stroke vol-
ume are minimal compared with changes in
PP, PP is often considered a surrogate measure
of arterial stiffness. However, since PP is
determined by both cardiac and arterial func-
tion, a more precise and reliable means of
assessment of arterial stiffness is arterial
pulse wave velocity (PWV), a parameter that
is only dependent on arterial properties. Arte-
rial stiffness as measured by PWV has been
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found to be a powerful pressure-related indi-
cator for cardiovascular morbidity and mortal-
ity. We analyzed PP and PWV in men and
women of various age groups in healthy
volunteers as well as cardiac patients with
different types of diseases. The findings
identified several striking sex-specific
differences which demand consideration in
guidelines for diagnostic procedures, for epi-
demiological analysis, and in evaluation of
therapeutic interventions.

Keywords

Pulse pressure · Blood pressure · Aging arterial
system · Arterial compliance · Sex-specific
analysis · Pulse wave velocity · Cardio-ankle
vascular index · Augmentation index

Basic Components: Pressure,
Diameter, Flow

Characteristics of pulsatile pressure and flow are
important physical attributes for investigation of
vascular physiology. Physical aspects of
relationships of pressure and flow are most pro-
nounced in the systemic arterial vasculature
because of the relatively high pressure levels
and the strong pulsatile nature of these phenom-
ena [1]. While it is important to continuously
record the frequency-dependent characteristics
of pressure and flow waveforms, in humans
such accurate measurements are only feasible
during catheterization. Much progress in the
field has been based on early investigations
performed in chronically instrumented animals
quantifying pulsatile phenomena in arteries [2]
and vascular and ventricular function [3, 4]. An
example is presented in Fig.10.1, showing aortic
diameter, flow, and left ventricular (LV) pressure
and ECG, all sampled at 250 Hz. Using similar
techniques, simultaneous aortic pressure and
diameter have been measured to calculate visco-
elastic properties of the aorta in fetal sheep,
exercising lambs and adult animals [5]. Pulsatile

properties of the arterial system interact with the
pumping behavior of the ventricle, implying that
the study of ventricular-arterial coupling attracted
considerable interest, also by clinicians. A popu-
lar approach to study coupling refers to the ratio
of ventricular and effective arterial elastance
[6]. However, if simply defined as the ratio of
SV and ESV, then this index does not reveal
anything that is superior to the (problematic) met-
ric of ejection fraction. In the present survey, we
will not address these aspects and limit ourselves
to arterial pressure and its derived metrics.

In clinical practice, one often has to rely on
noninvasive measurements yielding systolic pres-
sure (Ps) and diastolic pressure (Pd) and their
difference, Ps-Pd, the pulse pressure (PP). An
elevated PP is a powerful independent predictor
of cardiovascular end points in the elderly

Fig. 10.1 Various calibrated recordings obtained from a
chronically instrumented conscious dog. They include left
ventricular (LV) pressure, proximal aortic (Ao) diameter
(D), and aortic root flow. The registration shows a sponta-
neous premature beat with reduced ventricular pressure
generation which fails to open the aortic valve. As a result
there is no aortic flow, while the aortic diameter continu-
ous to relax leading to a transient increase of peak flow
during the next beat. (Data from [4])
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[7]. This has been confirmed in large cohorts such
as the Framingham Heart Study [8]. The impor-
tant observation is that whereas systolic pressure
continues to rise with age in both men and
women, diastolic pressure increases up to the
age of 55 and then decreases. It is at this age
that the systolic pressure for men and women
diverge, with women showing a steeper increase
with age [9] (Fig. 10.2). In addition, males and
females also show different degrees of pressure
pulse amplification between the aorta and bra-
chial artery as observed in a large global survey
of central aortic blood pressure which aimed to
established reference values in a healthy
population [10].

From youth to middle age, men consistently
have significantly higher systolic and diastolic
pressures than women. The significantly increased

PP in women after age 55 is clearly observed in
these healthy subjects, due to a greater increase in
systolic pressure and similar decrease in diastolic
pressure as compared with men.

In a recent study [11], four-dimensional
(4D) flow MRI at 1.5T and 3T was used for the
assessment of three-dimensional (3D) blood flow
in the thoracic aorta in 98 healthy subjects (aged
9–78 years, 41 women). Subjects were cate-
gorized into age groups with divisions at
15, 20, 40, and 60 years. Data analysis included
the 3D segmentation of the aorta, aortic valve
peak velocity, mid-ascending aortic diameter
(normalized by BSA), and calculation of flow
velocity distribution descriptors (mean, median,
standard deviation, incidence of velocities >1 m/s,
skewness, and kurtosis of aortic velocity magni-
tude). Men and women revealed significant

Fig. 10.2 The significant
increase in pulse pressure in
women compared to men
after age 55 in healthy
subjects is due to a greater
increase in systolic pressure
and similar decrease in
diastolic pressure. (Data
From [9], reproduced with
permission)
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differences (p� 0.05) for peak velocity, incidence,
mean, median, standard deviation, and skewness,
all adjusted by heart rate. Results are graphically
summarized in Fig. 10.3. The authors conclude
that age and sex should be considered for assess-
ment of the impact of cardiovascular disease on
aortic blood flow.

Methods to Study Vascular Properties

Arterial Pressure and PWV in Humans

Population Studies
In population studies, blood pressure measure-
ments were performed with conventional brachial
cuff sphygmomanometry using auscultatory or
oscillometric methods. PWV measurements
were performed as a means of noninvasive assess-
ment of arterial stiffness. Increased arterial stiff-
ness and reduced large artery compliance have
been found in large population studies with dif-
ferent prevalence of hypertension [12]. PWV is
readily obtained during measurement of arterial
pulses; it has become a most commonly measured

index of vascular stiffness. In experimental
studies, PWV has been found to increase with
increasing pressure and also increase in wave
reflections. In this context, PWV is most com-
monly measured from foot-to-foot pulse transit
time (PTT) over a given distance (d) and
computed as PWV ¼ d/PTT. When the pressure
wave is available, pulse wave analysis is
performed to obtain a central aortic pressure
waveform using mathematical transformations
[13] from which wave indices are obtained such
as augmentation index (AIx) to quantify the effect
of increased systolic pressure augmentation due
to wave reflections. AIx is calculated from the
ratio of augmented pressure from the first systolic
shoulder and PP. Similar analysis using central
aortic wave components has been shown to dis-
criminate the potential for predisposition to
myocardial ischemia in women in a study of
1628 cardiology outpatients (590 females) [14].

The population studies reported are from a
cohort of healthy volunteers (N ¼ 987) with no
hypertension or diabetes, nor clinically detectable
heart disease, and not taking medication that
would be interfering with cardiac function.

Fig. 10.3 Spider plots showing that the velocity magni-
tude distribution analysis of values for aortic blood flow
depends on age and sex in healthy humans. Individuals
(N ¼ 98) were subdivided into five age groups (panel a),

while analysis was carried out separately for men and
women (N¼ 41) in (panel b). (Data from [11], reproduced
with permission)
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Pressure-Independent Measure
of Arterial Stiffness: Pulse Wave Velocity
and Cardio-Ankle Vascular Index

Since PWV as a measure of arterial stiffness is
pressure dependent, a pressure-independent
index, the cardio-ankle vascular index (CAVI),
has been developed [15] and provides a measure
of arterial stiffness based on ECG, heart sounds,
and PTT of brachial and ankle pulses (indicated
as T in Fig. 10.4). However, due to the inherent

assumptions involving underlying relationship
between pressure and diameter and measurement
of reference pressure, the measurement as pro-
posed still contains some residual pressure depen-
dency. Methods have been recently proposed to
correct for this form conventional measurements
of CAVI [16].

Studies in Children
In children studies reported here, similar tech-
niques in adults were used for measurement of

Fig. 10.4 (a) Method for measurement of cardio-ankle
vascular index (CAVI). Principles and calculations used to
define CAVI are based on capture of the aortic valve
closure using a microphone and wave analysis using
cuffs on the arm and leg. [Data from [17], with

permission]. (b) Theoretical association of quantities
associated with CAVI in relation to the nonlinear relation-
ship between pressure and vessel diameter. (Data from
[18], reproduced with permission)
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blood pressure and PWV. However, since the
transfer function techniques are validated only
for adult subjects for determination of central
aortic pressure [13], some studies have used the
carotid waveform as a surrogate of the central
aortic pressure wave [19, 20].

Catheterization Studies
Blood pressure was measured invasively in
patients admitted to the catheterization laboratory
for evaluation of chest pain and dyspnea. Prior
to biplane angiography, blood pressure was
recorded in the proximal aorta by an intra-arterial
fluid line connected to an external pressure trans-
ducer (Statham P23Db). With lines thoroughly
flushed, the manometer system has an adequate
frequency response for reliable measurement of
peak pressures and detection of pulse waveform
features. LV volumes were determined by the
area-length method.

Results

Populations Studies

The clinical and hemodynamic characteristics for
the healthy cohort (N ¼ 987) are described in
Table 10.1. Men have higher brachial systolic
and diastolic pressures compared to women,
with both having similar brachial PP. However,
for similar brachial PP and lower aortic PWV,
women have higher central aortic PP. Relation-
ships between components of blood pressure,
PWV, and age are given in the various panels of
Figs. 10.5 and 10.6.

Figure 10.7 shows the blood pressure compo-
nent associated with CAVI, which slightly but
significantly declines with age, although it is gen-
erally higher in women for the younger range.
However, CAVI value is lower in women at all
ages from a study in a large urban Japanese cohort

Table 10.1 Clinical and haemodynamic characteristics of 987 healthy subjects

Characteristics Men (n ¼ 475) Women (n ¼ 512)

Anthropometrics

Age, y 45.4 � 14.4 46.0 � 14.1

Body weight, kg 82.9 � 13.0 68.7 � 13.4{
Body height, cm 177.7 � 6.7 164.4 � 6.7{
Body mass index, kg/m2 26.2 � 3.80 25.4 � 4.49{
Brachial systolic BP, mm Hg 129.1 � 13.9 122.8 � 15.2{
Brachial diastolic BP, mm Hg 83.0 � 9.8 77.7 � 9.0{
Brachial PP, mm Hg 46.2 � 10.8 45.0 � 11.5

MAP, mm Hg 101.4 � 10.3 95.7 � 10.5{
Heart rate, beats/minute 62.6 � 8.6 65.9 � 9.1{

Questionnaire data

Current smoking, n (%) 94(19.8) 90 (17.6)

Drinking alcohol, n (%) 414 (87.2) 316 (61.7){
Hypertensive, n (%) 139 (29.3) 79 (15.4){

Central haemodynamics and stiffness

Central PP, mm Hg 34.6 � 10.8 37.0�12.9{
Pulse wave velocity, m/s 7.34 � 1.57 6.91�1.53{

Values are mean (�SD) or number of subjects (%). {P � 0.01; {P � 0.001; BP blood pressure, MAP mean arterial
pressure, PP pulse pressure
Data in table from T. Kuznetzova
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Fig. 10.5 Univariate correlations between central hemodynamics and arterial stiffness with peripheral BP components
in men (blue) and women (red)
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(N ¼ 32,627) [15] (Fig. 10.8). (Note: Figs. 10.7
and 10.8 show different variables on the ordi-
nate). Other studies show that a high CAVI in
women is associated with a greater left ventricular
mass index [21].

As seen in Table 10.1, women have similar
brachial PP compared to men but greater central
aortic PP. This can be explained by a relatively
higher systolic augmentation in women as shown
in Fig. 10.9 between second and seventh decades.
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Fig. 10.6 Univariate correlations of peripheral BP components, central hemodynamics, and arterial stiffness with age in
healthy men (blue) and women (red)
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Studies in Children

Sex Differences in Blood Pressure
in Children and Adolescents
Blood pressure in children and young adults
tends to increase in both males and females.
However, changes are more varied during
puberty given the different rates of growth in
both sexes. A study in over 32,000 normal-weight
Chinese adolescents (aged 12–17 years) [23]
shows marked differences in systolic and dia-
stolic pressure between males and females when
controlling for age and height (Fig. 10.10).

A study in Australian children assessed the
differences in blood pressure and components of
PP (augmentation index) at age 8 [19]) and then
again at age 14 [20]. At age 8, there was no
difference in systolic or diastolic pressure and
height and weight similar for boys and girls.
However, girls had a relatively higher systolic
augmentation than boys. This was similar at age
14, with a statically different lower height in girls.

The relatively higher systolic augmentation
of central aortic pressure seen in prepubescent
girls compared to boys is continued through the
growth phase and into adulthood (Fig. 10.9)

Fig. 10.7 Distribution of
the pressure-associated
component of the cardio-
ankle vascular index
(CAVI) versus age in
healthy individuals shown
for males and females
separately. CAVI is
obtained by multiplication
with pulse wave velocity
squared. (Data from
T. Kuznetsova)
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[22]. In this study significant differences are found
after the fourth decade, suggestive of the time
when systolic pressure in females overtakes than
in males (Fig. 10.2, Table 10.2).

Catheterization Studies

Figures 10.11, 10.12, 10.13, 10.14, and 10.15 pres-
ent relationships of invasive pressure measure-
ments in a cohort of cardiac patients (n ¼ 301)
evaluated during catheterization procedures.
Table 10.3 summarizes pressure data (systolic, dia-
stolic, mean, and pulse pressure) obtained in the
proximal aorta, stratified for sex. All measures,
apart from diastolic pressure, are significantly dif-
ferent when males and females are compared.
Despite the higher afterload (as reflected by mean
aortic pressure), women have a higher ejection
fraction (EF). Figure 10.16 shows how peripheral

resistance (Rs, calculated as mean pressure divided
by cardiac output) relates to arterial compliance
(C, based on PP and stroke volume). The curves
for men and women almost coincide, with no sig-
nificant differences for Rs and C.

Discussion

Systolic Pressure, Diastolic Pressure,
and Pulse Pressure

The chapter has presented data on arterial func-
tion parameters such as blood pressure and
arterial stiffness measures for men and women
over the adult lifespan and also in children and
adolescents. Measurements were performed non-
invasively in population cohorts and invasively in
patients during cardiac catheterization.

Table 10.2 Blood pressure components in a similar cohort of boys and girls at age 8 and followed up at age 14

Age 8 Age 14

Boys Girls p Boys Girls p

Height (m) 1.29 � 0.06 1.28 � 0.06 ns 1.66 � 0.80 1.60 � 0.0.06 <0.001

Weight (kg) 29.4 � 6.7 28.9 � 6.7 ns 59.2 � 13.88 58.4 � 12.32 ns

bSBP mmHg 100 � 7 101 � 7 ns 115 � 10.3 113 � 9.5 ns

bDBP mmHg 59 � 6 60 � 5 ns 64 � 6.0 66 � 7.1 ns

cSBP mmHg 93 � 8 95 � 8 ns 102.8 � 12.53 100.1 � 10.52 ns

AIx@75 (%) �18 � 11.0 �13.1 � 9.0 <0.001 �32.3 � 12.37 24.5 � 12.14 <0.001

cAP mmHg �6.1 � 3.8 �4.2 � 3.2 <0.001 �11.4 � 6.54 �8.5 � 5.36 <0.01

Data from [19, 20]
bSBP Brachial systolic pressure, bDBP brachial diastolic pressure, cSBP central (carotid) systolic pressure, AIx
augmentation index at heart rate of 75 bpm, AP augmentation pressure

Fig. 10.11 The pulse
pressure (PP) as related to
systolic arterial pressure in
cardiac patients (M vs F)
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The heart and the arterial system interact
dynamically on a beat-to-beat basis. No attempt
is made here to separate the components of pulsa-
tile pressure and flow due to the contraction of the
left ventricle from those of the arterial system. We
addressed how systolic pressure, diastolic pres-
sure, and PP are affected by age and sex in
healthy and cardiovascular disease states; PWV
is selected as an index of vascular stiffness, as it is
solely dependent on the properties of the arterial
system.

The principal reason many consider the impor-
tance of systolic pressure over diastolic pressure

is that systolic pressure is associated with ventric-
ular ejection and is the principal driving pressure
for perfusion [1]. Additionally, it has long been
thought that systolic time index is critical in deter-
mining the energy expenditure of the heart. Thus,
a higher systolic arterial pressure signals a greater
afterload to ventricular ejection.

The increase in PP is also predominantly due to
an increase in systolic pressure, as we have shown
here (Fig. 10.6). Note that when systolic pressures
are mostly within the normal range, there is little
observed difference between the sexes, but the
differences become striking at higher pressure

Fig. 10.12 The pulse
pressure (PP) as related to
diastolic arterial pressure in
cardiac patients (M vs F)

Fig. 10.13 The systolic
pressure, Ps, as related to
age in cardiac patients
(M vs F)
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Fig. 10.14 The diastolic
pressure, Pd, as related to
age in cardiac patients
(M vs F)

Fig. 10.15 The pulse
pressure as related to age in
cardiac patients (M vs F)

Table 10.3 PP statistics for the 301 cardiac patients (185 males)

Ao-meanP mmHg LVEF % Ao-SBP mmHg Ao-DBP mmHg Ao-PP mmHg

Males

Mean 95.1 61.7 136.7 69.9 66.9

SD 16.4 17.9 29.2 13.8 25.6

Females

Mean 100.4 70.3 148.9 70.4 78.5

SD 18.3 16.7 31.4 14.2 25.6

p 0.011 <0.001 <0.001 0.76 <0.001

SD Standard deviation, Ao-SBP Aortic systolic pressure, Ao-DBP Aortic diastolic pressure, Ao-PP Aortic pulse pressure,
p values designates level of significance for difference between males and females
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levels. Of course, these relations may be altered in
differing pathological conditions.

The American Heart Association defines hyper-
tension as a systolic/diastolic pressure greater than
140/90 mmHg (recently [late 2017] revised to
130/80 mmHg). With age, the tendency toward
hypertension is only related to systolic pressure
from the Framingham Study, particularly for
elderly women (Fig. 10.2). Since there is a decline
in diastolic pressure, PP is greater with age and
much more significantly so in elderly women than
men (Fig. 10.2). Our findings support this view
(Figs. 10.5 and 10.6). The increase in PP is mostly
due to significantly increased systolic pressure.
Such increase in PP is exaggerated further with a
greater increase in systolic pressure (Fig. 10.5),
rather than the decrease in diastolic pressure. It
is this large increase in systolic pressure with
increasing age that isolated systolic hypertension
(ISH) has been found to be more prevalent in the
elderly (also from the Systolic Hypertension in the
Elderly Program or (SHEP) study [24]. And the
rate of ISH is higher in women than men. ISH is
generally defined as a blood pressure greater than
160/90 mmHg.

In cardiac patients, the increase in PP due to
the increase in systolic pressure is accentuated
(greater slope; Fig. 10.11 vs Fig.10.5), although
the differences between sexes are small. This is
due to compounded arterial hypertension in many
such cardiac patients (Fig. 10.11). The somewhat
muted increase in diastolic pressure (Fig. 10.12)
showed significant differences among the sexes.
Since aortic diastolic pressure serves as the perfu-
sion pressure to the coronary arteries, cardiac

patients with hypertension do not receive the
benefit of increased coronary perfusion pressure.
This aspect is also clear from our data
(Fig. 10.14). The higher overall PP in female
cardiac patients with associated hypertension
may signal a higher overall mortality in this
group of elderly women.

Increased PP and PWV, both of which have
been shown to be directly related to increased
vascular stiffness, are major risk factors of coro-
nary heart disease and stroke. It should be noted
here that PWV measured over a long distance is
less characteristic of the individual or regional
arterial stiffness [1, 25]. In this regard, the CAVI
can be said to provide a measure of “average”
arterial stiffness over the measurement distances
or pulse transmission path.

Central and Peripheral Arterial Function

Overall arterial function is essentially determined
by the compliance of the large arteries and resis-
tance of the peripheral vessels, as characterized
by the Windkessel model. Peripheral muscular
arteries are stiffer than central aorta. As such,
the increased stiffness found in hypertensive
patients is mostly due to reduced compliance in
the aorta rather than that in peripheral arteries,
(e.g., radial or femoral arteries). The elastic mod-
ulus is much higher in these peripheral arteries
than in the central aorta, for both sexes [26]. Thus,
a change in increased PWV is less if measured in
the radial artery of hypertensive patients than that
in the central aorta.

Fig. 10.16 The
asymptotic inverse
relationship between
peripheral resistance, Rs,
and arterial compliance, C,
in male and female heart
failure patients.
Calculations based on mean
arterial pressure, cardiac
output, stroke volume, and
pulse pressure. Average
values for Rs and C do not
differ for males and females
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Characterization of the arterial system by the
Windkessel model is prescribed by the diastolic
aortic pressure decay time constant τ, i.e., the
product of total peripheral resistance (Rs) and
total arterial system compliance. Since the aorta
contributes largely to the total arterial compli-
ance, (C) has been used to reflect the compliance
of the aorta. Since τ ¼ Rs C, the relation between
Rs and C is curvilinear or, more precisely, inverse
asymptotic, as seen in Fig. 10.16. Rs is defined as
the ratio of mean pressure to mean flow in this
context. Thus, for any given mean pressure or
peripheral resistance, total arterial compliance is
lower in females than in males. This sex difference
is significant at increased vascular stiffness or
greatly reduced compliance. Reduced aortic com-
pliance has been found in coronary artery disease
patients [27], thus it is not surprising that
Fig. 10.16 reflects greatly reduced compliance
values as compared with normal in both male and
female patients with heart failure. Systolic hyper-
tension, which is prevalent in the elderly, has been
found to be associated with a much greater reduc-
tion in arterial compliance than a moderate
increase in peripheral resistance [28, 29].

Increased pulse wave reflections are associated
with a reduced arterial compliance and exhibit a
greater influence on the pressure pulse than that
by peripheral resistance [30]. Wave reflection
also has considerable impact on the propagating
pulse wave [31]. Although not equivalent, AIx
has been more popularly used in the clinical
setting to describe the effect of wave reflections.

AIx measured in central arteries, such as the
carotid artery [22], showed increasing values of
AIx with age. The difference in AIx between male
and female is more striking with each increasing
decade (Fig. 10.9). Again, this reflects the increased
systolic pressure augmentation in women, espe-
cially beyond age 55, as we also found here.
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Wave Intensity Analysis: Sex-Specific
Differences in Hemodynamic
and Ventilatory Responses to Graded
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Measurements
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Abstract

Background: The differences in hemody-
namic and ventilatory responses to graded
exercise between men and women have not
been well documented. Using wave intensity
(WI) analysis, which is useful for analyzing
ventriculo-arterial interaction, we aimed to
elucidate the sex-specific differences.
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Methods: We enrolled 48 healthy subjects
(24 men and 24 women, age 21.3 � 1.6 and
20.5 � 0.9 years, n.s. [not significant]). Using
ultrasonic diagnostic equipment, we measured
WI, arterial stiffness parameter (β), force-
frequency relation (FFR) and other hemody-
namic parameters in the carotid artery before
and during graded bicycle exercise. We also
analyzed expired gas volume (VE) during the
exercise. The workload was increased step-
wise by 20 W at 1-min intervals up to respira-
tory compensation (RC) point through the
anaerobic threshold (AT). WI is defined as
WI ¼ (dP/dt) (dU/dt), where P is blood pres-
sure, U is velocity, and t is time. The peak
value of WI (W1) increases with left ventricu-
lar (LV) peak dP/dt, in other words, an index
of cardiac contractility. The FFR was obtained
as the linear regression line of W1 on heart
rate. β is defined as β ¼ ln (Ps/Pd)/
[(Ds � Dd)/Dd], where D is the arterial diam-
eter, and suffixes s and d indicate systolic and
diastolic, respectively.

Results: There was no difference in the
body mass index between men and women.
Carbon dioxide outputs (VCO2) did not differ
at rest, but those at AT and RC were greater in
men. Oxygen consumptions (VO2) in men and
women at rest did not differ, but those in men
at AT and RC were greater. Workloads per
body weight in men and women did not differ
at AT, but they were greater in men at
RC. Systolic pressures at rest, AT and RC
were greater in men than women. Heart rates
in men and women did not differ at any stage
of the graded exercise. W1 did not differ at rest
and AT, but it was greater in men than women
at RC. The slope of the FFR during the period
from rest to AT did not differ between men
and women. However, the slope of the FFR
during the period from AT to RC was greater
in men.

Conclusions: The reached values of work-
load/weight at RC, VCO2 at AT and RC, VO2

at AT and RC, W1 at RC, and the slope of the

FFR during the period from AT to RC were
greater in men than women.

Keywords

Graded exercise · Ultrasonic measurements ·
Cardiopulmonary test · Wave intensity · Force-
frequency relation

Introduction

The differences in hemodynamic and ventilatory
responses to graded exercise between men and
women have not been well documented. In nor-
mal subjects, cardiac contractility increases with
an increase in heart rate (HR). This phenomenon
is called the “force-frequency relation” (FFR) [1–
3]. However, increased HR does not necessarily
increase cardiac contractility in patients with
heart disease [4, 5]. Conventionally, FFRs were
obtained by measuring the maximum rate of left
ventricular (LV) pressure increase (peak dP/dt)
with a catheter-tipped micromanometer as an
index of cardiac contractility and using atrial pac-
ing to change HR (Peak dP/dt – HR relation).
This conventional method is an invasive method
and cannot be used repeatedly in the clinical
setting.

Wave intensity (WI) is a hemodynamic param-
eter defined as the product of the time-derivatives
of pressure and velocity [6, 7]. Using ultrasonic
equipment, WI is obtained non-invasively. It has
been demonstrated that the magnitude of the
first peak of WI increases with an increase in LV
peak dP/dt [7]. During exercise, HR increases with
an increase in workload; therefore, atrial pacing is
not needed for changing HR. Moreover, force-
frequency effects on the inotropic state of the intact
left ventricle are markedly enhanced by exercise
[8]. By measuring WI during graded exercise, we
can obtain the FFR non-invasively [9].

We measured WI, FFR and other hemody-
namic parameters and ventilatory parameters to
investigate sex-specific differences in the
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responses of these parameters to the graded exer-
cise among healthy young subjects.

Methods

Subjects

We enrolled 24 healthy men and 24 age-matched
healthywomen(age21.3�1.6vs.20.5�0.9years,
P ¼ 0.11). All subjects provided informed con-
sent, and the Ethics Committee of Himeji Dokkyo
University approved the study protocol.

Using ultrasonic diagnostic equipment, we
measured wave intensity (WI), arterial stiffness
parameter (β), force-frequency relation (FFR) and
other hemodynamic parameters in the carotid
artery before and during graded bicycle exercise.

We also recorded cardiopulmonary data with a
breath-by-breath cardiopulmonary testing system
(AE300S, MINATO Co LTD, Japan).

Theoretical Consideration of Wave
Intensity

Parker et al. [10] proposed a novel index related
to wave transmission and named it “wave inten-
sity.” They derived the features of WI using a
mathematically sophisticated method called “the
method of characteristics.” However, the same
features and further physiological meanings can
be obtained by elementary methods in the
following way.

Let Pf and Pb be the forward and the backward
component of pressure waveform and Uf and Ub

be those of velocity waveform, respectively. Then
we have

P ¼ P0 þ P f þ Pb, ð11:1Þ
U ¼ Uf þ Ub, ð11:2Þ

where P and U are measured instantaneous pres-
sure and velocity, and P0 is the end-diastolic
pressure in the artery. On condition that the
pulse-wave velocity (PWV) in the artery, c, is

available and is constant during each cardiac
cycle (partly linear approximation), we have

P f ¼ ρc Uf , ð11:3Þ
Pb ¼ �ρcUb, ð11:4Þ

where ρ is the blood density. Eqs. (11.3) and
(11.4) are often referred to as the “water hammer
formula.” From Eqs. (11.1) and (11.2), we obtain

Pf ¼ P�P0�Pb, ð11:5Þ
Uf ¼ U�Ub: ð11:6Þ

Substituting Eq. (11.4) in Eq. (11.5) and using
Eqs. (11.3) and (11.6), we have

Pf ¼ P�P0 þ ρcUb, ð11:7Þ
Pf ¼ ρcUf ¼ ρcU � ρcUb: ð11:8Þ

Adding Eq. (11.7) and Eq. (11.8) and dividing the
result by 2, we obtain

Pf ¼ ðP�P0 þ ρcUÞ=2: ð11:9Þ
Similarly, we obtain

Pb ¼ ðP�P0�ρcUÞ=2: ð11:10Þ
WI is defined as

WI ¼ dP=dtð Þ dU=dtð Þ: ð11:11Þ
Substituting Eqs. (11.1) and (11.2) in Eq. (11.11),
and bearing in mind that P0 is constant, we have

WI ¼ dPf=dtþ dPb=dtð Þ dUf=dt þ dUb=dtð Þ
¼ dPf=dtð Þ dUf=dtð Þ þ dPb=dtð Þ dUf=dtð Þ
þ dPf=dtð Þ dUb=dtð Þ þ dPb=dtð Þ dUb=dtð Þ

Because

dPb=dtð Þ dU f=dtð Þ ¼ �ρc dUb=dtð Þ dU f=dtð Þ
and dP f=dtð Þ dUb=dtð Þ ¼ ρc dU f=dtð Þ dUb=dtð Þ,
we have

WI ¼ dP f=dtð Þ dU f=dtð Þ þ dPb=dtð Þ dUb=dtð Þ
¼ dP f=dtð Þ2=ρc� dPb=dtð Þ2=ρc

ð11:12Þ
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Here,

WI f ¼ dP f=dtð Þ dU f=dtð Þ ¼ dP f=dtð Þ2=ρc

and WIb ¼ ðdPb=dtÞðdUb=dtÞ ¼ �ðdPb=dtÞ2=ρc
are the forward and backward components of WI,
respectively.

The physiologically important feature that
follows from the previous relationship is that
forward components are shown always to contrib-
ute positively to WI [(dPf/dt)

2/ρc], whereas
backward components always contribute nega-
tively [�(dPb/dt)

2/ρc]. This is true whether dPf/
dt or dPb/dt is positive or negative. Thus, we
reach the assertion that a positive value of WI
indicates that forward-traveling waves predomi-
nate, whereas a negative value indicates that
backward-traveling waves predominate.

WI has another important feature. During the
period of the first positive peak, which appears in
early ejection (Fig. 11.1), Pb and Ub are practi-
cally zero, and hence WIb is also practically zero.
Thus, we have

WI ¼ WI f ¼ dP f=dtð Þ2=ρc
¼ dP=dtð Þ2=ρc, ð11:13Þ

where P is actually measured pressure. Let W1 be
the height of the first peak (Fig. 11.1); then we
have

W1 ¼ ðPeak dP=dtÞ2=ρc:
When peak dP/dt is measured in the ascending

aorta, aortic peak dP/dt is approximately equal to
LV peak dP/dt unless there is aortic stenosis. The
strong correlation between W1 in the aorta and
LV peak dP/dt (r ¼ 0.84, P < 0.0001) was con-
firmed by animal experiments [11].

Noninvasive Measurements of Wave
Intensity

In our method of obtaining carotid arterial WI
[12], the carotid diameter-change waveform was
used as a surrogate for the carotid-pressure

waveform. The blood-flow velocity averaged
along the Doppler beam (Fig. 11.2, line B) cross-
ing the carotid artery was measured using
range-gated color-Doppler signals. Because the
carotid artery is apart from the ascending
aorta, carotid arterial W1 may not represent LV
peak dP/dt. Nevertheless, the correlation between
carotid arterial W1 and LV peak dP/dt was
confirmed by clinical measurements (Fig. 11.3)
[13]. The FFR was obtained as the linear
regression line of W1 on HR. Then we analyzed
the differences in the slope of W1–HR relations.

We also measured stiffness parameter (ß) in
the carotid artery. The definition of the stiffness
parameter β is

β ¼ lnðPs=PdÞ=½ðDs�DdÞ=Dd�, ð11:14Þ
where D is the arterial diameter, and suffixes
s and d indicate systolic and diastolic, respec-
tively. ß is considered to be independent of
pressure [14].

Fig. 11.1 Representative recordings of carotid arterial
pressure-change waveform (P), blood flow–velocity wave-
form (U), calculated WI, and ECG in a healthy human. WI
is defined as WI ¼ (dP/dt) (dU/dt)
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Determination of Anaerobic Threshold
and Respiratory Compensation Points

The AT was determined as the point of deflection
of VCO2 versus the VO2 plot obtained by
computerized regression analysis (V-slope
method) (Fig. 11.4). The RC was determined by
the following: (1) the point of deflection of VE
versus VCO2; (2) the minimal value or nonlinear
increase of VE/VCO2; and (3) the point at which
end-tidal CO2 pressure starts to decrease.

Protocol

First, before the measurements, we had the subjects
lie down in semi-supine position for 10 min on the
recumbent type ergometer. The location to be
measured was the common carotid artery at approx-
imately 2 cm proximal to the carotid bulb. We used
scanning in the long-axis view and obtained a
B-mode image of a longitudinal section of the artery
(Fig. 11.2, left). With the B- and M-mode scans
displayed simultaneously on a split screen, the

Fig. 11.2 Measurements of pressure-change waveform
and blood velocity. Left: Long-axis view of the common
carotid artery and ultrasound beams. By setting the track-
ing positions, displayed as small pink bars on the echo-
tracking beam (line A), to arterial walls, echo tracking
automatically starts. The blood flow–velocity averaged
along the Doppler beam (line B) crossing the artery was
measured using range-gated color-Doppler signals. Right:

The diameter-change waveform is calculated by
subtracting the distance to the near wall from that to the
far wall. The maximum and minimum values of the
diameter-change waveform are calibrated by Ps and
Pd. The pressure-change waveform is displayed on the
M-mode view. The blood flow–velocity waveform is
also displayed on the M-mode view

Fig. 11.3 Relationship
between the magnitude of
the first peak (W1) of
carotid arterial WI obtained
by ultrasonic methods and
the maximum rate of
LV-pressure increase (max
dP/dt) (from Ohte N et al.
[13] with investigators’
permission)
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echo-tracking system tracked the vessel-wall move-
ments to produce displacement waveforms of the
anterior and posterior artery walls (Fig. 11.2, right).
This gave the diameter-change waveforms.

Next, after taking the measurements at rest,
graded bicycle exercise was performed starting
at an initial workload of 20 W and lasting for
2 min; thereafter, the workload was increased
stepwise by 20 W at 1-min intervals up to the
respiratory compensation point (RC) through the
anaerobic threshold (AT). Electrocardiogram was
continuously monitored. We measured W1 and
other hemodynamic parameters during the exer-
cise. We also analyzed VE during the exercise.

Data Analysis

The obtained data are expressed as mean � SD.
The scatter diagram of the points (HR, W1) for the
data during exercise from each subject was
analyzed by the linear regression method, and
the regression line was considered the FFR.
Comparisons between men and women were
performed by two-way analysis of variance
followed by Bonferroni test when necessary.

Results

There were differences in height and weight
between men and women (height
172.5 � 6.4 vs. 159.5 � 5.0 cm, P <0.0001;

weight 63.1 � 11.8 vs. 53.4 � 7.7 kg,
P <0.0001). However, there was no difference in
body mass index (BMI) between men and women
(BMI 21.1 � 2.9 vs. 21.0 � 2.6 kg/m2, n.s.).
There were no differences in VCO2 between
men and women at rest, but those at AT and RC
were greater in men than women (Fig. 11.5, left).
VO2 in men and women at rest did not differ, but
VO2 measurements in men at AT and RC were
greater than those in women (Fig. 11.5, right).
Workloads/body weight in men and women did
not differ at AT, but they were greater in men at
RC (Fig. 11.6). Systolic pressures (Ps) at rest, AT
and RC were greater in men than in women
(Fig. 11.7, left). Diastolic pressure (Pd) at AT
was greater in men than women, but there were
no differences in Pd at rest and RC (Fig. 11.7,
right). HR measurements in men and women did
not differ at any stage of the graded exercise
(Fig. 11.8). Ps/Pd in men did not differ from that
in women throughout the period of the graded
exercise (Fig. 11.9, left). (Ds – Dd)/Dd increased
in men, but it did not change in women during the
exercise (Fig. 11.9, middle). As a result, β in men
did not change during the exercise, but β in
women significantly increased at AT and RC
(Fig. 11.9, right).

At any stage of the graded exercise, carotid
arterial blood flow volume during a cardiac cycle
(carotid arterial stroke volume) and carotid arte-
rial blood flow volume per minute (carotid arterial
output) in men and women did not differ
(Fig. 11.10, left and right). W1 did not differ at

Fig. 11.4 Representative
recordings of the breath-by-
breath cardiopulmonary test
during the graded exercise.
VCO2 ¼ CO2 output;
VO2 ¼ O2 consumption;
point A ¼ AT; and point
B ¼ RC
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rest and AT, but it was greater in men than in
women at RC (Fig. 11.11). In men, FFR slope
increased during the period from AT to RC com-
pared with the period from rest to AT (Fig. 11.12,
left). However, in women, the slope did not
change significantly throughout the period from
rest to RC (Fig. 11.12, right). FFR slope during
the period from rest to AT did not differ between
men and women. However, the slope of the FFR
during the period from AT to RC was greater in
men than in women (Fig. 11.13).

Discussion

There were no significant differences in VCO2

and VO2 between the men and women groups at
rest. However, men had greater VCO2 and VO2 at
AT and RC than did women. The workload/body

weight observed at AT in men did not differ
significantly from that in women, but men
showed greater workload/body weight at RC
than that of women. The male and female study
groups were age- and BMI-matched, but men had
greater heights and weights than women. Because
the lung volume and forced vital capacity (FVC)
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Fig. 11.6 Comparison of W1 and WR (workload/body
weight) at AT and RC point during graded exercise
between men and women

Fig. 11.7 Comparison of Ps and Pd at rest, AT and RC
point during graded exercise between men and women

Fig. 11.5 Comparison of CO2 outputs (VCO2) (left) and O2 consumptions (VO2) (right) at rest, AT and RC point during
graduated exercise in men and women
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mainly depend on height, men are considered to
have greater lung volumes and FVC
measurements. Murias [15] reported that in
young women, during ramp incremental exercise,
the matching of O2 delivery to O2 use within the

exercising limb is less effective compared with
that in men, likely reflecting impairments in blood
flow. Although the mechanisms responsible for
the discrepancies between sexes are currently
unclear, these may account for the above-
mentioned differences.

Studies using the technique of 24-h ambula-
tory blood-pressure monitoring have shown that
blood pressure is greater in men than in women at
similar age [16, 17]. In this study, Ps was greater
in men at rest, AT and RC. Diastolic pressure did
not differ between men and women at rest and
RC, but it differed at AT. Women have been
noted to have greater HRs at rest [18]. However,
in this study, there were no significant differences
in HR at rest, AT and RC between men and
women. During the exercise, carotid arterial
stroke volume decreased with an increase in
HR. There were no differences in carotid arterial
stroke volume and carotid arterial output between
men and women during the exercise.

Fig. 11.9 Comparison of Ps/Pd (left), (Ds – Dd)/Dd (middle), andβ (right) at rest, AT and RC point during graded
exercise between men and women

Fig. 11.10 Comparison of carotid arterial stroke volumes and carotid arterial outputs at rest, AT and RC point during
graded exercise between men and women

Fig. 11.8 Comparison of HR at rest, AT and RC point
during graded exercise between men and women
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Various theories have been offered to explain
the sex-specific differences in change in ejection
performance during exercise. Among them, one
article recently suggested that central artery stiff-
ness increases during exercise [19], and increased
central artery stiffness has a direct impact on
myocardial energetics: There is an increased ener-
getic cost to maintain a given ejection/outflow
due to a less-compliant central vasculature. This
may account, at least in part, for the sex-specific
differences in ejection performance during
exercise.

Theoretically, the above-mentioned inference
is reinforced in the following way. WI analyses
assert that during the period of the first positive
peak of WI (Fig. 11.1), effects of reflected waves
are negligible and the contours of pressure and
velocity waves are dominated by forward waves
only [7, 10], in other words, Pb ¼ 0 and Ub ¼ 0.
Under such conditions, Eqs. (11.1) and (11.2)
give

P�P0 ¼ Pf , andU ¼ Uf :

Substituting the previous relations in Eq. (11.3),
we obtain

P�P0 ¼ ρcU: ð11:15Þ
Let us consider the WI in the ascending aorta.

P and U are aortic pressure and velocity at any
time during the period of the first positive peak of
WI; P0 is aortic end-diastolic pressure; and ρ and
c are the blood density and the PWV, respectively
[20]. Although ρc looks like resistance to flow, U,
and is sometimes called “characteristic imped-
ance” [21], it has no relation to the viscous sys-
temic resistance. Nevertheless, ρc plays the role
of afterload encountered by the left ventricle dur-
ing initial ejection. Most of the studies evaluated
arterial stiffness by measuring PWV. Conven-
tional methods of measuring c have been based
on two-point measurements, in other words, mea-
surement of the time of travel of the wave over a
known distance. Therefore, c measured over a
relatively long distance is the integration of
regional c in each artery involved within that
range. In contrast, carotid arterial stiffness param-
eter β was measured at one point. Thus, changes
in β may not represent overall changes in arterial
stiffness. Nevertheless, the Swiss SAPALDIA
cohort study reported a strong correlation
(r ¼ 0.7, P < 0.001) between brachial–ankle c
and the carotid arterial distensibility coefficient,
which is approximately the inverse of β [22]. Con-
sequently, we consider that changes in carotid
arterial β are associated with changes in c. Thus,
the increase in β suppresses the indices of
LV-ejection performance.

Fig. 11.12 Change in FFR slope during the period from rest to AT and the period from AT to RC in a representative
man (left) and a representative woman (right)

Fig. 11.11 Comparison of W1 at rest, AT and RC point
during graded exercise between men and women
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In this study, Ps/Pd did not differ between men
and women during exercise. However, (Ds – Dd)/
Dd in men increased during exercise, but it did
not change in women. As a result, β did not
change in men, but it increased in women during
exercise according to Eq. (11.14). This may have
caused an impairment of LV-ejection perfor-
mance as discussed previously. There were no
differences in W1, the contractility index,
between men and women at rest and AT. How-
ever, women had lower W1 at RC. The slope of
FFR (W1–HR relation) is another manifestation
of LV-ejection performance. In men, the slope of
FFR suddenly increased at AT, but it did not
change significantly up to RC in women. There
were no differences in FFR slope between men
and women during the period from rest to AT, but
FFR slope was greater in men than women during
the period from AT to RC.

Conclusions

The reached values of workload/weight at RC,
VCO2 and VO2 at AT and at RC, W1 at RC,
and the slopes of the FFR during the period
from AT to RC were greater in men than women.

The mechanism of these differences is still the
target of further investigations.
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Abstract

Introduction: Cardiac events in patients with
Brugada syndrome (BS) typically occur at rest
and mainly during sleep, suggesting that
changes in autonomic modulation play an
important role in the arrhythmogenesis of the
disease. Moreover, sex differences in clinical
manifestations of BS have been reported,
identifying male patients with worse progno-
sis. The aim of our work was to assess and
compare, according to sex, autonomic
response to exercise in a clinical series includ-
ing 105 BS patients.

Method: Standard 12-lead electrocardio-
gram recordings were collected during a phys-
ical stress test divided into four phases: warm-
up, incremental exercise, active recovery,
and passive recovery. Spectral non-stationary
heart rate variability indicators were extracted
by means of a smoothed pseudo Wigner-Ville
distribution approach that adapts frequency
bands to respiratory information. These indi-
cators were then averaged in non-overlapped
windows of 1 min for each patient to compare
groups at each minute of the physical
stress test.

Results: From the last minute of warm-up
and until the third minute of incremental exer-
cise, asymptomatic male patients presented
significantly greater low-frequency (LF)

values (LFWU2 : p ¼ 0.015; LFEX1 : p ¼ 0.024;

LFEX2 : p ¼ 0.011; LFEX3 : p ¼ 0.002) than
asymptomatic females. Conversely, asymp-
tomatic women showed increased vagal
modulation during the first minutes of incre-

mental exercise (HFEX1 : p ¼ 0.031; HFEX2 :
p ¼ 0.001). However, no significant
differences were observed between symptom-
atic male and female patients.

Conclusion: As previously reported in
healthy subjects, enhanced parasympathetic
and decreased sympathetic tones appear to be
not only greater in women but also defensive
during cardiac stress. Based on the results,
asymptomatic patients presented same-sex
tendencies. However, we observed that symp-
tomatic males developed a more female-like

autonomic modulation, probably related to a
more protective autonomic response to exer-
cise. These results could be a step forward
toward the understanding of the autonomic
function in BS along with a potential impact
on risk stratification.

Keywords

Heart rate variability · Time-frequency
analysis · Brugada syndrome · Autonomic
function · Sex differences · Exercise ·
Arrhythmogenesis · Parasympathetic system ·
Cardioprotection

Introduction

Brugada syndrome (BS) is an inherited disease
presenting a typical electrocardiographic pattern
characterized by a distinct ST-segment elevation
in right precordial leads (V1-V3). It is associated
with a high risk for unexpected sudden cardiac
death secondary to ventricular fibrillation in the
absence of any apparent structural cardiopathy.
Since its description in 1992 as a new cardiac
disorder by Pedro and Josep Brugada [1], BS
has attracted great interest because of its high
incidence in some parts of the world (especially
in Eastern countries), as well as its association
with sudden death in young adults and, less fre-
quently, in infants and children. It has been
estimated that BS is responsible for 4%–12% of
the total amount of sudden cardiac death (SCD)
and for 20% of SCD in the absence of structural
cardiopathy [2, 3].

Differences in phenotype and prognosis
between men and women in a large population
of patients with BS were reported in [4]. The
analysis was based on electrocardiographic para-
meters extracted before and after a pharmaco-
logical test, and events during follow-up were
recorded for all patients. The results clearly iden-
tify men having a greater risk clinical profile than
women, although conduction disturbances could
be a marker of risk in the female population.

Nevertheless, the multifactorial etiology of
BS requires complex approaches capable of
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capturing multiple mechanisms underlying the
pathology. The autonomic nervous system
(ANS) plays a determinant role in the pathophys-
iology, arrhythmogenesis and prognosis of the
disease. Major cardiac events in BS most com-
monly occur during parasympathetic dominance
at rest or during sleep [5, 6] and studies based on
positron emission tomography have confirmed
autonomic dysfunction in this population [5, 7,
8]. Thus, indicators capturing changes in ANS
modulation may provide useful knowledge
for the analysis of sex differences in patients
with BS.

Evaluation of the autonomic response can be
better characterized by exciting the ANS in a
controlled and repeatable fashion—by applying
standardized maneuvers, such as physical-stress
testing, which originates an increase in sympa-
thetic activity and a parasympathetic with-
drawal—thus resulting in higher heart rates
(HR). Conversely, post-exercise cardio-decelera-
tion is mediated by a progressive increase in
parasympathetic activity [9] and a continued sym-
pathetic recession [10].

Heart rate variability (HRV) analysis is widely
employed in clinical practice to characterize ANS
function [11]. However, classic approaches
require the signals to be stationary, which is inap-
propriate for studying non-stationary processes
induced by physical exercise. To overcome
these limitations, a time-frequency analysis
could be used to evaluate the autonomic function.
Thus, the aim of this study was to analyze sex
differences concerning the temporal variation of
different HRV features in BS patients during each
phase of a standardized physical stress test by
means of a time-frequency approach.

Introduction to HRV

HRV is used to describe variations of HR and
respiratory rate (RR) intervals as they result from
the complex mechanisms involved in HR regula-
tion, notably the combined action of the two
subsystems of the ANS: the sympathetic and
parasympathetic nervous systems.

On one hand, parasympathetic neurons
release acetylcholine, a cholinergic hormone that
activates muscarinic M2-receptors in the heart,
causing HR to decrease by slowing down nodal
conduction. Because parasympathetic innervation
is mainly provided by the vagus nerve, parasym-
pathetic modulation is commonly referred to as
“vagal tone.” At rest, although both sympathetic
and parasympathetic tones are exerted on the
heart, the latter predominates. In contrast, sympa-
thetic neurons release norepinephrine, a catechol-
amine that activates the β1 receptors on the heart,
causing HR to increase by increasing sinoatrial-
node discharge.

Although several methods have been suggested
for the study of HRV, including a recently pro-
posed approach based on a multivariate unitary
index to represent cardiac autonomic regulation
[12], frequency-domain analyses are particularly
popular because they correlate the autonomic
mechanisms involved in RR interval fluctuations
on an HR record with the analysis of two main
spectral indices: the low-frequency (LF) and the
high-frequency (HF) components (Fig. 12.1).
These components are usually measured in abso-
lute units of power (ms2), although they may also
be calculated in normalized units (n.u.) to empha-
size their balanced behavior while minimizing the
effect of changes in total power (TP) under
stimulated conditions.

Vagal activity is the major contributor to the
HF component, whereas the interpretation of the
LF component is controversial. Although some
studies suggest LF as a marker for sympathetic
modulation, both sympathetic and parasympa-
thetic influences have been reported in other stud-
ies. Consequently, the LF/HF ratio has been
considered to capture sympathovagal balance as
well as only sympathetic modulations.

In healthy patients, spectral analyses
performed during 24 h have shown that LF and
HF (expressed in n.u.) present a circadian pattern
and reciprocal fluctuations with greater values of
LF at daytime and of HF at nighttime. Moreover,
LF has been proven to increase during tilting,
mental stress and exercise testing; however,
increases in HF have been induced by controlled
respiration tests and cold stimulations [13].
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Methods

Study Population

Patients diagnosed with BS (n¼ 105) took part in
a physical exercise stress test while continuous
ECG recordings were collected. They were
enrolled in eight French hospitals located in
Rennes, Angers, Brest, Poitiers, Nantes, Bor-
deaux, La Rochelle and Tours. After approval
by the ethics committee of each center, all
participants provided informed consent to parti-
cipate in the study, which was performed in
accordance with clinical research and ethics
recommendations. Participants’ ages ranged
from 19 to 74 (45.17 � 13.62) years, and 76.2%
were male. Twenty-four patients had the follow-
ing documented symptoms: syncope (50%),
cardiac arrest (41.7%), dizziness (12.5%) and,
less frequently, palpitations and nocturnal
convulsions (4.2%).

Implantable cardioverter defibrillator (ICD)
implantation had been performed in 18 of
81 (22.2%) asymptomatic patients based on a
positive electrophysiological study test, whereas
all symptomatic patients were ICD carriers.
Among 76 patients in whom genetic analysis
was performed (19 were symptomatic), an
SCN5A mutation was found in 27 (35.5%), of
whom 6 were symptomatic patients. Patients’
baseline characteristics in the symptomatic and
asymptomatic groups are listed in Table 12.1.

Signal Acquisition During Physical
Stress Test

Patients underwent a clinical protocol recom-
mended by the American Heart Association [14]
described as a triangular stress test because the
load was increased until it reached the patient’s
submaximal potential. It was performed on a

Fig. 12.1 Representative R-wave peak detections from an electrocardiographic signal displaying a BS-like saddleback
pattern, extraction of the RR signal and spectral analysis of the RR interval variability

Table 12.1 Patients’ baseline characteristics

Symptomatic (n ¼ 24) Asymptomatic (n ¼ 81)

Males (n ¼ 20) Females (n ¼ 4) Males (n ¼ 60) Females (n ¼ 21)

Age (y) 46.15 � 15.18 46.75 � 17.80 43.35 � 12.69 49.14 � 13.98

No. (%) ICD implantation 20 (100) 4 (100) 15 (25) 3 (14.3)

No./total/% SCN5A mutation 5/18 (27.8) 1/1 (100) 12/43 (27.9) 9/14 (64.3)

total: Number of patients in whom genetic tests were performed.
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cyclo-ergometer (Ergoline 900 Egamed,
Piestany, Slovakia) and it was divided in the
following phases, as represented in Fig. 12.2,
where the non-stationarity of the RR series can
be noted:

• Warm-up phase: for men, initial load of
50 watts (W); for women, initial load of
30 W; both for 2 min

• Incremental exercise phase: for men, initial
load of 80 W for 2 min and then incrementing
load by 20 W every 2 min; for women, initial
load of 50 W and then incrementing load 20 W
every 2 min

• Active recovery phase: for men, fixed load of
50 W; for women, fixed load of 30 W; both for
3 min

• Passive recovery phase: total cessation of
effort for 3 min

The purpose of the test was to reach at least the
80% of the theoretical maximum HR of each
patient as defined by the formulaMHR¼ 220�age
[15]. The 12-lead ECG recordings were collected
and analyzed by the central board (Centre
Hospitalier Universitaire de Rennes) using a
Holter monitor (ELA Medical, Sorin Group, Le
Plessis Robinsson, France) at a sampling fre-
quency of 1000 Hz. Signals were continuously
recorded during the warm-up (2 min),

incremental exercise (11.86 � 3.24 min), and
recovery (6 min) phases.

As illustrated in Fig. 12.1, RR interval and
R-peak amplitude series were obtained using a
noise-robust wavelet-based algorithm for QRS
complex detection and subsequent R-wave
peak location [16]. After performing manual
corrections to the obtained series when necessary,
HRV parameters were obtained for the different
test phases.

Time–Frequency Signal Analysis

Given that signals on a physical stress test are
typically non-stationary, spectral characteristics
associated with HRV were analyzed using a
time–frequency approach. After cubic splines
interpolation and regular resampling at 10 Hz,
RR series were high-pass filtered at 0.03 Hz
with a fourth-order Butterworth filter applied in
both forward and backward directions to remove
phase distortion.

Then, a smoothed pseudo Wigner-Ville distri-
bution (SPWVD) transform was employed
because it has proved its usefulness for the analy-
sis of cardiovascular signals [17]. The Wigner-
Ville distribution is a quadratic time�frequency
technique defined as the Fourier transform of the
instantaneous auto-correlation/cross-correlation

Fig. 12.2 Exercise testing was divided into four phases:
warm-up, incremental exercise, active recovery and pas-
sive recovery. HRV time series estimated from the RR
series were averaged in the following 1-min windows:
both mins of warm-up (WU1 and WU2), first 3 min of

incremental exercise (EX1, EX2, EX3), last min of exercise
before peak effort (PE), 3 min of active recovery (AR1,
AR2, AR3) and 3 min of passive recovery (PR1, PR2,
PR3)

12 Sex Differences in Autonomic Response to Exercise Testing in Patients with Brugada Syndrome 185



function [18]. Because it is affected by significant
interference terms, the SPWVD introduces a
smoothing kernel function, ψ(τ, v), defined in
Costa and Boudreau-Bartels GF [19], that
attenuates interferences while maintaining a suit-
able time–frequency resolution. Because ARR(τ,
v), the ambiguity function of the RR series, was
xRR(t), the SPWVD is defined as follows:

ARR τ; vð Þ ¼
ð1
�1

xRR t þ τ

2

� �
x∗RR t � τ

2

� �
e�j2πvtdt

ψ τ; vð Þ ¼ exp �π
v

vo

� �2

þ τ

τo

� �2
" #2λ

8<
:

9=
;

CRR t; fð Þ ¼
ðð
ψ τ; vð ÞARR τ; vð Þe j2π tv�τfð Þdvdτ

The parameters vo and τo, associated with time
and frequency resolution, were defined from
[19]. HRV was measured as the TP in the LF
and HF bands (noted as LFb and HFb), obtained
from the SPWVD:

LF tð Þ ¼
ð
LFb

CRR t; fð Þdf

HF tð Þ ¼
ð
HFb

CRR t; fð Þdf

Assuming that sympathetic activity always lies
within the standard LF band, this band was fixed
between 0.04 and 0.15 Hz for the whole stress
test. However, the TP in the HF band captures
parasympathetic activity, which is closely related
to respiratory sinus arrhythmia. Because respira-
tory frequency during ANS stimulation, espe-
cially during exertion, may not be restricted to
the classic HF band (0.15–0.4 Hz) and can
increase up to 0.7 Hz, HRV analysis within the
standard frequency band would lead to unreliable
measures of the parasympathetic activity. To
overcome this limitation, a time-varying HF
band, based on an estimation of the respiration
activity captured by the ECG-derived respiration
(EDR) series, has been defined [20].

The applied EDRmethod estimates respiratory
information from the amplitude modulation of

R-wave peaks [21]. The estimated respiration sig-
nal was then band-pass filtered by a fourth-order
Butterworth filter between 0.15 and 0.7 Hz
applied in both forward and backward directions
to remove frequencies from the respiratory range.
The same SPWVD transform used for the RR
series was then applied to the EDR-filtered
signals to estimate the instantaneous respiratory
frequency, fr(t). Once the estimated respiratory
frequency series fr(t) was obtained, the time-
varying HF band for HRV analysis was defined
as HFb(t) ¼ [fr(t) � 0.125, fr(t) + 0.125] Hz with
t covering the whole test.

Unlike classical HRV parameters, SPWVD
leads to time–frequency HRV estimators that are
indeed time series that vary during the application
of the stress test. These markers, accounting for
the sympathetic and parasympathetic influences
of the ANS on HR, were normalized by the TP,
which was defined as the sum of both spectral
bands (TP(t)¼ LF(t) + HF(t)), leading to the time
series LFnu(t) and HFnu(t). LF/HF(t) was also
obtained from dividing LF(t) by HF(t) in the
time–frequency domain to obtain the global
sympathovagal balance.

Analysis of Effort Testing

HRV time series were extracted from the time–
frequency analysis based on the SPWVD of the
RR series, which adapts frequency bands to respi-
ratory information resulting from EDR signals.
These HRV time series were averaged in tempo-
ral non-overlapped windows of 1 min for each

patient, leading to LFi , LF i
nu , HF

i , HF i
nu , LF=HF

i ,
which stand for each time series intra-patient
mean for the following time periods: i 2 {WU1,
WU2, EX1, EX2, EX3, PE, AR1, AR2, AR3, PR1,
PR2, PR3}.

Because each test differed in the duration of
the incremental exercise phase and the shortest
case in our clinical series lasted less than 5 min,
only the first 3 min of incremental exertion (EX1,
EX2 and EX3) and the last minute before peak
effort (PE) were assessed. In addition, the entire
warm-up (WU1 and WU2) and active (AR1, AR2
and AR3) and passive recovery (PR1, PR2 and
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PR3) phases were compared between male and
female patients. Figure 12.2 displays the analyzed
periods for different phases of the exercise test,
indicating the peak effort instant.

Finally, HRV features extracted during exer-
cise and recovery were compared between male
and female groups using Mann-Whitney U
non-parametric tests. To compare the last minute
of exertion and recovery, all patients had to be
synchronized with respect to the peak-effort
instant. The analysis was made using the com-
mercially available software MatLab (Mathworks
Inc., MI, USA) and setting the level of signifi-
cance at p <0.05.

Results

Figure 12.3 displays an exemplifying RR series
and its associated SPWVD spectral power for the
same patient; the LF and respiration-centered HF

bands are represented by dashed white lines (sec-
ond panel). The third panel shows the time series
LF(t) and HF(t) extracted from time–frequency
analysis, where the 1-min windows used to calcu-
late the mean value of HF during the first minute

of active recovery (HFAR1) and the mean value of

LF at the peak effort (LFPE ) are indicated.
Table 12.2 lists the evolution of significant

HRV features and their associated p-values
obtained when comparing male and female
asymptomatic patients for different segments of
physical stress and recovery.

From the last minute of warm-up and until the
third minute of incremental exercise, asymptom-
atic male patients presented significantly greater

LF values (LFWU2: p ¼ 0.015; LFEX1: p ¼ 0.024;

LFEX2 : p ¼ 0.011; LFEX3 : p ¼ 0.002) compared
with asymptomatic females. Conversely, based
on HF values, asymptomatic women showed
increased vagal modulation during the first

minutes of incremental exercise ðHFEX1 :

Fig. 12.3 From the RR series, the normalized SPWVD
spectral power is calculated. The second panel indicates
the LF and HF bands in dashed white lines. In the third
panel, the TP in LF (blue) and HF (black) bands at each
time instant are represented. Then, two examples of

averaged time series (LFPE and HFAR1 ) account for the
sympathetic and parasympathetic contributions along the
whole exercise test. A vertical dashed line in all panels
refers to the peak effort instant
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p ¼ 0.031; HFEX2 : p ¼ 0.001). However, no
significant differences were observed regarding
normalized variables or between symptomatic
male and female patients.

Discussion

HRV is recognized as a relevant measure of auto-
nomic function. The major findings of this study
are as follows: (1) females showed greater
HRV-HF values after exercise; (2) asymptomatic
male patients presented significantly greater LF
values than asymptomatic females at the end of
warm-up and during the beginning of incremental
exercise; and (3) sex differences seem to disap-
pear for symptomatic male and female patients.
Overall, the results suggest an evolution of sex
differences with symptomatic status. Asymptom-
atic females presented greater vagal modulation
after exercise, whereas males displayed increased
sympathetic dominance. These results are
supported by the results of previous works [22]
showing that females exhibit a cardio-protective
autonomic profile compared with males and thus
show a different autonomic response to exercise.
In Koenig and Thayer [23], women showed a
greater mean HR while presenting a greater vagal
contribution captured by HF power of the HRV.

Main differences in autonomic responses were
found during the end of warm-up and the begin-
ning of exercise, which is associated with rapid
parasympathetic decrease, gradual sympathetic
activation and circulating catecholamines [24].
Asymptomatic women presented increased vagal
modulation during the first minutes of incremental

exercise compared with men. This difference in
response to exercise may be due to ovarian
hormones [25], which have been shown to have a
clear influence on autonomic response [26]
through the preservation of sympathovagal bal-
ance [27] and baroreflex sensitivity [28].Moreover,
estrogen was shown to improve vasomotor tone,
vascular integrity, lipid profiles and cholesterol
metabolism and decrease blood pressure [29].

Concerning BS, Benito et al. [4] reported that
men were predominant and displayed a higher
risk profile compared with women, which could
be explained by sex-related intrinsic differences
in ionic currents and hormonal influences. In fact,
Di Diego et al. [30] proved that transient outward
potassium currents were significantly greater in
male than in female right-ventricle epicardia of
arterially perfused canine heart preparations.
Hormones also have important influences in the
phenotypic manifestations of BS [31], which
could explain the significant levels of testosterone
reported in male BS patients compared with con-
trol subjects [32]. Moreover, results of experi-
mental studies [33, 34] have demonstrated that
hormones could induce ionic membrane current
variations, which might explain sex-related ionic
current differences in patients with BS.

According to the current results, asymptomatic
males and females presented significant differ-
ences in the autonomic response to exercise,
which concurs with observations obtained in
healthy subjects [22]. Increased parasympathetic
and decreased sympathetic modulation were
found in asymptomatic women because it is
associated with defensive behavior during cardiac
stress. No significant differences were observed
between symptomatic male and female patients.

Table 12.2 Mean � SD for asymptomatic men and women, and associated p-values, in significant HRV features

Asymptomatic males Asymptomatic females p-value

LFWU2 1405.3 � 1455.6 583.5 � 470.7 0.015

LFEX1 711.0 � 718.6 404.1 � 522.2 0.024

LFEX2 483.2 � 761.1 320.0 � 812.3 0.011

LFEX3 307.4 � 574.0 75.09 � 92.2 0.002

HFEX1 165.0 � 242.2 228.0 � 613.6 0.031

HFEX2 127.8 � 251.2 149.7 � 400.6 0.001
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Consequently, the results suggest that the ANS
response evolves with symptomatology because
symptomatic males seem to develop a female-like
autonomic modulation, probably related to the
emergence of cardio-protective behavior.

Conclusion

As previously reported in healthy subjects,
increased parasympathetic and decreased sympa-
thetic modulation appears to be not only greater in
women but also defensive during cardiac stress.
Based on the present results, asymptomatic
patients presented the same-sex tendencies. How-
ever, we observed that symptomatic males devel-
oped a more female-like autonomic modulation,
probably related to a more protective autonomic
response to exercise. Although the results are
based on approximations of ANS modulation and
conclusions on neural activity cannot be inferred,
this work presents a step forward toward the under-
standing of the autonomic function in BS patients
and thus a potential impact on risk stratification.
The differences found between male and female
patients suggest that risk stratification should con-
sider sex when evaluating indicators of risk based
on autonomic information.
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Benchmarking Heart Rate Variability
to Overcome Sex-Related Bias 13
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Heart rate variability. Illustration by Piet Michiels, Leuven, Belgium

Abstract

Since the seminal studies by Sayers (Ergo-
nomics 16:17–32, 1973) and Akselrod et al.
(Science 213:220–222, 1981) a few decades

ago, it became clear that beat-by-beat
oscillations in RR interval length (i.e. heart-
rate variability [HRV]) contain information on
underlying neural-control mechanisms based
on the instantaneous balance between para-
sympathetic and sympathetic innervation.
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Over the years, the number of studies
addressing HRV has increased markedly and
now outnumbers 23,000. Despite such a large
interest, there is still a continuing debate about
interpretation of indices produced by computer
analysis of HRV.

The main part of studies relies on spectral
techniques to extract parameters that are linked
to hidden information. The general idea is that
these proxies of autonomic regulation can be
useful to clinical applications in various
conditions in which autonomic dysregulation
may play a role. There are, however, serious
shortcomings related to algorithms, inter-
pretation, and the hidden value of individual
indices. In particular, it appears that specific
training is necessary to interpret the hidden
informational value of HRV. This technical
complexity represents a severe barrier to
large-scale clinical applications. Moreover,
important differences in HRV separate the
sexes, and age plays an additional
confounding role.

We present here a preliminary application
of a novel unitary index of RR variability
(Autonomic Nervous System Index of cardiac
regulation) capable of providing information
on the performance of autonomic regulation
using a percentile rank position as projected on
a large benchmark population. A summary of
the underlying sympatho-vagal model is also
presented.

Keywords

Heart-rate variability · Autonomic regulation ·
Beat-by-beat oscillations · Parasympathetic
innervation · Sympathetic innervation ·
Sympatho-vagal model · Excitatory–inhibitory
balance · Sex-related bias

All affections of the soul are associated with the
body

Aristotle, De Anima Book I

Conflicts are frequently over semantics, not
substance

Dan Brown, Origin

Introduction

Novelties often arise from the fruitful combination
of multiple epistemologies. Accordingly, the same
word (say, “anchor”) may carry a different meaning
according to the context (nautical, construction, or
even TV), or may take multiple meanings, thus
potentially generating funny, at times comical,
effects (mistaking own wife for a hat) [1]. Likewise,
heart rate variability (HRV) may morph according
to the context: In bioengineering it would lean on
algorithms and computer programs; in information
science it would refer to patterns and meaning; in
cardiology it would be associated with arrhythmias,
infarction, and mortality statistics; in neurophysiol-
ogy it would be based on vagal or sympathetic
efferent activity; in pharmacology it would be
directed to the peripheral flows of autonomic trans-
mitters (acetylcholine for parasympathetic control
and norepinephrine [noradrenaline] for sympathetic
control); and in medicine and psychology it would
mostly be connected to the behavioral dynamics
of arousal. Thus, to properly address HRV we
must consider both the hard and soft sciences [2].

A Unitary Aim

In 1949, R. W. Hess was awarded the Nobel Prize
for Physiology and Medicine for his studies on
neural control of the activity of internal organs
[3]. Here, again, semantics were implicated. At
variance with English usage, dealing with the
autonomic nervous system, Hess was interested
in the “paired antagonistic innervation” (sympa-
thetic and parasympathetic) of the visceral ner-
vous system, grouped by various functional
regions, “linked to the central nervous system”

and therefore seen as a component of an
integrated regulatory organization whereby mul-
tiple organs aim at a unitary function (e pluribus
unum). He also conjectured that experimental
studies of the neurovisceral system were rendered
difficult by the “direct contiguity of functionally
multivalent pathways and nuclei [confusing] the
. . . elucidation of related symptoms.” It was clear,
however, that “the parts of the brain communicat-
ing directly with the spinal cord at the upper end –
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the medulla oblongata, and the segment lying
directly beneath the cerebrum, the so-called dien-
cephalon – exert a decisive influence on the veg-
etative controlling mechanisms”—hence the
major contradiction of an autonomic section of
the nervous system that is (paradoxically) directly
controlled by higher structures and communicates
with them toward a unitary goal.

From “Autonomy” of Pharmacology
to Innervated Medicine

Pharmacological experiments with catechol-
amines mimicking sympathetic stimulation, and
physostigmine-simulating parasympathetic exci-
tation, supported a monolithic view of “auto-
nomic” innervation basically functioning as an
overall efferent structure, consisting of two “fun-
damentally different systems” [4]. It was there-
fore an obligatory consequence to state that
afferent fibers from visceral organs do not have
a physiological function because “all autonomic
nerves [are] motor” [4]. However, a physiological
function was later attributed to visceral neural
reflexes, organized like simple reflexes [5], of
both negative and positive feedback sign [6] con-
sidering that “all parts of the nervous system are
connected together” [5]. More specifically, the
model underlying neural cardiac regulation
considers a complex structure in which both effer-
ent and afferent information travels through

visceral nerves: Cardiac innervation would there-
fore be characterized by a dual innervation (sym-
pathetic and parasympathetic) made up of mixed
(afferent and efferent) nerves.

The neural innervation of the cardiovascular
system may remain a laboratory curiosity until
new experimental needs suggest the appropriate
technique of investigation [3] or new users’ needs
might suggest innovative applications (e.g.,
electroceuticals).

The Emergence of a New Paradigm:
Bioengineering and Information

Importantly, a change of paradigm followed the
introduction of bioengineering principles, shifting
attention from pharmacology to biomathematics
and devising electrophysiological techniques to
investigate the complex dynamics of the (antago-
nistic) heart-rate response to electrical stimulation
of the vagal and sympathetic nerves, whereby
the vagus influence dominates the control of
heart rate [7]. However, even if this model
demonstrated an obligatory interaction between
sympathetic and parasympathetic regulatory
activity (Fig. 13.1), cardiovascular neural regula-
tion is frequently (and simplistically) schematized
as “autonomic” and either sympathetic or para-
sympathetic. The nonlinear interaction between
these two components is frequently left out of
the picture.

ANS S/V
BALANCE

POSITIVE 
FEEDBACK

NEGATIVE 
FEEDBACK

CNS
CAN

HR
SAP

+

-

S

V

Fig. 13.1 Schematic representation of opposing feedback
mechanisms that, in addition to central integration,
sub-serve neural control of the cardiovascular system.
Baroreceptive and vagal afferent fibers from the cardiopul-
monary region mediate negative feedback mechanisms

(exciting the vagal outflow and inhibiting the sympathetic
outflow), whereas positive feedback mechanisms are
mediated by sympathetic afferent fibers (exciting the sym-
pathetic outflow and inhibiting the vagal outflow.
(Redrawn from Ref. [6])
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The progressive availability of growing com-
puting power employed to study cardiovascular
variables on a beat-by-beat basis, initially off line
[8] then in real time, has opened the way to assess
by proxy the information [9] about the dynamics
of the balance [6] between sympathetic and para-
sympathetic regulatory activity.

Initial applications focused on HRV and on
ergonomics [8] according to the hypothesis that
information on physiological regulatory mecha-
nisms could be coded in the oscillations hidden
in the HRV (or rather RR variability) signal. The
implications were therefore that a continuous
series of symbols (RR intervals from the electro-
cardiogram [ECG]) could contain information [9]
on cardiovascular regulation. What remained to
be done was to crack the hidden code: We will not
delve into the informational properties of scale
(amplitude) and pattern because this is beyond
the goal of this paper. However, allow us a brief
detour to explore what information [9] might
bring to our understanding of the physiology of
autonomic regulation and HRV.

A Short Biased History of Findings

A seminal study by Akselrod et al. [10]
formalized the idea that “sympathetic and para-
sympathetic nervous activity make frequency-
specific contributions to the heart rate power
spectrum,” thus proposing a parallel between
physiology and information. Accordingly, HR
fluctuations could furnish a probe (i.e., proxy) of
short-term neural cardiac regulation.

From our end, we reasoned that a key element
in neural cardiac regulation was related to the
obligatory neural interaction between the two
branches of the autonomic nervous system, as
shown, for example, by electrophysiological
experiments on single cardiac vagal efferent
fibers [11]. We thus suggested examining the
relative powers of low- (LF) and high-frequency
(HF) oscillations by shifting the attention beyond
raw spectral data and computing normalized units
([nu] essentially focusing on spectral patterns as
roughly synthesized by the LF/HF ratio)
[12]. More importantly, we suggested to assess

the excitatory responsiveness to upright stimula-
tion (Fig. 13.2) as a key element of a dynamic
protocol [12]. For clinical applications, this test
can be simply performed by having subjects stand
up for a few minutes.

The general underlying idea was that the key
properties of neural structures revolve around
dynamic activity, as epitomized by the time-
varying spike sequence of nerve firing, which
implicitly negates stationarity and implies a large
repertoire of coding modalities [13]. Neural infor-
mation can be hidden in various codes (such as
digital or analog [14]), for example, amplitude
(i.e., average number of spikes per unit time),
frequency (i.e., instantaneous number of spikes
as function of time), gain (i.e., a relationship
between input and output), phase (i.e., a time
relation between oscillations; relations between
oscillators that we simplified with the ratio
between LF and HF frequency oscillations of
RR V), and so on, with increasing formality and
complexity (such as the nonlinear properties) [15].

The model behind the LF/HF ratio can easily
be considered inspired by the historical proposal
of the unitary integration of two antagonistic con-
trol elements [2]. Numerically it could easily be
obtained with a simple mathematical ratio of the
LF and HF oscillations extracted from the
variability signal. This approach has the advan-
tage of describing changes in pattern [9], such as a
power shifts toward the LF region (or vice versa)
with a numerical increase (or decrease) of the
LF/HF value.

Clinical Applications

Over the years, after a slow beginning and a Task
Force Document [16], there was fast growth in
the Medline database for HRV, now amounting to
>23,000 hits and growing at >1000 hits/year.
Surprisingly, however, there is still a need for
shared standards of use in terms of underlying
neural model and coding, data acquisition,
algorithms of analysis, importance of given
variables (time or frequency domain), and norma-
tive values for health or disease conditions. More
importantly, reverse engineering of RR variability
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(RR V) should consider all elements together,
aiming at reconstituting the unitary function that
was broken into several indices by the process of
analysis. Said otherwise: Does HRV provide a
measure of physiology (hard science) or one of
information about physiology (soft science) [2]?

To substantiate the hypothesis that (LF and
HF) rhythms were the key elements carrying the
information about a set level of the system, we
performed a series of investigations in which we
simultaneously recorded cardiovascular variables
and electrophysiological signals of efferent sym-
pathetic nerve fibers in human volunteers
[17]. The level of sympathetic (and, by inference,
parasympathetic) activity was increased or
decreased by small infusions of vasoactive
drugs, thus eliciting baroreflex-mediated changes
(Fig. 13.3). We reported that during sympathetic
activation in normal humans, there is a predomi-
nance in the LF oscillation of blood pressure, RR
interval, and sympathetic nerve activity. During
sympathetic inhibition, the HF component of

cardiovascular variability predominates. This
relationship is best seen when power spectral
components are normalized for total power. The
use of normalized units accounts in fact for the
potentially diverging changes in total power
(diminishing) and LF frequency oscillations
increasing in relative but not absolute power, for
example, with the volunteer standing up or
performing light exercise. In any case, synchro-
nous changes in the LF and HF rhythms of both
the RR interval and muscle sympathetic nerve
activity (MSNA) during different levels of sym-
pathetic drive are suggestive of common central
mechanisms governing both parasympathetic and
sympathetic cardiovascular modulation. There is
a similarity of patterns across different domains
(activity of the central and peripheral nervous
systems and cardiac rhythm [see Fig. 13.4]). Con-
sequently we proposed [13] that RR V should be
interpreted considering at least two different
coding modalities: average amplitude (RR and
RR variance) and dynamic oscillation (best

Fig. 13.2 RR interval series, that is, tachogram at rest and
during passive upright 90� tilt. In the auto-spectra (bottom
panels), two clearly separated LF and HF components are

present at rest. During tilt, the low-frequency component
becomes preponderant. Notice the change of pattern.
(Taken from Ref. [12] with permission)
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appreciated with LF and HF in normalized units).
In this way, we avoid the implication of scaling
and may easily focus on the change of pattern. As
an example, Fig. 13.2 shows the change of pattern
from a balanced LF and HF occurring at horizon-
tal rest to a prevailing LF power of RR variability
that follows a shift of autonomic balance (toward
excitatory prevalence) accompanying the attain-
ment of an upright posture. Similar shifts can be
obtained by increasing (or decreasing) the excit-
atory (sympathetic) set level with manipulation of
baroreflex activity using infusions of vasoactive
substances. Importantly we should never forget

that we are dealing with a complex integrated
multi-domain structure.

Information about neurovisceral performance
under various conditions might be useful to
both physiological and pathophysiological appli-
cations. Initially one of the major applications
regarded cardiac diseases, in particular, sudden
coronary death and arrhythmias [16]. An addi-
tional area of potential bias for practical
applications, even if not recognized, regards the
difference related to sex [20]. It is in fact well
recognized that men and women behave differ-
ently in terms of cardiovascular pathophysiology.

Fig. 13.3 Power spectra of MSNA, RR interval, and
respiration (Resp) in a single subject during infusions of
saline (Control), nitroprusside, and phenylephrine. During
sympathetic activation induced by nitroprusside (left), the
LF component of neural and cardiovascular variability
signals predominates relative to the HF component.

Conversely, during sympathetic inhibition and vagal acti-
vation induced by phenylephrine (right), there is an
increase of the HF component relative to the LF compo-
nent. a.u. indicates arbitrary units. Notice the change of
patterns. (Taken from Ref. [17] with permission)
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As an example, let us focus on the higher heart rate
and lower arterial pressure observed in women as
well as the different profile of cardiac diseases [21],
such as the peculiar profile of coronary disease, the
different hypertension history, and the emergence
of conditions that appear easier to occur in women,
such as the Takotsubo syndrome [22]. Approxi-
mately 10% of papers stored in the Medline data-
base refer to “sex” or “gender” as a keyword. We
will focus on some of the sex-related aspects of
HRV, and wewill present a novel unitary approach
capable of superseding the sex (and age) bias of
current autonomic evaluation [23].

Methodology in Practice

The practical value of HRV as a proxy of neural
regulation of the heart (rate) depends on two
factors referring to the importance of the

underlying function (i.e., physiology) and ease
of use (i.e., bioengineering).

It is important to point out that these factors,
although related to the same aim (detect informa-
tion on neural regulation), belong to different log-
ical classes. Hence what pertains to physiology
should be treated separately from what belongs
to methodology. Said otherwise, HRV is not a
measure of neural activity, although it might pro-
vide information [9] about neural regulation based
on standard experiments employing classical
stimulation and ablation protocols [10, 24]. In
humans, stimulation of the system can easily be
obtained by having the person stand up, thereby
inducing a compensatory sympathetic increase
and parasympathetic withdrawal (shorthand:
“shift of the autonomic balance”) [12].

The (metonymic) risk of equating RR V
indices to “activity” of the nervous system (ceci
n’est pas un chapeau [Magritte]) was probably

Fig. 13.4 Idealized, schematic representation of the cir-
cuitry responsible for generating simultaneous autonomic
and somatic behavior as derived from motoneuron pools’
activity. This activity is the outcome of the input from
sensors (somatic and autonomic) after it has been
processed by various controllers. The overall organization
maintains an integrated performance of the motor system

subdivided into somatic, autonomic and neuroendocrine.
In parallel, it is possible to extract central, peripheral
sympathetic and peripheral RR interval coding from
related variability signals. Notice the similarity of patterns
across different domains. (Inspired by Ref. [18], and data
taken from Refs. [17, 19])
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overlooked by a few investigators, and still now
(over)interpretations might hover over ANS stud-
ies, for example, the interpretation of findings
may be that at-rest LF oscillations (raw value)
are mediated entirely by the vagus and that on
standing by both the vagus and sympathetic arms;
the respiratory (HF, raw values) oscillations are
solely mediated by the vagus [24].

Based on a different model, acknowledging
the obligatory nature of dual autonomic innerva-
tion—also derived from direct electrophysiologi-
cal experiments in cats [11]—we looked at the
effects of stimulation and ablation in both animals
and humans, focusing not only on raw values of
LF and HF but also on the relative power
[12]. We saw, for example, that the shift in bal-
ance was particularly evident with nomalized-unit
evaluation in both animals (using various stimuli

to increase the excitatory set of the system: nitro-
glycerine, mild exercise, or coronary occlusion)
(Fig. 13.5) and humans [17]. In animals, by sur-
gery we could selectively abolish cardiac sympa-
thetic pathways (afferent and efferent). We also
showed that other conditions (transient myo-
cardial ischemia, moderate exercise) could
increase normalized LF while decreasing RR
variance and thus raw values of spectral
components [6]. It was apparent that the relative
power of spectral components had the capacity to
follow more closely the changes in the sympatho-
vagal (or sympathetic–parasympathetic) balance.
Importantly the presence of oscillations at LF and
HF frequency is found simultaneously in MSNA
and vagal efferent activity. This suggests that
the relative power of RR V oscillations could be
used to seek information about the performance of

Fig. 13.5 Spectral
analysis of RR interval
(upper tracings in each
panel) and systolic arterial
pressure (SAP) (lower
tracings in each panel)
variabilities in conscious
dogs at rest (CONTROL)
and during experimental
maneuvers leading to a
sympathetic predominance
(i.e., nitroglycerin infusion
[NTG], treadmill exercise
[Exercise], and transient
acute coronary artery
occlusion [Occlusion]).
Note at control the presence
of a single major HF
component in the RR
interval auto-spectrum; in
SAP, a smaller LF
component is also evident.
During sympathetic
activation, spectral
distribution is altered in
favor of low frequency;
simultaneously, a drastic
decrease in RR variance
occurs (notice different
scales on ordinates). PSD,
power spectral density.
(Reproduced from Ref. [6]
with permission)
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neurovisceral regulation [23]. A new unitary
index, ANSI, is therefore proposed as a proxy of
the performance of the entire system as a self-
organizing [9] complex structure aiming at uni-
tary goals [3].

Oscillations in HRV: Spectral Analysis

We will not delve into the technical aspects of
methodologies that have been abundantly treated
by several excellent reviews (starting with, e.g.,
[16]). We will only recall that the majority of
studies employed parametric fast Fourier trans-
formation algorithms to extract hidden
oscillations; only a smaller fraction of studies
employed non-parametric auto-regressive
algorithms, which are less sensitive to the intrin-
sic nonlinearities and noise of the RR V signal
[12]. The simplicity of obtaining the necessary
signal with miniaturized instrumentation puts the
use of HRV within everybody’s reach. Hence, the
importance of focusing on ECG rather than heart
beats to obtain the tachogram for analysis, limit-
ing analysis to sinus beat series, and
avoiding slow breathing (i.e., entrainment)
[25]. In brief, HRV measurement is easy to per-
form, non-invasive, and cost effective; however,
it has several limitations, both methodological
and practical.

First, according to specific algorithms, the
number of extracted variables might vary. Fur-
thermore, the rich data set might contain redun-
dant variables [16], thus contributing to confound
meaning and impairing usability. Finally, the
interpretation of HRV indices varies according
to the specific context (rest, standing, stress,
drugs, etc.) and individual characteristics, such
as age and sex or the presence of disease, such
as diabetes.

In this context, the results of classical [3]
and more recent studies [26] focusing on the
hierarchical design of neural visceral regulation
and providing evidence for common central
mechanisms governing sympathetic and para-
sympathetic rhythmic activity [17] suggest the

clinical usefulness of a unitary view of autonomic
information, focusing on overall performance of
regulation. We recently investigated whether a
unitary Autonomic Nervous System Index of car-
diac regulation (ANSI), as furnished by a radar
plot [23] considering simultaneously the most
informative spectral variables, could provide an
easier appreciation of overall autonomic perfor-
mance. We sought to verify whether a percentile
rank transformation could allow the use of results
from a large population as a benchmark of the
information about autonomic regulation, against
which individual autonomic performance could
be tested. Hence, swapping physiology (and raw
physical values) with information (and perfor-
mance of process). A brief description of the
methodology [12, 27] as in use in our laboratory
follows.

Autonomic Evaluation

The day of autonomic evaluation, all subjects
arrive in the clinic having avoided caffeinated
beverages since waking as well as heavy physical
exercise in the preceding 24 h. Recordings are
performed between 09:00 am and 12:00 am in
an air-conditioned, low-noise room. After a pre-
liminary 10-min rest period in a supine position,
ECG and respiratory activity are continuously
recorded over a minimum 5-min period with the
subject at rest and a 5-min period with the subject
standing. Data are acquired with a PC, and a
series of proxies of autonomic cardiac modulation
are derived using an autoregressive spectral anal-
ysis tool [25]. In addition to RR interval (in msec)
and RR-interval variability (assessed as total
power [TP] in msec2), the program automatically
provides spectral components in both the LF
(0.03–0.14 Hz) and HF (0.15–0.35 Hz) regions.
The power of spectral components is assessed in
both msec2 and nu [12]. To include a simple
evaluation of the effects of sympathetic activation
as produced by active standing and the stand–rest
difference, (Δ) in LFnu is computed.
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Unbroken Nature of Neural Visceral
Regulation: ANSI

Considering the fundamentally “unbroken” uni-
tary nature of neural visceral regulation [16], we
introduce a composite unitary autonomic nervous
system index of cardiac regulation (ANSI) as a
possible way to integrate the partial information
spread across multiple autonomic variables
(RR interval, TP, LF, and HF components
[in both absolute and normalized units], LF/HF,
and the stand–rest difference [in LFnu]) into a
single comprehensive, heuristic parameter.
ANSI is formally given by the areas of the octa-
gon in the individual radar plots [28] that are built
for each subject using eight HRV proxies, which
are preliminarily scaled from 0 to 100 by the

percentile rank transformation to share a range
of variation and unit of measurement. To account
for age and sex effects, percentile rank trans-
formation is computed within the groups defined
by the combinations of sex and age classes
(with thresholds at 30 and 49 years) using a
simple routine. ANSI, expressed in percentiles
instead of raw, physical values, allows to rank
individuals’ overall autonomic condition against
the reference population.

To minimize redundancy, a second more par-
simonious, clinically manageable, version of
ANSI is constructed by employing a decreased
number of proxies (Fig. 13.6). The minimum
number of proxies is selected from among the
HRV variables recognized as being substantial
by the combination of factor analysis [29],
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Fig. 13.6 The construction of ANSI3 in its main steps.
First, the procedure starts from the three selected HRV
proxies (RR, RR power and ΔLFnu) and their distribution
within sex and age classes jointly considered (left panels);
then it proceeds through their within-group transformation
according to the percentile rank (middle panels); and it
ends by computing the indicator as the area of the triangle
composing each individual radar plot, which is expressed

in percentile (right). Notice that in this procedure the sex
(and age) bias is eliminated. Abbreviations: Age
subgroups with thresholds at 30 and 49 years, Y ¼ young,
M ¼ middle, O ¼ old; RR ¼ RR interval, TP ¼ RR
interval power; Δ LF ¼ stand–rest difference in LF
nu. X values for RR are in msec, TP are msec2; Δ LF are
in nu. (Taken from Ref. [23] with permission)
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which is carried out with the principal factor
extraction method and varimax rotation (consid-
ering meaningful only loadings >0.4), and physi-
ological underpinnings. A reduced ANSI score is
regarded as a good synthesis of autonomic infor-
mation comparable with ANSI8 if the linear cor-
relation coefficient between the two indices is
significant and high (i.e., >0.8). Subsequently,
groups approximating the clinical status of
individuals were formed by combining together
the categories of systolic arterial pressure (with
thresholds at 120 and 140 mmHg), body mass
index (with thresholds at 25 and 30 kg/m2), and
smoking (no/yes). In this way, the benchmark
population is composed of only ambulant, not
hospitalized, patients who are devoid of
symptoms or acute conditions.

Results

We report herein a summary of a recent study [23]
on a benchmark population (n ¼ 1593, age
39 � 13 years), resolving the implications of sex
and age differences. Descriptive anthropometric
and autonomic data for the reference population,
subdivided into age and sex classes, are listed in
Table 13.1. Significant within-sex differences
between age classes are evident. Table 13.2 fur-
ther focuses on the clear sex-related difference in
the subgroup of normal healthy subjects (free
from risk factors, such as hypertension, obesity,
or stress). Notice that females have lower BMI,
arterial pressure, and mean RR as well as RR TP
and RR LF in raw values, whereas HF absolute
(a) is similar in both sex groups. Conversely,
normalized-unit RR HF is greater in females
(RR LF is lower in both absolute and normalized
values). The stand–rest difference in normalized-
unit LF is similar in both sexes.

Factor analysis applied to the eight HRV prox-
ies (Table 13.3) to extract the potential tendency
of spectral indices to form clusters of homoge-
neous meaning demonstrates that the first three
factors reproduce a high percentage (variance
accounted for [VAF] ¼ 82.7%) of the total infor-
mation spread across variables. Analysis further
shows that taken individually, the first factor

accounts for 44.0%, the second for 24.2%, and
the third for 14.5% of the total variance. More-
over, factor loadings indicate aggregation of the
HRV proxies into the following three clusters:
normalized autonomic indices (LF nu, HF nu,
LF/HF, and ΔLFnu [factor 1]), absolute indices
(TP, LFa, and HFa [factor 2]), and RR interval
(HR and RR [factor 3]). This suggests
constructing the reduced ANSI with three
selected proxies (ANSI3), one for each factor.

In addition, binary logistic regression indicates
that only the following variables carry significant
information about sex prediction (71% correct
prediction): RR ( p < 0.001), RR LFnu
( p < 0.001), RR HF nu ( p ¼ 0.009), and Δ
stand–rest LFnu ( p < 0.001). Interestingly, vari-
ance of RR—a major time domain index of
HRV—does not add significantly to sex informa-
tion. ANSI (Fig. 13.7), by design, is free from sex
(and age) bias, and there is no difference between
the sexes, for example, females 56.16 � 27.79
versus males 54.43 � 29.15 (not significant).

Discussion

Within the constraints of a complex system, neural
visceral regulation can be depicted as the unitary
result of a continuous dynamic balance between
two opposing neural domains: an excitatory sym-
pathetic one and an inhibitory parasympathetic
one [6]. This is, on purpose, a simplified model
because, for example, large nonlinearities are not
addressed, and the opposing (excitatory–inhibi-
tory) balance is not always appropriate (e.g., it
does not consider possible parallel changes in
either direction of the two autonomic arms).

However, this simplified model, as a first
approximation, permits to argue about the (hypo-
thetical) significance of the complex dynamics
of HRV, for example, we can test experimentally
whether increases in excitatory sympathetic drive
are reflected in a change in spectral pattern: spe-
cifically a leftward shift of the spectral profile
(Fig. 13.2). This implies that indices (or rather
patterns [9]) from HRV can provide information
about the underlying setting (prevailingly excit-
atory or inhibitory) of the entire system. The
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autonomic nervous system becomes (or rather
returns to being) connected to the central nervous
system and to the sensory periphery in order to
govern the various “bits” of unitary behavioral
goals [30] that accompany everyday life from
moment to moment. Early alterations in health

status—such as hypertension, obesity, or
stress—can thus be estimated from alterations in
autonomic proxies. Obviously, the sex (and age)
scalar difference in HRV indices might represent
an important obstacle to simple clinical use of the
methodology.

Table 13.1 Descriptive anthropometric and autonomic data subdivided into sex and age sub-groups of the study
population

Young Middle age Old

Significance trendMean � SD Mean � SD Mean � SD

Females

n ¼ 225 n ¼ 341 n ¼ 205

Age Years 24.4 � 3.4 40.2 � 5.6 56.1 � 5.5 p < .001

Weight Kg 61.6 � 13.6 69.3 � 23.1 68.2 � 17.0 p < .001

Height Cm 165.0 � 6.6 163.3 � 6.5 160.7 � 6.3 p < .001

BMI Kg/m2 22.6 � 4.9 26.0 � 8.3 26.4 � 6.5 p < .001

HR bpm 69.7 � 12.2 69.5 � 12.7 69.5 � 13.3 p ¼ .840

SAP mmHg 109.1 � 12.7 119.2 � 18.8 134.5 � 21.6 p < .001

DAP mmHg 69.3 � 9.6 76.3 � 12.0 83.1 � 12.4 p < .001

RR ms 887.2 � 155.0 893.7 � 172.0 896.5 � 178.1 p ¼ .566

TP ms2 4073.7 � 4195.7 2186.1 � 2097.8 1250.4 � 1180.9 p < .001

LFa ms2 1090.7 � 1143.9 598.1 � 732.2 365.7 � 759.8 p < .001

HFa ms2 1586.8 � 2157.5 558.4 � 762.8 284.7 � 510.0 p < .001

LF nu nu 45.1 � 20.6 50.8 � 19.3 50.3 � 20.5 p ¼ .006

HF nu nu 47.4 � 21.2 41.0 � 19.4 38.6 � 20.2 p < .001

LF/HF – 1.9 � 3.5 2.4 � 3.8 2.8 � 5.3 p ¼ .020

ΔLF nu nu 34.0 � 20.7 22.2 � 21.7 15.7 � 20.9 p < .001

Males

n ¼ 265 n ¼ 361 n ¼ 196

Age Years 24.4 � 3.6 40.1 � 5.7 58.1 � 7.4 p < .001

Weight Kg 77.2 � 13.3 81.0 � 13.8 80.7 � 17.2 p ¼ .011

Height Cm 179.8 � 8.6 176.2 � 7.7 171.7 � 8.4 p < .001

BMI Kg/m2 23.8 � 3.4 26.1 � 4.1 27.4 � 5.0 p < .001

HR bpm 61.1 � 13.0 67.2 � 12.1 66.4 � 11.3 p < .001

SAP mmHg 122.2 � 13.7 130.1 � 18.3 138.7 � 19.6 p < .001

DAP mmHg 71.7 � 9.4 82.6 � 13.0 85.8 � 11.9 p < .001

RR ms 1028.9 � 227.5 921.1 � 181.8 931.8 � 172.6 p < .001

TP ms2 4955.6 � 8268.4 2959.0 � 4690.2 1328.9 � 1357.1 p < .001

LFa ms2 1332.4 � 1830.5 893.2 � 1302.3 406.3 � 554.8 p < .001

HFa ms2 2003.6 � 5403.5 727.8 � 2239.4 177.2 � 258.6 p < .001

LF nu nu 49.0 � 23.1 61.1 � 22.0 58.1 � 22.1 p < .001

HF nu nu 46.1 � 23.5 32.4 � 21.4 32.4 � 20.5 p < .001

LF/HF – 2.1 � 2.9 4.7 � 7.4 4.2 � 6.5 p < .001

ΔLF nu nu 35.4 � 23.7 20.1 � 22.3 11.8 � 22.6 p < .001

Abbreviations: n number of cases, BMI body mass index, HR heart rate, SAP systolic arterial pressure, DAP diastolic
arterial pressure, n number of cases, RR RR interval, TP total power of RR variability, LF low-frequency component of
RR variability, a absolute value, HF high-frequency component of RR variability, nu normalized unit, Δ stand–rest
difference, sig. significance by trend test
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With the emergence of personalized medicine,
and the increasing availability of information
technology for everybody, the value of indices

capable of indicating the quality of control
systems in maintaining health may grow, thus
increasing their appeal to the market. In addition,
it is conceivable that HRV will enjoy ever-
increasing success. However, the methodological
complexity involved is likely to act as a barrier to
the acceptance of the necessary change of para-
digm. We argue that a major facilitatory role
might conversely be provided by using a single
normalized (by rank) index (ANSI) [ 23], which
can facilitate the practical use of the working of
the autonomic nervous system. This approach
permits to transcend the uncertainties of the phys-
iological information carried by single indices.
Thus, the focus might change from (scalar)
measures of amplitude of sympathetic or para-
sympathetic activity, which are implicitly seen
as separate (i.e., “autonomic”), to measures of
performance of integrated neurovisceral regula-
tion based on the dynamic interaction (pattern or
“balance”) of sympathetic and parasympathetic
(oscillatory) control and the humoral milieu.

Irrespective of the specific methodology, age
and sex are potent modifiers of (the amplitude) of

Table 13.2 Mean data for the study population of normal subjects (n ¼ 863)

Female Male

Mean SD Mean SD p

Age Years 34.70 11.67 33.39 11.88

WEIGHT kg 59.96 9.29 77.20 11.37 <0.001

HEIGHT cm 163.97 6.61 178.00 8.85 <0.001

BMI kg/m2 22.30 3.14 24.32 2.67 <0.001

SAP mmHg 110.55 12.74 121.06 12.70 <0.001

DAP mmHg 70.47 8.62 73.12 8.91 <0.001

HR b/min 68.43 11.26 62.81 12.61 <0.001

RRMean msec 900.56 150.07 996.05 211.85 <0.001

RRTP msec2 3172.29 3453.82 4291.80 7326.63 0.006

RRLFa msec2 865.67 1031.88 1206.49 1752.07 0.001

RRHFa msec2 1136.65 1761.24 1593.64 4618.52

RRLFnu nu 46.16 19.36 51.96 22.78 <0.001

RRHFnu nu 45.83 19.94 42.55 23.03 0.027

RRLFHF – 1.88 3.31 2.53 3.54 0.006

RRLFHz Hz 0.102 0.027 0.098 0.022 0.030

RRHFHz Hz 0.27 0.06 0.26 0.06 0.044

ΔLFrrSTAND-REST nu 30.14 20.00 29.82 24.48

Abbreviations: BMI body mass index, HR heart rate, SAP systolic arterial pressure, DAP diastolic arterial pressure, RR
RR interval, TP total power of RR variability, LF low-frequency component of RR variability, a absolute value,HF high-
frequency component of RR variability, nu normalized unit, Hz Hertz, Δ stand–rest difference

Table 13.3 Factor analysis

Variance Accounted For (VAF) 82.7%

Factor 1 2 3

VAF per factor 44.0% 24.2% 14.5%

Loading

HR �.950

RR .947

TP .946

LFa .804

HFa .884

LF nu �.938

HF nu .923

LF/HF �.719

ΔLF nu .775

Abbreviations: RR RR interval, TP total power of RR
variability, LF low-frequency component of RR
variability, a absolute value, HF high-frequency compo-
nent of RR Variability, nu normalized unit, Δ stand–rest
difference
Factor analysis is performed with principal factor extrac-
tion method and varimax rotation
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autonomic indices. The use of a unitary proxy
(ANSI) permits to address directly the perfor-
mance (with a 0–100 rank corresponding to the
shift from poor to optimal) of overall autonomic
regulation as defined against a benchmark
of healthy, ambulatory population. Sex
differences are recognized at the (scalar) level of
raw individual indices, thus reinforcing the
hypothesis that patterns and amplitudes provide
a different kind of information [9].

We may regret the loss of the direct physiolog-
ical information carried by the raw values of
individual indices [31]. However, this may not
be a limitation because mathematical mani-
pulations might generate novel information [32]
on the overall performance of the neural visceral
regulation as the result of a unitary organization
sub-serving complex behavioral dynamics. We
might even argue that ANSI might supersede
the previous view of the LF/HF ratio [12] as a
comprehensive index of the balance between
excitatory and inhibitory peripheral (sympathetic

and parasympathetic) nerve activities. ANSI
[23] could thus furnish a proxy of the overall
setting of the visceral regulation independent of
age and sex. However, only large-scale
applications will tell if this approach truly
represents an advancement in the clinical use of
autonomic (or visceral) nervous system
assessment.
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modern-day clinical treatment strategy of the
many patients with cardiovascular disease.
This chapter uses allometry, which was esta-
blished for comparative biology, to explore
physiological and pathological differences
due to differential growth, which may lead to
differing diagnostic and treatment approaches
for male versus female patients. Men and
women have obvious differences in body and
heart weights, as well as different geometries
and structures of their blood vessels; the anal-
ysis in this chapter extends to their hemody-
namic functional differences. This includes
dimensional analysis to establish criteria for
characterizing functions based on allometric
formulations. The clinical applications of
sex differences are analyzed for arterial steno-
sis, aneurysm, atherosclerosis, hypertension,
and coronary revascularization. Allometric
approaches are applied specifically to isolated
cases of systolic hypertension to delineate
the intermingled relations of aging and sex
differences. This chapter aims to provide
some preliminary insights into the usefulness
of cardiovascular allometry. Its future impact
on clinical diagnosis remains largely
unexplored.

Keywords

Comparative hemodynamics · Allometry ·
Cardiovascular function · Sex differences

Allometry for Comparative Analysis
of Cardiovascular Structure
and Function

Simple Allometry

Modern comparative biological studies are
credited to Huxley’s [27] work on the “Problems
of Relative Growth,” in which he based many of
his biological interpretations on allometric
relations. His work must have been greatly
influenced by D’Arcy Thompson’s [84] monu-
mental treatise, “On Growth and Form,” which

is based on the extensive analysis of numerous
experimental observations. We shall first look at
the role allometry plays among the species of
Homo sapiens and then focus on the within-
species aspects before applying it to examine
differences in the sexes.

Generally speaking, the term “allometry” is
defined as the change of proportions with an
increase of size both within a single species and
between adults of related groups. The commonly
used allometric formula relates any measured
physical quantity Y to body weight W, and a and
b are derived or measured empirical constants.
This results in the familiar power law,

Y ¼ aWb ð14:1Þ
This formula expresses simple allometry. Special
cases are associated with this formula that have
identifiable physiological meanings. For instance,
when the exponent is 0, Y is proportional to a and
is independent of body weight W. In other words,
the physical variable is invariant of body weight.
When the exponent b is 1/3, the variable is depen-
dent on body length; when b is 2/3, Y is dependent
on body surface area (BSA); and when b¼ 1, Y is
simply proportional to body weight. This
provides what is known as the basis of the “one-
third power law” or geometric scaling as pro-
posed by Lambert and Teissier [35]. It has
recently been challenged by the “one-fourth
power law,” or the exponent in multiples of 1/4,
as the basis of biological allometric formulation
[90] and by compound allometry. This latter is
seen in the clinical formulation of BSA estimation
where simple allometry is substituted with com-
pound allometry with BSA being dependent on
both body weight and height of the male or the
female.

The inverse proportionality applies when b is
negative. On a log–log plot of the physical quan-
tity with body weight, one can see that a straight
line will result in a slope b. The slope can be
positive or negative depending on the value of
b. For comparison among species, a physical
variable of interest is first measured for each of
the species or sexes. The values are then plotted
on a log–log graph. Because
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log Y ¼ logaþ b log W ð14:2Þ
plotting log Y on the ordinate and log W on the
abscissa will result in a straight line with slope
b and intercept a.

The allometric equation has proven to be pow-
erful for the characterization of similarities among
species. It is effective in relating a physiological
phenomenon, either structural or functional,
among mammals of grossly different body
weight. However, allometry has been little stud-
ied in terms of its clinical applications and for
identifying differences between the sexes.

Consideration of Similarity Criteria
as Scaling Laws for the Cardiovascular
System

The classic definition of a similarity criterion is
when Y, formulated in terms of either product
(s) or ratio(s) of physically measurable variables,
remains constant despite changes in body weight
and is dimensionless. Thus, the exponent b must
necessarily be zero. In other words, similarity is
present whenever any two, dimensionally identi-
cal, measurements occur in a constant ratio to
each other. If such a ratio exists among different
species or sexes, then a similarity criterion is
established as the scaling law. This approach of
establishing biological similarity criteria has been
found to be very useful [4, 10, 21–24, 41, 45, 47,
61, 62, 80–82].

It has been recognized that there are gross
similarities in the anatomical structure and physi-
ological function of the mammalian cardiovascu-
lar system and between the sexes. To draw such
conclusions based on observations alone is inad-
equate in that the physical principles governing
such similarities are not present. To extrapolate
one’s observation of similarities from one species
of a given size to another, one exercises visual
“scaling.” Thus, scaling can be used to form
criteria that allow extrapolation or interpolation
of observations.

Let us consider anatomical similarities through
scaling by multiplication or division of body
length dimensions based on simple allometry.

Thus, the length of the aorta of a woman Lw is
scaled to that of a man Lm by a scaling factor a1,

Lw ¼ a1 Lm ð14:3Þ
Similarly, their heart weights can be scaled by a
constant of proportionality, a2,

Whw ¼ a2Whm ð14:4Þ
With simple allometry, the length of the aorta

is obviously proportional to the respective body
weight’s one-third power. Modeling is an impor-
tant aspect of interpreting observed similarities
and predicting experimental observations a priori.
To be useful, an experimental test on a model
should provide data that can be easily scaled to
obtain either static or dynamic information that
exists on the “prototype.” This means the identi-
fiable pertinent features of the prototype must be
of sufficient accuracy. It is important that the two
systems under observation have the same dimen-
sional homogeneity within the same regime.
Simply said, one would compare aortic blood
flow and aortic diameter of a man to those,
respectively, of a woman or a dog. One would
not compare blood flow in the aorta of man to the
blood flow of the femoral artery of a dog or a
woman, nor compare blood pressure to flow
because they have different dimensional
variables, i.e., mmHg versus mL/s.

Observations of the anatomic cardiovascular
structure among mammalian species have shown
considerable geometric similarities. Geometric
similarity implies the same shape or size and
that corresponding linear dimensions of the car-
diovascular systems are related by a constant
scale factor. For instance, the length of the aorta
from its root to its aorto-iliac bifurcation is about
65 cm in a 70-kg man. This length is approxi-
mately 45 cm in a 20 kg dog. The ratio of the two
is 65/45¼ 1.44. If the diameter of the dog aorta is
1.6 cm, this ratio can be used to calculate the
aortic diameter of the man since

65=45 ¼ D=1:6 ð14:5Þ
or D ¼ 2.3 cm, which should be close to the
actual size of the human aorta had we measured
it. In terms of the sexes, both the aortic length and
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diameter differ among men and women; it is
greater in men than women. Notice here that the
aortic length and diameter both have the physical
unit of cm. In addition, both length and diameter
have the body weight exponent of 1/3 or W1/3.
It should be noted here that the growth charts
used clinically for assessing the body heights
and weights for boys and girls are significantly
different.

One can also scale the total cross-sectional
area of the vascular beds, the number of
capillaries, or the size of the heart from one mam-
mal to another. Numerous experimental studies
have shown that heart weights in mammals are in
a constant proportional to their body weights.
Here again, we can see that the difference in
body weights between man and woman leads to
difference in their heart weights. This constant of
proportionality gives a scaling factor such that we
can obtain the heart weight of any mammal by
simply knowing the body weight. As an example,
if the body weights of man and a rabbit are 70 kg
and 3 kg, respectively, and the man’s heart
weight–to–body weight ratio is 6/1000 or 0.6%
(or 420 g), then the heart weight of the rabbit is:

Wh ¼ 3� 0:6% ¼ 0:018kg or 18g ð14:6Þ
If we extrapolate this to within-species compari-
son between a 70-kg man and a 60-kg woman, we
can calculate the heart weight of the woman as:

Wh ¼ 60� 0:6% ¼ 0:36kg or 360g ð14:7Þ
which is quite a reasonable estimate. In patients
with increased heart weight associated with obe-
sity or left ventricular hypertrophy, such simple
allometric estimates still provide a first estimate
of the energetic demand and workload of the
heart.

Comparative cardiovascular physiologists
have provided many such criteria based on the
above-mentioned approach, e.g., Stahl [80, 81]
and Gunther [21]. For example, if we plot the
aortic diameter to the length of the aorta for
several mammals, the ratio of aortic length to its
diameter is a constant. This ratio is easily calcu-
lated to be about 36.5 from the allometric equa-
tion of the aortic diameter,

D ¼ 0:48 W0:34 ð14:8Þ
and that for the length of the aorta [41, 45],

La ¼ 17:5 W0:31 ð14:9Þ
It should be noted here that the length of the aorta
is seen to differ in man and woman and therefore
so do the sizes of their respective aorta and the
cross-sectional area. These differences undoubt-
edly lead to differences in aortic flow and stroke
volume (SV).

Variations in the empirical values of a and
b have been found to be dependent on sample
size, range of body weight differences, and
methods of measurement of the physical para-
meter, Y. The use of allometry by itself for com-
parative physiological interpretation has been
subjected to criticism. For instance, one can easily
obtain dimensionless numbers from allometric
ratios with a zero exponent without any physio-
logical significance. The ratio of a man’s aortic
length to the length of a woman’s femoral artery
can be a constant with zero exponent and dimen-
sionless, but it does not bear any physiological
relevance. Clearly, allometry must be used in
conjunction with both physical and physiological
relevance.

Despite the shortcomings, the use of allometric
equations has its fundamental place in compara-
tive physiology. Below we discuss the extent of
the usefulness of simple allometry and its
limitations when applied to the function of the
cardiovascular system.

The Problem of Relative Growth
in Relation to the Cardiovascular
System

Proportional Growth

In his work, “On Growth and Form,” D’Arcy
Thompson [84] stressed that all organic forms
are the result of differential growth. This includes
general growth, which may be quantitatively dif-
ferent in space, or localized growth at any partic-
ular site. For instance, the total number of newly
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generated sarcomeres and the angiogenesis of
new blood vessels occur at different locations
and at different rates. The subject of differential
growth received little consideration until the work
of Huxley, who studied certain phases of “The
Problems of Relative Growth” ([26] also the title
of his book) and demonstrated the existence of
empirical laws that appear to govern differential
growth.

Huxley first studied known cases of differen-
tial growth and established a general law for such
a growth. We now know that the establishment of
one quantitative rule leads to the discovery of
others. He postulated a hypothesis that the ratio
between the intensity (or relative rate) of growth
of the organ and that of the body remains constant
over long periods of the animal’s life. In terms of
the cardiovascular system, heart weight in rela-
tion to body weight quickly comes to mind:

Wh ¼ aWb ð14:10Þ
because if b ¼ 1, then there is proportional
growth, and if b differs greatly from 1, then
there is obviously a differential growth. Experi-
mentally, the exponent b is found to be very close
to 1, suggesting that the heart grows in proportion
with increasing body weight. In pathological
conditions, we see that both a and b can deviate
substantially from their “normal” values. These
a and b coefficients can also differ in man and
woman and between infant, adult, and elderly.

Differential Growth and Growth in Time

The usefulness and obvious limitation of the sim-
ple allometric formula is that it does not explicitly
address time dependence or effect of age. Thus,
one can ignore the time relations of growth by
relating the sizes of the blood vessel or heart size
to body size. Thus, time or, specifically, aging
dependence is neglected. Many equations exist
for describing growth in time, t, e.g., exponential,
linear, or constant rate, respectively,

Y ¼ eat ð14:11Þ
Y ¼ at ð14:12Þ

or

dY=dt ¼ a ð14:13Þ
where a is a constant.

Deviations from Simple Allometry

One of the most serious difficulties, and often a
neglected one, in studies of differential growth is
how to decide whether the growth trend of the
data is adequately represented by a straight line
on a log–log or a double-logarithmic graph.
Extrapolation of data points to extremes of body
weight differences would also, in general, intro-
duce large errors [92]. As an example, when the
ratio of heart weight as a function of body weight
measured in large mammals weighing more than
100 kg is used to estimate the similar ratio for a
very small mammal weighing less than 10 g, such
as a shrew, error can be considerable. Thus,
extrapolating a male adult of 100 kg to his child-
hood body size as an infant can produce consid-
erable error.

If different parts of the organ—such as the left
anterior descending coronary artery or the smooth
muscle cell in the tunica media of an artery—can
show unequal constant differential growth ratios
against body size, then the whole organ cannot
exactly obey the allometry law against the
same standard and vice versa. Thus, one can
re-calibrate and re-formulate alternative allome-
tric equations that can afford a better quantitative
description than simple allometry. For instance,
the DuBois formula is widely accepted for the
calculation of BSA:

BSA ¼ a1W
b1 þ a2H

b2 ð14:14Þ
Specifically, this is explicitly given as:

BSA ¼ W0:425H0:725 � 71:84 ð14:15Þ
which is dependent on both body weight
W (kg) and height H (cm). This seems to suggest
the relevance of cylindricality [88] for the form of
Homo sapiens. The geometry of cylindricality is
well represented in the cardiovascular system,
e.g., arterial segment. It should be noted here
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that the BSA calculation previously given
differs greatly from the simple allometry or the
two-thirds power law,

BSA ¼ aW2=3 ð14:16Þ

Hemodynamic Analysis Through
Simple Allometry

Blood Pressure and Flow

Geometric similarities can describe many com-
mon anatomic structures in which the results of
kinematic similarities are related to those of
dynamic similitudes. For instance, the heart
generates blood pressure and flow waveforms,
which are transmitted to the arterial system.
These waveforms should possess a certain simi-
larity, and their amplitudes should be proportion-
ally scaled. Indeed, aortic blood pressure
waveforms in mammals exhibit striking similar-
ity, e.g., they are of the same magnitude (a and
b are constant for different mammals). However,
we know that children have lower blood pressure
and flow than adults and that women, in general,
have lower blood pressure from childhood until
adolescence compared with men, but the elderly
have greater incidence of systolic hypertension.
Blood flow waveforms are of the same shape
across mammalian species, but they differ
between the sexes as we shall discuss later in
the text.

For two fluid mechanical systems to function
similarly, both geometric and kinematic similarity
must be possessed for the systems to be
dynamically similar. This is where dimensional
analysis and the Pi theorem come into play for the
establishment of similarity criteria as we shall
discuss now.

The close resemblance of fluid motion and
blood flow has allowed hydrodynamic principles
to be extrapolated to hemodynamics. Similarity
criteria that were well established in hydrodynam-
ics have been applied to arterial blood flow. For
instance, the Reynolds number is essential for

identifying viscous similitude and laminar-to-tur-
bulent flow transitions.

Employing Huxley’s allometric equation and
Buckingham’s Pi theorem, Gunther and DeLa
Barra [22] deduced a dimensionless number for
the mammalian circulation relating mean arterial
pressure, mean blood velocity in the aorta, dura-
tion of cardiac cycle, basal oxygen consumption,
total peripheral resistance, and total blood vol-
ume. Although the number is relatively constant,
irrespective of mammalian body size, the
parameters are often interdependent.

We have seen that heart weight in an adult
mammal bears a constant proportion to its body
weight. This constant fraction seems to hold for a
number of mammals and for man and woman
alike. The amount of blood ejected during each
contraction of the heart, or the SV, also bears a
constant proportion to body weight. This is
because, grossly speaking, mammalian hearts
are similar in general anatomical structure and in
overall physiological function. Thus, for a given
size of the heart, its SV is dictated by its heart size
as can be seen from the simple allometric
equations:

Wh LVð Þ ¼ 2:61 W1:10g ð14:17Þ

SV ¼ 0:74 W1:03 mL ð14:18Þ
SV is the integral of flow during the ejection
period,

SV ¼
ð
Q tð Þdt ð14:19Þ

where Q(t) is the instantaneous blood flow
measured in the ascending aorta. Equivalently,
this flow is the rate of change of the left ventricu-
lar volume,

Q tð Þ ¼ dV tð Þ=dt ð14:20Þ
SV has been considered one of the most impor-
tant hemodynamic quantities in assessing ventric-
ular function. Together with blood pressure, its
magnitude bears a direct relation to the energy
expenditure of the heart (the external mechanical
work [EW] or the work performed by the heart to
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overcome the arterial load during ejection), which
is given by:

EW � p � SV ð14:21Þ
This is seen as being equivalent to the area under
the left-ventricular pressure-volume loop.

Aortic blood pressures in mammals are invari-
ant of their body weights [25]. In allometric form,
the mean arterial pressure can be expressed as:

p ¼ 1:17 105 W :033 dynes=cm2 ð14:22Þ
or

p ¼ 88 W :033 mmHg

The left ventricular EW can then be easily
computed from the product of the mean arterial
pressure and SV,

EW ¼ 0:87� 105 W1:063 ergs

¼ 0:0087 W1:03 J
ð14:23Þ

Therefore, in healthy mammals, a larger ventricle
will generate a greater amount of EW simply
because of its larger heart size [36, 37, 57]. This
allometric relation also clearly demonstrates the
difference in SV and EW between men and
women merely because of their respective body
weight and heart size.

Cardiac output, a familiar parameter used in
physiology and medicine to assess cardiac func-
tion, is defined as the amount of blood ejected per
minute and equivalently,

CO ¼ SV � fh ð14:24Þ
or

CO ¼ 0:74 W1:03
� �

4:02 W�0:25
� �

60=1000

¼ :178 W0:78 L=min

ð14:25Þ
because heart rate is given by

fh ¼ 4:02 W�0:25 s�1 ð14:26Þ
These formulae can be easily applied to the esti-
mation of heart rate and cardiac output in man and
woman and from infancy to adulthood.

Peripheral Resistance to Flow

The total peripheral resistance for a mammalian
systemic arterial tree can be calculated from the
following relation:

Rs ¼ p=CO

¼ 2:8� 106 W�:747dyn:s:cm�5 ð14:27Þ

Thus, peripheral resistance follows the �3/4
power law and, incidentally, is inversely propor-
tional to the metabolic rate (+3/4).

One can see that with simple manipulations of
allometric formulae, a new and useful set of allo-
metric equations can be produced. In the present
example, we could easily obtain a good estimate
of the peripheral resistance of the systemic circu-
lation if the body weight is known. This is by far
easier than carrying out experimental measure-
ments to obtain this value, which is a difficult
task in some situations. The derived allometric
equation compares favorably with those reported
by, e.g., Gunther and Guerra [24], who formu-
lated the following:

Rs ¼ 3:35 106 W�:68 dynes s cm�5 ð14:28Þ
Vascular input impedance, which has been

used to represent the afterload to the heart, can
also be readily obtained once frequency domain
harmonics for pulsatile pressure and flow are
secured [45, 47, 48].

Dimensional Analysis and the Pi
Theorem

Mass, Length, and Time System
and Buckingham’s Pi Theorem

Of allometric calculations, the mass (M ), length
(L ), and time (T ) representation of a physical
variable or parameter—or the so-called MLT
system—is the most common. The physical
quantities differ from physical constants. The for-
mer always possess units, whereas the latter are
not always dimensionless (e.g., Planck’s
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constant). The use of Buckingham’s Pi theorem
for dimensional analysis requires all physical
quantities be expressed in MLT. This theorem
has wide applications as shown below.

Dimensional homogeneity, another require-
ment to use the Pi theorem, was first proposed
by Fourier in 1882, who stated that any equation
applied to physical phenomena or involving
physical measurements must be dimensionally
homogeneous. Its usefulness can be found in the
Navier-Stokes equations describing incompress-
ible fluid flow in the longitudinal direction, e.g.,
in a blood vessel (in cylindrical coordinates).
Every term in the equation has the dimension of
a pressure gradient for flow in the z direction:
dp/dz, or M1L�2T�2.

Numerous dimensionless numbers have found
their way using the dimensional matrix. The
matrix comprises columns representing physical
quantities, and rows are filled with basic units
(M, L, T). To form a dimensional matrix, a priori
knowledge of pertinent physical parameters is
necessary. For instance, if 8 physical quantities
are important for the description of blood flow in
arteries, and there are 3 basic units (MLT) to
represent them, then we are able to obtain
8–3 ¼ 5 dimensionless Pi numbers. In general,
the number of dimensionless Pi numbers is deter-
mined by the number of physical quantities minus
the rank of the dimensional matrix.

To use the MLT system, one must first express
explicitly any variable in its physical units using
either the CGS (cm, g, s) or MKS (m, Kg, s)
system or using SI units of representation. For
instance, blood pressure is commonly measured
in mmHg and must be converted to g/cm s2. Thus,
pressure ( p) is given as force (F) per unit area (A),

p ¼ F

A
¼ M½ � L½ ��1 T½ ��2 ð14:29Þ

where A has the dimension of cm2, or [L]2, and
force is mass times acceleration, Newton’s sec-
ond law,

F ¼ m � a ¼ M½ � L½ �= T½ �2 ð14:30Þ
where a is the acceleration in cm/s2 ([L]/[T]2).
The left ventricular volume V has the unit of mL
or cm3 and a dimension of

V ¼ L½ �3 ð14:31Þ
The aortic flow, Q, represented by the rate of
change of ventricular volume, has the unit of
mL/s or

Q ¼ dV
dt

¼ L½ �3= T½ � ð14:32Þ

Linear flow velocity in a parabolic velocity profile
in a femoral artery, or a blunt velocity profile in
the ascending aorta, has the dimension of

v ¼ dz
dt

¼ L½ �= T½ � ð14:33Þ

or with a physical unit of cm/sec; z lies along the
axis of blood flow direction.

Heart rate shown previously, in beats per sec-
ond, has the dimension of

f h ¼ T½ ��1 ð14:34Þ
which presents slight differences between the
sexes and at different ages.

Dimensional Matrix for Hemodynamic
Analysis

When formulating a dimensional matrix, it is
necessary to identify the parameters considered
pertinent to the problem at hand. These para-
meters must be expressed in terms of [M], [L],
and [T]. For example, given arterial blood pres-
sure ( p), flow (Q), and heart rate ( fh), a dimen-
sional matrix can be formed, thus:

p Q f h
M 1 0 0

L �1 3 0

T �2 �1 �1

ð14:35Þ

This, therefore, is a 3 � 3 matrix or a square
matrix.

As another example, the relationship between
left ventricular wall tension (T) and left ventricu-
lar radius (r) and left ventricular pressure (Laplace
law [38, 58, 71]), one can form a dimensional
matrix in terms of the three parameters before
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the application of Buckingham’s Pi theorem. This
dimensional matrix is as follows:

T p r

M 1 1 0

L 0 �1 1

T �2 �2 0

ð14:36Þ

Again, this is a 3 � 3 square matrix.

Allometry in Rheology and Vascular
Mechanobiology

Dimensionless numbers provide useful scaling
laws, particularly in multi-scale modeling and
similarity transformation. Dimensional analysis
is a powerful tool, but it is not limited to just
mathematics, physics, and modeling; it has
immense applicability to many biological
phenomena [47].

Similarity criteria can be obtained in the anal-
ysis of blood flow. We can first form a dimen-
sional matrix by incorporating parameters that are
pertinent to the analysis. These are the fluid den-
sity (ρ) and viscosity (η), the diameter (D) of the
blood vessel, and the velocities of the flowing
blood (v) and the pulse wave (c). In terms of the
dimensioning mass (M), length (L), and time
(T) system, we can write down the following
dimensional matrix:

ρ c D η v
g=cm3ð Þ cm=sð Þ cmð Þ poiseð Þ cm=sð Þ

M 1 0 0 1 0
L �3 1 1 �1 1
T 0 �1 0 �1 �1

k1 k2 k3 k4 k5
ð14:37Þ

where kns are Rayleigh indices referring to the
exponents of the parameters. According to
Buckingham’s Pi theorem [36, 37, 40], two
dimensionless Pi numbers (5–3 ¼ 2) can be
deduced.

Mathematically, we have the following,

πi ¼ ρk1 ck2 Dk3ηk4vk5 ð14:38Þ
or, in terms of MLT, then

πi ¼ Mk1L�3k1T0
� �

M0Lk2T�k2
� �

M0Lk3T0
� �

M0Mk4L�k4T�k4
� �

Lk5T�k5
� �

ð14:39Þ
Because Pi numbers are dimensionless, the expo-
nent must be zero. Equating the exponents of
MLT to zero and solving, we obtain two Pi num-
bers or similarity criteria [36, 37]:

π1 ¼ ρvD

η
¼ Re and π2 ¼ c

v
¼ 1

Ma
ð14:40Þ

The first Pi number, or π1, is clearly identifiable
as the Reynolds number, Re. The second π2 is the
inverse of the Mach number, Ma. The Ma is
equivalently seen as the ratio of flow velocity to
pulse wave velocity (PWV) in terms of blood pulse
wave propagation [52]. It is also termed the “veloc-
ity fluctuation ratio” (VFR). Recalling that to
assume linearity of the arterial system, the flow
velocity should be small compared with the PWV
(v < < c [or PWV]) or the VFR should be small.

The requirements for dynamic similarity [72]
are that two flows must possess both geometric
and kinematic similarity. Thus, the effects of, for
instance, viscous forces, pressure forces, and sur-
face tension [45], must be considered. Here we
have only the ratio of inertial forces to viscous
forces, i.e., the Reynolds number, and the ratio of
inertial forces to compressibility forces, i.e., the
Mach number or the VFR. For a truly incom-
pressible fluid, c >> v such that Ma ¼ 0. For the
analysis of blood flow in arteries, both blood and
arterial walls are normally assumed to be incom-
pressible. The Poisson ratio (σp) for the aorta,
which is the ratio of radial strain to longitudinal
strain, is approximately 0.48, close to that of an
incompressible material (σp¼ 0.5). As mentioned
previously, the assumptions of linearity and
linear-system analysis applied to hemodynamic
studies often require the ratio v/c << 1 (flow
velocity to PWV) or that the diameter of the
blood vessel is small compared with the pulse
propagation wavelength, D/λ << 1. This is
justified during the large part of the cardiac
cycle. At peak flow rates in early systole, how-
ever, the ratio of v/c is large (but not exceeding 1),
so turbulence may ensue to produce nonlinear
effects.
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The Reynolds number varies with body length
dimensions or the diameter of the aorta. One
question that immediately arises concerns the
resulting Reynolds numbers calculated for large
mammals, such as the horse, showing that turbu-
lence may occur for a large portion of the systole
in the aorta. However, this may not necessarily
be the case. It has been well documented that
turbulence may not exist even for a Reynolds
number greatly exceeding the critical value of
2000. It is only established that for a Reynolds
number below 2000, turbulence does not nor-
mally occur. Again, this value was established
under steady-flow conditions in rigid tubes. This
differs from pulsatile flow in elastic arteries [42].

Arterial blood flow exhibits pulsatile char-
acteristics, and peripheral outflow occurs mostly in
diastole. In systole during ventricular ejection, the
aorta distends as a reservoir to accommodate the
flow as described by the classic Windkessel model
of the arterial system [50]. In concert with the pulsa-
tion, this compliance of the aorta acts to protect the
peripheral vascular beds from sudden surges in pres-
sure and flow. The compliance, defined as the ratio
of change in volume due to a change in pressure,

C ¼ dV=dP ð14:41Þ
is proportional to body weight because pressure is
practically an invariant of body weight. A larger
volume change occurs in the aorta of a larger mam-
mal, and the longer effective length of the aorta
and a much slower heart rate both help to decrease
the tendency of turbulence to reside in too large a
portion of systole. Because the aorta contributes
to a main portion of the total arterial compliance,
C has been approximated in the clinical setting by
the ratio of SV to pulse pressure (PP):

C ¼ SV=PP ð14:42Þ
This simple relation has considerable clinical
implications. Women with a smaller SV and a
greater PP at age more than 55 years will likely
incur a smaller total arterial compliance or an
increased overall vascular stiffness than the
corresponding male counterparts. The following
section examines the sex differences more
closely.

Allometric Analysis of Sex Differences
in Cardiovascular Structure
and Function Regarding Aging
and Hypertension

Aging-induced alterations in the mechanical
properties of blood vessel walls result in signifi-
cantly increased vascular stiffness [47, 65]. These
changes contribute in part to the prevalence of
isolated systolic hypertension (ISH) in 8%–15%
of people above 60 years old. Findings from
several major clinical trials—namely, the Systolic
Hypertension in the Elderly Program (SHEP) in
1991, the Systolic Hypertension in Europe (Syst-
Eur) trial in 1997, and the Systolic Hypertension
in China (Syst-China) trial in 1998—have shown
that antihypertensive drug treatment must be
prescribed for elderly patients with repeated sys-
tolic blood pressure measurement of 160 mmHg
or higher [16, 34, 79], in other words, the elderly
ISH group. The younger systolic hypertensive
patients tend to be more related to sympathetic
over-stimulation [2]. The underlying improve-
ment in hemodynamics and mechanical pro-
perties with antihypertensive therapy still needs
further understanding and quantification to
improve the patient survival rate.

With our newly developed allometric hemo-
dynamic model, we have shown that a greater
increment in systolic pressure, along with the
progression of aging, is a consequence of a com-
paratively much greater percentage reduction in
compliance than an increase in peripheral resis-
tance. This model provides an insight into the
hemodynamic prevalence of the occurrence of
ISH in the elderly. It should be made clear that
natural aging does not necessarily lead to ISH, but
the tendency of a proportionately larger increase
in systolic pressure and a slight decrease in dia-
stolic pressure inadvertently also increases the
PP, thus making the elderly more susceptible to
develop ISH. This aspect is well illustrated in
Fig. 14.1. This model can be further expanded
to include pressure-dependent properties of arte-
rial compliance [46, 51, 54] and to account for
male and female differences.
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The study of pulse waveform contours is impor-
tant because of their relevance to the differential
diagnosis of many forms of cardiovascular
diseases. Their alterations are closely related to
the mechanical properties of the vessel wall and
vascular states and are linked to hypertension
and atherosclerosis. In hypertension, for instance,
increased vascular stiffness is always associated
with an increased PP and systolic pressure.
Increased wave reflections impede cardiac ejection
and are detrimental to normal left ventricular func-
tion. This increased wave reflection can occur
because of changing vascular bed characteristics
or a modification of conduit arterial wall properties
[3, 43]. The allometric hemodynamic model
presented below would demonstrate that pulse
wave reflection is significantly greater and arrives
earlier in systole in an ISH subject compared with
age-matched normal controls (Fig. 14.2). Increased
wave reflection, particularly in systole, is a direct

consequence ofmismatching in proximal and distal
vascular properties, which is attributable to large
changes in vascular elastic stiffness or arterial
compliance.

Parallel changes in increased stiffness of the
heart and arteries have been recognized in several
studies in both men and women [7, 68]. Systolic
hypertension associated systolic and diastolic
ventricular dysfunction are also common in men
and women [93]. Understanding the dynamic
interaction of the heart and the arterial system in
patients with systolic hypertension is therefore
important. Our previous investigations for
analyzing such an interaction in men and
women [31, 44, 49, 55] point to the importance
of this direction.

We have established an allometric hemo-
dynamic model for studying and comparing
aging-related hemodynamic changes and systolic
hypertension [56]. The model can explain and
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Fig. 14.1 A concurrent
increase in peripheral
resistance and decrease in
compliance are necessary to
develop ISH as shown.
With advancing age,
progressively increased
peripheral resistance and
decreased compliance make
the elderly more prone to
ISH.
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differentiate aging-induced vascular changes and
ISH in terms of hemodynamics. Beyond normal
aging, changes in compliance and peripheral
resistance and significantly increased wave
reflections account for the development of ISH.
Therefore, therapeutic treatment must be aimed at
decreasing wave reflections as well as improving
vascular compliance.

The allometric hemodynamic model is based
on a modified Windkessel model, which is popu-
larly used in the clinical setting. The model
consists of a characteristic impedance of the prox-
imal aorta (Zo, [39]), arterial compliance (C), and
peripheral resistance (Rs). The model is used to
predict blood pressure waveform, and arterial
compliance and peripheral resistance values, at
the early adult ages of 20 years old and above.
Blood pressure waveform is predicted with the
measured normal aortic blood flow as input
because it is known that SV and ejection fraction
is preserved in systolic hypertension patients
compared with normal subjects [2]. Arterial com-
pliance and resistance were calculated for each
decade beginning at adulthood at 20 years
through 70 years based on the following allome-
tric relations:

Rs ¼ Rso þ a � age� 20ð ÞmmHg=mL=s

ð14:43Þ

C ¼ Coexp �b � age� 20ð Þð ÞmL=mmHg

ð14:44Þ
where Rso ¼ 1.18 mmHg/mL/s and Co ¼
1.80 mL/mmHg are peripheral resistance and
arterial compliance, respectively, for early adult-
hood at 20 years old. The negative exponent
(�b ¼ �0.01) in the compliance expression
corresponds to a decrease in compliance with
increasing age. Each change of decade in periph-
eral resistance follows a linear trend with
a ¼ 0.01 (Fig. 14.1).

Sex Differences in Vascular Geometry
and Associated Risk Factors

Geometric Taper

Arterial diameters and lumen areas of the vascular
tree can be determined from different imaging
modalities, such as angiography, CT scan, ultra-
sound imaging, magnetic resonance imaging, or
implanted sonomicrometers. For experimental
studies, arteries in man and in dog retract some
25%–40% when removed. It is therefore neces-
sary that in vivo lengths are restored and
corresponding pressures set for mechanical
measurements. Under normal conditions, greater
distending pressure leads to greater lumen diame-
ter seen on pressure-diameter recordings. Arterial
vessel dimensions have been reported for dog
[60] and for man [91]. The latter were used for
constructing the analog model of the human sys-
temic arterial tree.

“Geometrical taper” (Fig. 14.3) refers to a
single continuous conduit, such as the aorta.
This is a modification of the cylindrical tubular
biological structure proposed by Wainwright
[88]. The area change of the aortic cross section

Fig. 14.2 Blood pressure waveforms in a 60-year-old
healthy subject and an ISH patient are shown. The
reflected wave is much more pronounced in the ISH
patient (Pr(ISH)) than in the 60-year-old healthy subject
(Pr (Age60)). The reflected wave arrives earlier in systole
and with much greater amplitude in the ISH patient.
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is close to an exponential form and can be
expressed as:

A zð Þ ¼ A 0ð Þe�kz=r ð14:45Þ
where
z ¼ distance in the longitudinal axial direction

along the vessel
r ¼ vessel lumen radius (in cm)
k ¼ taper factor, dimensionless
A(0) ¼ cross-sectional area at the entrance of the

vessel (in cm2)
A(z)¼ cross-sectional area at distance z along the

vessel (in cm2)

The vessel area is calculated, assuming a cir-
cular cross section, as:

A ¼ πr2 ð14:46Þ
The taper factor, k, can be readily obtained as

follows:

k ¼ r

z
ln

A oð Þ
A zð Þ ð14:47Þ

The taper factor, k, for the aorta has been
reported to be in the range of 0.0314–0.0367 for

20–30-kg dogs [47]. This can be extrapolated for
the human. The geometric taper factor can change
substantially under varied vasoactive conditions
and in disease conditions, such as atherosclerosis,
stenosis, or aneurysm. When vasoactive drugs are
administered that have differential effects on
large and small arteries, changes in taper factors
from normal can be rather pronounced.

An alternative formula to calculate taper factor
per unit length, or ko, is expressed as follows:

A zð Þ ¼ A 0ð Þe�koz ð14:48Þ
The reported values of ko obtained for the abdom-
inal aorta, the iliac, and the femoral and carotid
arteries are listed in Table 14.1. These are experi-
mentally measured in vivo at a mean arterial
pressure of approximately 90 mmHg in accor-
dance with the allometric equation for mean
blood pressure in mammals and in humans. The
average body weight of dogs used is approxi-
mately 20 kg. It is obvious from these data that
the taper factor is smaller for smaller vessels.
Carotid arteries exhibit the least geometric taper.
They are thus the best approximation to a geomet-
rically uniform cylindrical vessel.

It is well known that women generally have
smaller stature and thus shorter arterial length and
diameter. The coronary arteries also exhibit
branching and geometric tapering phenomena.
For instance, in radiographic studies, Dodge
et al. [13] showed in adults with normal heart
size a global ejection fraction (>0.52) and
end-diastolic volume (50–120 mL/m2), and
women had a significantly smaller epicardial
artery diameter. Diameters in men increased and
were significantly affected by left ventricular
hypertrophy or dilated cardiomyopathy.
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Fig. 14.3 Schematic
diagram illustrating a blood
vessel with geometric taper.
The vessel diameter
narrows with increasing
distance (z) away from the
origin. Geometric taper, an
exponential function of
distance, is normally
calculated from the change
in cross-sectional areas
(A) as shown.

Table 14.1 Measured external diameters and calculated
taper factors in different arteries. A lower taper factor
indicates more uniform longitudinal geometry

d (cm) ko (cm
�1)

Abdominal aorta 0.777 0.027 � 0.007

Iliac artery 0.413 0.021 � 0.005

Femoral artery 0.342 0.018 � 0.007

Carotid artery 0.378 0.008 � 0.004
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More recent studies with intravascular ultra-
sound also revealed sex differences [75] and the
fact that women have smaller left main and left
anterior descending coronary artery diameters.
This finding was independent of body size. Kim
et al. [32] showed, also with intravascular ultra-
sound, that the left main coronary arteries and
lumen areas were smaller in women than in
men. Luminal and external elastic membrane
cross-sectional areas were also significantly
smaller in women than in men. Both BSA and
sex are independent predictors of the outcome.
Allometrically speaking, they also concluded that
body size thus has a greater influence than sex.
Others have found that sex is an independent
predictor of clinical outcomes after coronary
revascularization (e.g., [67, 89]). The detriments
seemed to be biased toward women because
this revascularization patients population is gen-
erally smaller and older, and their situation is
compounded with hypertension and diabetes.

Vascular Branching Effects

A pulse originating at the root of the aorta
encounters several branching junctions before
reaching different vascular beds. In relation
to this, the number of generations of blood
vessels is of important consideration in terms of
blood flow. This can be found in the studies by
Green [20] and Iberall [28]. Fractal analysis of
vascular tree structures uses much of this
information.

It has been found that alteration of pressure
and flow through vascular junctions is more sig-
nificantly affected by geometry than by elastic
factors [40]. To this end, area ratios of daughter
vessels to a mother vessel have been considered
pertinent in governing blood pressure pulse trans-
mission through vascular branching. Area ratios
calculated for vascular branching junctions were
approximately 1.08 at the aortic arch and 1.05 at
the aorto-iliac junction [53]. These values are
slightly larger than 1.0.

Karreman [30] used area ratio in his mathe-
matical formulation of wave reflection at an arte-
rial junction. By assuming that both the wall and

fluid are non-viscous, and that wall thickness
remains the same for an infinitely long tube, he
arrived at a value of area ratio of 1.15 when the
wave reflection is minimal for a bifurcation, such
as at the bifurcation of abdominal aorta and left
and right iliac arteries.

Geometric factors and plaque formation at
vascular bifurcation depend significantly on
local vessel properties as shown by Li
[40]. Schulz and Rothwell [74] studied carotid
artery bifurcations in terms of distribution of ath-
erosclerotic plaque and stroke and found that the
ratio of the internal to the common or external
carotid artery and that of the outflow to the inflow
area were greater in women than men. They
concluded that women are more likely to have
external common carotid artery stenosis. The area
ratio concept has been studied extensively in the
past (e.g., [19, 30, 40, 53]) because the branching
daughter vessel’s geometry and elastic properties
can have a significant impact on the mother vessel
in terms of outflow and wave reflections
[53]. Fluid dynamic aspects (e.g., [14, 94]) also
have indicated impact of regions of high shear
stress and flow velocity ratio.

Hemodynamics at vascular branching junction
has intrigued many researchers and clinicians.
We have shown that blood pressure pulse wave
reflection (Γv) at vascular branching junction
is normally minimal for the forward wave
[53]. When Γv is plotted against changes in elas-
tic modulus (ΔE), as shown in Fig. 14.4, changes
in vessel geometry produce a greater change in
wave reflection at the vascular branching than
corresponding percentage changes in elastic

Fig. 14.4 Blood pressure pulse wave reflection (Γv) at
vascular branching junction is plotted against changes in
elastic modulus (ΔE), showing that geometric factors
(square) dominate over elastic factors (circle)
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modulus. In other words, reflection is increased
with increasing branching vessel stiffness, but
this increase is less pronounced when compared
with the corresponding percentage reduction in
branching vessel lumen radius (Fig. 14.4).

Hemodynamic Differences Between
the Sexes in Stenosis
and Atherosclerosis

Numerous modeling and experimental studies
have been proposed to investigate the fluid
mechanical factors contributing to atherosclero-
sis. Caro et al. [6] were earlier investigators to
identify sites of atherogenesis as regions of
decreased wall shear stress [5] and suggested
that the transport of lipoprotein within the arterial
wall and across the endothelium is a major factor
in atherosclerosis. These common atherosclerotic
sites have been illustrated by DeBakey et al.
[11]. Thurbrikar and Robicsec [85] suggested
the importance of pressure-induced arterial wall
stress as an important factor in atherosclerosis.

Arterial stenosis, or the narrowing of the blood
vessel, is associated with a serious hemodynamic
consequence of pressure loss that develops across
the stenosis. The pressure loss is primarily depen-
dent on the flow rate and the geometry of the
stenosis because the fluid properties of density
and apparent viscosity are relatively constant.
The fluid mechanics aspect of stenosis has been
well studied because of its importance in the
coronary arteries (e.g., [59]).

The close relation of atherosclerosis and ste-
nosis and their morphological resemblance have
indeed generated much interest in analyzing com-
mon fluid mechanical factors and consequences.
In many instances, particularly in modeling stud-
ies, these two pathological conditions cannot
be separated. Their importance in the manifesta-
tion of eventual diseases of the vascular system,
however, is well recognized. Tarbell et al. [83]
provided a comprehensive review of the relation-
ships of fluid mechanics to arterial diseases and
the role of gene expression.

In relation to allometry, several epidemiology
and clinical studies have linked body height and

mass to cardiovascular disease in both sexes (e.g.,
[1, 15, 18, 66]) based on the Framingham Study
(e.g., [29]) and in different countries and in
women (e.g., [69, 76, 87]). Based on the results
of these previous investigations and those of com-
parative cardiovascular studies [45, 64, 90],
Smulyan et al. [77] looked at body height effects
on arterial hemodynamics in normal and
end-stage renal disease (ESRD) patient groups
and found that ESRD patients had shorter stature
and greater body weight, faster carotid-to-femoral
PWV, and augmentation index for both sexes. In
general, body height tends to play an important
role in terms of cardiovascular risk, particularly
with advancing age. This included decreased pul-
monary function, stroke, coronary artery
diameters, and increased vascular stiffness in
terms of shorter diastole and arrival time of
reflected waves.

Vouyouka and Kent [86] reviewed sex-specific
risk factors for arterial vascular disease in women
and looked at three most prominent occurrences:
carotid atherosclerosis, abdominal aortic aneu-
rysm, and lower extremity occlusive disease.

Sonesson et al. [78] examined sex and age
differences in compliance and diameter of the
human aorta. They defined compliance, given
previously in Eq. (14.41) as C ¼ dV/dP, as the
inverse of the pressure-strain elastic modulus
expressed as PP obtained by auscultatory method
to the corresponding fractional change in pulsatile
diameter with respect to diastolic diameter
(strictly speaking, this should have been the
mean diameter):

Ep ¼ ΔP
ΔD=D Þð ð14:49Þ

Pulsatile diameter is measured using an ultra-
sound echo tracking device. They found that the
pressure-strain elastic modulus is greater in males
than females for the abdominal aorta and that the
differences increase significantly with age expo-
nentially in males and linearly in females. This
may be attributed to a comparatively lower blood
pressure and PP in women.

Women have smaller diameters of the carotid
and vertebral arteries [26, 73, 74], which are
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principal arteries perfusing the brain. In terms of
augmentation index and wave reflections, women
tend to have less compliance of these arteries
[17]. The anatomic geometric differences contrib-
ute to somewhat greater outflow than inflow in
women for the carotid arteries [8], as would be
expected for carotid artery stenosis. This could be
seen from Bernoulli’s equation that there is faster
velocity within the stenosis due to the greater
pressure gradient.

Smoking, high cholesterol level, and age are
common factors associated with carotid stenosis.
However, in women [63], menopause, with the
plaque being more stable as opposed to vulnera-
ble, is associated with greater smooth muscle,
which contributes to a more compliant tunica
media and collagen, which in turn contributes to
stiffer adventitia content than cholesterol content.

As discussed previously, women who undergo
revascularization have more comorbidity, such as
hypertension and diabetes, perhaps contributing
to poorer outcome in coronary bypass surgery.
This aspect is also noted in a more recent volu-
metric analysis with computed tomography by
Dickerson et al. [12], but it was limited to only
proximal larger coronary arteries. This indicates
that factors other than diameter, e.g., tapering
factor, arterial wall properties (see Chap. 19),
underlying hemodynamics [2, 9, 47], and extra-
vascular compression and collateral circula-
tion, may play a role in the outcome, whereas
sex differences have been little studied in terms
of revascularization.
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The Heart as a Psychoneuroendocrine
and Immunoregulatory Organ 15
Carlo Dal Lin, Francesco Tona , and Elena Osto

The heart as a multi-regulatory system. Artwork by Piet Michiels, Leuven, Belgium

Abstract

The heart can be viewed not just as muscle
pump but also as an important checkpoint for a
complex network of nervous, endocrine, and
immune signals. The heart is able to process
neurological signals independently from the
brain and to crosstalk with the endocrine and
immune systems. The heart communicates
with the psyche through the neuro-endocrine-
immune system in a highly integrated way, in
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order to maintain the homeostasis of the whole
body with peculiarities specific to males and
females.
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Introduction

As William Harvey wrote [1] in 1628, “every
affection of the mind that is attended with either
pain or pleasure, hope or fear, is the cause of an
agitation whose influence extends to the heart.”
Following the research of Claude Bernard, also
Charles Darwin in 1872 [2] described the rela-
tionship between the brain and the heart in a
simple and clear way and in particular indicated
that the heart, which has its own autonomous
rhythm, is strongly influenced by bodily
sensations and mental activity. The brain through
the vagus nerve (called by Darwin “pneumo-
gastric nerve” [3]) acts on the heart, which in
turn retraces on the brain, outlining a network of
reciprocal connections between the two most
important organs of the human body. In addition
to the nervous system, we will see that the heart is
also at the center of a dense endocrine and
immune network.

Chronic psychological stress leads to continu-
ous mechanical stress and chronic overstraining
of the heart muscle machinery [4–6] resulting in
immune activation and, if repair mechanisms are
not sufficient, in negative cardiac remodeling and
heart failure [7].

Psycho-Neuro-Endocrine-Immunology
(PNEI): The Crosstalk Between Psyche
and Biological Systems

Life is based on the proper integration between
the major biological systems: a physiological
truth that is often obscured by the current scien-
tific view that seeks to study, understand, and
cure the human being with a purely mechanistic
approach: as if man was only the sum of geneti-
cally determined components performing single
independent functions. Already Aristotle warned
us: “the whole is more than the sum of its parts.”

Thanks to the research [8–10] of Ader, Cohen,
Besedowsky, Pert, and Felten, started 40 years
ago, we now know that the psyche communicates
incessantly with the nervous, endocrine, and
immune systems. All components reciprocally
regulate their function, thus leading to a single
large integrated system of adaptation to the envi-
ronment [11]. In particular, in human physiology,
the integration of nervous, endocrine, and
immune systems includes psychic regulation.
Mental processes affect immune activity (as well
as neuroendocrine activity – as in the case of the
“stress response” [12, 13]) and are in turn
influenced by immune activity [14, 15] as well
as mental activity which modifies brain morphol-
ogy [16]. As described by F. Bottaccioli in the
book Integrative Cardiology, p. 143 [17], “we
can make this analogy: the software running on
the brain machine modifies the machine itself. For
this reason, the psyche-brain system cannot be
compared with a computer system. In this latter
case, if one changes the software, the hardware
does not follow suit, whereas in the first case (the
psyche-brain system) the software modifies the
hardware.”

Neurotransmitters, hormones, and cytokines
are the coded words spoken by the nervous, endo-
crine, and immune systems. Indeed, these terms
are somehow reductive nowadays, since the dis-
tinction between neurotransmitters and cytokines
has become less clear, because nerves can
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synthesize and release inflammatory substances
such as histamine and cytokines such as
interleukins (IL), i.e., IL-1 and IL-6 [9, 18]. On
the other hand, immune cells can synthesize and
release neurotransmitters and hormones, such as
corticotropin-releasing hormone (CRH), adreno-
corticotropic hormone (ACTH), endorphins,
vasoactive intestinal peptides (VIPs), and others
[9, 18]. In short, our body uses an “esperanto”
type of “language” recognized by all its
compartments [9, 18].

Sex differences in stress responses could be
epigenetically inherited [19, 20] and can be found
at all stages of life. These differences may relate
to both the organizational and activational effects
of gonadal hormones [21, 22] on brain structure,
function [23], and neurochemistry (mainly sero-
tonin (5-HT), corticotropin (CRF), and gamma-
aminobutyric acid (GABA) signaling) and to
genes on the sex chromosomes [24].

From puberty to menopause, adult women
usually show lower hypothalamic-pituitary-adre-
nal axis (HPAA) and autonomic responses than
men of the same age [25]. However, the HPAA
response is higher in the luteal phase, when, for
example, poststress-free cortisol levels approach
those of men [26]. After menopause, there is an
increase in sympathoadrenal responsiveness,
which attenuates during oral hormone replace-
ment therapy. Indeed the HPAA activity shows
the same trends [25]. Interestingly, pregnancy is
associated with an attenuated response of the
sympathoadrenal and HPAA systems at least as
assessed by biochemical stimulation [27]. Likely
these sex differences in autonomic function are
the result of estrogen exposure, which decreases
sympathoadrenal responsiveness [28].

Moreover, immunocompetent cells in the
brain are responsive to steroid hormones, and
their role in sex-specific brain development is an
emerging field of interest. In fact, men and
women seem to possess different number, mor-
phology, and signaling profile of immune cells in
their brain, playing a crucial role in early-life
programming of sex differences in the brain and
behavior [29].

The presence of an integrated network limits
the concept of “hierarchy” between organs and

suggests a revision of the past mechanistic and
reductionist assumptions oversimplifying the
human being. In the PNEI network, all organs
work at the same level exchanging signals to
maintain the integrity of the whole system in
relation to the environment [30–32]. The heart is
one of these knots. Herein we will discuss how
the cardiovascular system communicates in the
PNEI network (Fig. 15.1).

The Heart in the (Regulatory) Network

As described by Francisco Torrent-Guasp [34–
39], and illustrated in Fig. 15.2, the heart can be
viewed as a helical muscle tube that produces two
simple loops that start at the pulmonary artery and
end in the aorta: a spiral horizontal basal loop that
surrounds the right and left ventricular cavities,
and changes direction to cause a second spiral,
produced by almost vertically oriented fibers,
giving rise to the helical configuration of the
ventricular myocardial band. These anatomic
structures are subsequently activated by a sort of
peristaltic wave, starting at the right ventricle (just
below the pulmonary artery) and progressing
toward the aorta to produce a sequence of:

1. Narrowing, caused by the basal loop
contraction

2. Shortening (related predominantly to the
descendant segment contraction)

3. Lengthening (produced by the ascendant seg-
ment contraction)

4. Widening, as a consequence of several factors
that act during ventricular myocardial relaxa-
tion [34–39]

This sequential activation, which is still under
investigation, leads to the mechanical events
responsible for ejection to empty and subsequent
suction to fill [34] the ventricles.

The heart, if adequately nourished, continues
to beat alone [43], regardless of the brain. More-
over, from embryology we know that the heart
begins to beat before the brain is formed. A
transplanted heart is not connected to the host
nervous system, but can immediately satisfy the
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physiological demands of its new host [44–
46]. The heart rate is predominantly triggered by
the rate of discharge of its dominating pacemaker
(mainly the sinus atrial (SA) node and the atrium-
ventricular (AV) node) whose action is fine-tuned
in vivo from the balance between the sympathetic
and parasympathetic nervous systems. A pre-
served heart rate variability is considered a sign
of heart health [47–50], which highlights an
important role of emotions in the cardiovascular
equilibrium [51]. Indeed, the psyche-brain-heart
connection is an important element that explains
many otherwise unexplainable phenomena such
as sudden deaths, coronary heart disease with
normal cholesterol [52–54], and why women
although more protected in terms of events than
men have a higher mortality risk [55]. The brain-
heart axis also explains why heart disorders
affect brain functions (leading to stroke or cogni-
tive dysfunction), and, on the contrary, psycho-
neurological pathologies (stroke, epilepsy,
Parkinson’s, Alzheimer’s, depression, anxiety,
psychosis) are accompanied by heart
abnormalities [52–54, 56, 57].

Anatomical and Physiological Bases
of the Brain-Heart Integration:
Neurocardiology

Like the gastrointestinal system [58], the heart
possesses a sufficiently extensive neuronal net-
work to be characterized as its own “little brain”
[59, 60]. The so-called intrinsic cardiac nervous
system is connected to intrathoracic nervous
ganglia, extrathoracic ganglions, spinal cord,
and cortical nerve centers. Cardiac activity is not
regulated only at the central level, but is predom-
inantly established by beat-to-beat neurohor-
monal loops within autonomous intrathoracic
nerve centers [61]. The anatomical and physio-
logical details of the intrinsic cardiovascular sys-
tem can be found in the book Basic and Clinical
Neurocardiology by J.A. Armour and J.L. Ardell
[61]. Below, a brief synthesis is presented to
understand the deep connection between the
heart and the brain.

In the heart there are three morphologic types
of neurons (unipolar, bipolar, and multipolar,
either intra- or inter-gangliar) with sensory and

Fig. 15.1 The
cardiovascular system in
the psychoneurological,
hormonal, and immune
network: it receives and
sends signals to the brain,
to the immune, and to
the endocrine system.
(Modified from Dal Lin
et al. [33])
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afferent or efferent activity (sympathetic and
parasympathetic) and interneurons of connection.
These neurons can communicate through various
molecules: acetylcholine, catecholamines and
neuropeptides (somatostatin, neuropeptide Y,
VIP, substance P, opioids such as dimorphins A
and B, Leu-enkephalin, calcitonin gene-related
peptide (CGRP)), serotonin, histamine, ATP,
nitric oxide (NO), or amino acids (glutamate,
aspartate). These molecules transduce the signal
directly or bind to specific receptors (nicotinic,
muscarinic type 1, 2, 3, 4, alpha- and beta-
adrenergic (mainly expressed at the apex and in
the mid-ventricular regions [62]), P2Y, P2X, H1,
Ang II, AT1, mu1), influencing membrane ionic
voltage channels, the action potential transmis-
sion, and ultimately the excitability of the heart

cells. In vitro studies show that a functional unit
exists between cardiac neurons and cardio-
myocytes, which lose contractile activity if
separated from the neurons to which they are
intimately linked [63].

As described by Shaffer et al. [64], “while
efferent (descending) regulation of the heart by
the autonomic nervous system is well known
(with parasympathetic nerves that exert their
effects more rapidly (<1 s) than sympathetic
nerves (>5 s) [65]), newer data have suggested a
more complex modulation of heart function by
the intrinsic cardiac nervous system [66].” These
intracardiac neurons (sensory, interconnecting,
afferent, and motor neurons) [67] integrate the
sympathetic and parasympathetic impulses
with the afferent signals occurring from the
mechanosensory and chemosensory neurons
within the heart. Interestingly, approximately
85–90% of fibers in the vagus nerve carry cardio-
vascular afferent signals to the brain, to a greater
extent than by any other major organ [68].

Cardiovascular afferent activity manifests in
complex patterns occurring across time scales
from milliseconds to minutes [61] with both
short-term and long-term memory functions that
can influence heart rhythm, blood pressure, and
hormonal release [64, 69].

Moreover, the cardiac afferent activity from
pressure-sensitive neurons in the heart, carotid
arteries, and the aortic arch [70] seems to primar-
ily modulate cognitive functions (such as
sensory-motor and perceptual performance) as
revealed by the heart-brain interaction studies by
John and Beatrice Lacey [71]. Their research
focused on activity occurring within a single car-
diac cycle, and they confirmed that the cardiovas-
cular activity influences perception and cognitive
performance [72].

Velden and Wölk described that cognitive per-
formance fluctuates at a rhythm around 10 Hz,
demonstrating that afferent inputs from the heart
synchronize cortical activity projecting on the
neurons in the thalamus [73]. An important aspect
of their work was the finding that “it is the ‘pat-
tern and stability’ (the rhythm) of the heart’s
afferent inputs, rather than the number of neural
bursts within the cardiac cycle, that are important

Fig. 15.2 The architectural arrangement of the normal
ventricle as described by Buckberg et al. [40, 41]: “the
helical ventricular myocardial band model displays the
fiber orientation of the detached circumferential fibers or
the basal loop (upper right), whereby its predominantly
horizontal fibers differ from the conical apical loop. The
helical component which contains oblique right- and left-
handed fibers. The descending and ascending segments are
superimposed (top right image). The lower left and right
images display finer orientation when these segments are
separated. The lower left image displays the right-handed
helix or descending segment. It is connected to the
myocardial fold, as its oblique fibers course downward
toward the apex. The lower right image shows the
overlying left-handed helix or ascending segment. This
segment is longer, and its oblique fibers course upward
from the apex toward the aorta.” Modified from Buckberg
[42] reproduced with permission from John Wiley and
Sons
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in modulating thalamic activity, which in turn has
global effects on brain function” [73].

Starting from this evidence, a growing body
of research indicates that the afferent information
processed by the intrinsic cardiac nervous sys-
tem [60] can influence activity in the fronto-
cortical areas [74–76] and motor cortex [77–79],
affecting psychological factors, such as attention
level, motivation [80], perceptual sensitivity
[81], and emotional processing [82, 83]. Fig-
ure 15.3 describes the connections between the
intrinsic cardiac neurons, the brainstem, the hypo-
thalamus, the thalamus, the amygdala, and the
cerebral cortex [66, 90].

Finally, according to the model of neurovisceral
integration [74, 90–96], the information shared by
the heart with the brain may also be coded by
rhythmic [97] and electromagnetic patterns [98–
100] which may represent the basis of intuitive-
emotional processes [76, 84, 101, 102], awareness
and feelings [103–105], and a rational, detached
and “less egocentric” reasoning [106].

A disease arises when a disorganization occurs
in this network of connections (intracardiac ner-
vous system-intrathoracic nervous system-central
nervous system): in fact, peculiar remodeling
patterns accompany and often precede ischemic
pathology, arrhythmias [107], heart failure, and
arterial hypertension [61].

The Heart as an Endocrine Station

The heart serves and operates as a (loop) center to
process and encode information [61] as it is also
an endocrine gland producing its own hormones
and neurotransmitters.

Since the early 1980s [108, 109], studies on
the “endocrine heart” appeared. In addition to the
well-known atrial natriuretic peptides (ANPs),
cerebral natriuretic peptide (BNP) and C-type
natriuretic peptide (CNP), many substances are
produced and secreted into the blood by
myocardial cells, fibroblasts, and endothelial and
heart immune cells. All these molecules (called
“cardiokines”) maintain heart homeostasis and
interact in cardiac remodeling in the context of

acute or chronic cardiovascular affections [110],
among others, the tumor necrosis factor alpha
(TNF-alpha), beta-transforming growth factor
beta (TGF-beta), GDF-15 (growth differentiation
factor-15), activin-A, myostatin, adrenomedullin,
and endocannabinoids [52].

Natriuretic Peptides

ANP (produced at the atrial level), BNP (pro-
duced at the atrial and ventricular level), and
CNP (secreted by neurons and by the heart endo-
thelium) have systemic action as they present
brain, kidney, adrenal, adipose tissue, muscles,
bones, pancreas, liver, immunitary cells, and
platelets’ receptors [111]. In addition to their
antihypertensive activity, natriuretic peptides
play an important metabolic role to ensure ade-
quate energy reserves to the heart, affecting lipol-
ysis processes and improving the glucose cellular
uptake [112]. They also intervene in thermogene-
sis processes, converting white fat into brown
fat [113].

The Heart as an Immune Organ

Inside the heart are usually present macrophages,
dendritic cells, mast cells, and a small number of
B and T lymphocytes [114]. Although essential
for protecting the heart tissue from bacterial
infections, they are activated in the event of tissue
damage (such as myocardial infarction or myo-
carditis) and produce inflammation, whose exces-
sive intensity and duration can lead to ventricular
dilatation and heart failure [115].

Resident cardiac immune cells are triggered
by two distinct orders of “alarmins” [116]:
pathogen-derived (PAMPs) and damage-derived
(DAMPs) molecules, which are released by
dying, injured, or dysfunctional cells (with mito-
chondrial impairment [117, 118]) and recognized
by specific pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs).

It is interesting to note that physical and
mental stress, through sympathetic mediated
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Fig. 15.3 (a) Schematic neural communication pathways
interacting between the heart and the brain. The intrinsic
cardiac nervous system integrates information from the
extrinsic nervous system and from the sensory neurites
within the heart. The heart sends afferents to the brain
through the glossopharyngeal nerve (IX) and vagus nerve
(X) (which connect to the petrosal (PG) and nodose
(NG) ganglia) and through the nerves associated with the
dorsal root ganglia (DRG) and lamin I of the spinal cord
sensitive roots. Signals arrive to the brain at the back of the
insula, in the middle cingulate cortex, in the hypothala-
mus, and in the locus coeruleus. Thus, cardiovascular
afferents have connections to a number of brain centers
involved in emotion and stress perception including thala-
mus, hypothalamus, and amygdala. Broad evidence
implicates anger along with other emotions and mental
stress in playing a significant role in myocardial ischemia,
arrhythmias, and sudden death [52]. Indeed, these brain
areas are connected with visual and acoustic cerebral
areas, and this explains how visual [84–87] or acoustic
stressors [88] may alter heart function for bad and for
good [89]. (b) The pathways from the central nervous
system (prefrontal medial cortex, anterior cingulate cortex,
anterior insula, amygdala, and hypothalamus) reach the
heart: the sympathetic way (red) descends into the spinal
cord’s intermediate mid-column to connect to the “star-
shaped” ganglion, which connects to the intrinsic cardio-
vascular system. An increase in sympathetic activity is the
principal method used to increase heart rate (HR) above
the intrinsic level generated by the SA node. Following the
onset of sympathetic stimulation, there is a delay of up to
5 s before the stimulation induces a progressive increase in
HR, which reaches a steady level in 20–30 s if the stimulus
is continuous [64]. The slowness of the response to sym-
pathetic stimulation is in direct contrast to vagal stimula-
tion, which is almost instantaneous. However, the effect
on HR lasts longer, and even a short stimulus can affect
HR for 5–10 s. Efferent sympathetic nerves target the SA

node and AV node via the intrinsic cardiac nervous system
and the bulk of the myocardium (heart muscle). Action
potentials conducted by these motor neurons trigger nor-
epinephrine and epinephrine release and binding to beta-
adrenergic (β1) receptors located on cardiac muscle fibers.
This speeds up spontaneous depolarization in the SA and
AV nodes, increases HR, and strengthens the contractility
of the atria and ventricles. The parasympathetic path
(in green and blue) descends from the dorsal motor
nucleus of the vagus nerve, from the solitary tract nucleus
and the ambiguous nucleus and connects to the heart
ganglia. The most obvious effect of vagal activity is to
slow or even stop the heart. The vagus nerves are the
primary nerves for the parasympathetic system and inner-
vate the intrinsic cardiac nervous system and project to the
SA node, AV node, and atrial cardiac muscle. Increased
efferent activity in these nerves triggers acetylcholine
release and binding to muscarinic (mainly M2) receptors.
This decreases the rate of spontaneous depolarization in
the SA and AV nodes, slowing HR. Because there is
sparse vagal innervation of the ventricles, vagal activity
minimally affects ventricular contractility. The response
time of the sinus node is very short, and the effect of a
single efferent vagal impulse depends on the phase of the
cardiac cycle at which it is received. Thus, vagal stimula-
tion results in an immediate response that typically occurs
within the cardiac cycle in which it occurs and affects only
one or two heartbeats after its onset. After cessation of
vagal stimulation, HR rapidly returns to its previous level.
An increase in HR can also be achieved by reduced vagal
activity or vagal block. Thus, sudden changes in HR (up or
down) between one beat and the next are
parasympathetically mediated [64]. Modified from
81 reproduced with permission from Wolters Kluwer
Health Inc. Abbreviations: DVN, dorsal motor nucleus of
the vagus nerve; PAG, periaqueductal gray substance;
IML spinal cord intermediate lateral column



neurohormonal mechanisms [52–54], can trigger
an acute coronary syndrome (ACS) by promoting
the secretion of inflammatory substances and
inducing cardiac mast cells to release degradative
and procoagulant enzymes [119].

In particular, mast cells in the heart have a high
inflammatory potential represented by the mix-
ture of substances present in their cytoplasmatic
vesicles [120]. Autoptic studies revealed the
presence of an important number of cardiac mast
cells within the coronary arteries in subjects
affected by hypertension, dilated cardiomyopa-
thy, and mitral valve defects [121]. These highly -
pro-inflammatory cells are susceptible to external
environmental stimuli (e.g., PM 10 and PM 2.5
thin dust pollutants) [18, 122] but also to the
“internal environment,” such as to stress
mediators (in particular CRH) and other
urocortins, cardiac neurons neuropetides such as
neurotensin and substance P, and IL-1 and IL-6
[123]. The inflammatory cascade triggered by
cardiac mast cells during mental stress may pro-
duce an ACS with coronary spasm and thrombo-
sis [119]. Finally, there is strong evidence that
premenopausal female cardioprotection may at
least partly be due to gender differences in cardiac
mast cells [123]. A possible explanation for the
differences between male and female cardiac
mast cells may be that estrogen prevents the
release of mast cell proteases or other products
such as TNF-alpha [124].

A Neuro-Endocrine-Immune Symphony
Plays on Coronary Endothelium

We recently reviewed [33, 52–54] the neuroen-
docrine and immune influences that act on the
coronary endothelium, influencing its function
and that can be studied through the evaluation of
the coronary microvascular function [125]. In
summary, as reported [52], “on endothelial cells
acts a real neuro-endocrine-immune symphony in
which the melody is played by the vitamin D
[126], parathyroid hormone (PTH) [127], renin-
angiotensin-aldosterone system (RAAS) axis
[56, 128] in concert with thyroid and thyroid
stimulating (TSH) hormones [129], growth

hormone (GH) and insulin-like growth factor 1
(IGF-1) [130, 131], cortisol and ACTH [132], sex
hormones [133, 134], insulin and glucagon-like
protein-1 (GLP-1) [135], adipokines [56], oxyto-
cin, vasopressin, and prolactin [136], melatonin
[137, 138], bilirubin, heme catabolic pathway,
and gamma-glutamyltransferase [139, 140].
Rounding out the orchestra is the immune sys-
tem [141], with the familiar example of inflam-
mation as a key process involved in the
pathogenesis of atherosclerosis [47], the already
discussed action of platelets and the autonomic
balance, where the predominance of the sympa-
thetic system on the parasympathetic, is a
determining factor for endothelial dysfunction
[56].”

In Addition to Cholesterol, Nutrition,
and Sedentary Lifestyle, There Is
a Psychological Risk at the Heart
of Many Cardiac Disorders

Every year in the United States, about 450,000
people die of sudden cardiac death [142]. The
causes can be multiple: congenital valve or coro-
nary anomalies, hypertrophic cardiomyopathy,
and, of course, coronary atherosclerosis. But
despite the underlying coronary atherosclerosis,
the main cause of sudden death is the alteration of
heart rhythm due to a massive sympathetic stimu-
lation of the heart [143]. In fact, at least 12% of
myocardial infarctions and sudden deaths can
also arise with healthy coronary vessels and
even with an “antiatherosclerotic” lipid profile
[143]. They happen mainly in females, with psy-
chological disorders and high levels of emotional
stress [143].

This evidence recalls what occurs in
Takotsubo syndrome or stress-related heart dis-
ease. In this scenario, patients as a consequence of
either positive or negative emotional events
exhibit very high levels of catecholamines that
cause left ventricular akinesia and its typical
ballooning [144], as classic example, a woman
who manifests a Takotsubo within a few hours
of her husband’s sudden death [145] or after
joyful events such as becoming a grandmother,

232 C. Dal Lin et al.



grandchildren visiting from abroad, etc.
[146, 147].

Emotional stress and myocardial ischemia
seem to be more of a female feature [148].

Mental Stress Myocardial Ischemia

There is sufficient evidence that psychosocial
stress plays a paramount role in the onset of a
cardiovascular disease [149], especially coronary
artery disease and all its risk factors
[150, 151]. Even adverse early life events, in
particular during childhood and adolescence, pre-
dispose individuals to a greater rate of
inflammatory-based diseases including cardio-
vascular ones through epigenetic signatures
[152]. Nowadays it’s well known that depression,
anxiety, and post-traumatic stress disorder lead to
cardiovascular disorders [153] and myocardial
ischemia through neuroendocrine and immune
mediators [154].

In order to assess the effects of stress on car-
diac function, it is possible to use the mental
stress-induced myocardial ischemia (MSIMI)
test. This is a provocative test alternative to
exercise and pharmacological stress-induced
myocardial ischemia that uses psychological
stimulations (mental arithmetic, simulated public
speaking, problem-solving tasks, cognitive and
psychomotor challenges and tasks involving the
recall of negative emotions) rather than physical
exercise [155]. Interestingly, stress-related ische-
mic alterations seen after the MSIMI have not
been described during exercise/pharmacological
stress [156]. MSIMI is frequent among patients
with coronary arteriosclerosis. This ischemia is
often asymptomatic, occurs at lower workload
and oxygen demand than exercise-induced ische-
mia [157], has a negative prognostic impact
(being not directly related to the severity of coro-
nary stenosis) [158], and may not be affected by
the action of beta-blockers [159]. MSIMI leads to
coronary microvascular constriction [160, 161]
and cardiac electrical instability [158].

Finally, mental stress, activating the
sympathetic-adrenal-medullary axis, eliciting the
release of catecholamines, determines the release

of DAMPs and the activation of cardiac mast cells
[119]. In turn, DAMPs can activate the innate
immune response leading to sterile inflammation
[162, 163], which can result in myocarditis and
cardiomyopathy [115], as well as atherosclerosis
[150], even in animal models [164].

The Woman’s Heart

Traditionally, heart attacks have always been con-
sidered a male issue. This view is no longer the
case today: in the United States and in many
European countries, female mortality (even
before menopause) for cardiovascular disease is
even higher than male mortality [165]. This is
very intriguing because in female, cholesterol
and arteriosclerosis do not fully explain this evi-
dence and contrast the established idea of a
cardioprotective role of estrogens (just thinking
to the increased risk of heart attack when taking
birth control pills [166, 167]). Up to one third of
women with cardiac ischemia have no coronary
occlusion [168]. In particular, coronary spasms,
plaque erosion (not angiographically critical), and
arrhythmias play a greater role in cardiac events
affecting women under the age of 60 [168]. From
a clinical point of view, women have a milder
symptomatology than men, which can easily lead
to a delay in diagnosis and therapy [169]. In the
medical history of these patients, often there are
socioeconomic problems [18], strong conjugal
stress, or episodes of violence and sexual
abuses [170].

In Fig. 15.4 are depicted the traditional and
nontraditional cardiovascular risk factors along
with those specific for females.

As recently described [171], a woman’s heart
looks stiffer than the male’s one. When heart
failure occurs in women, left ventricular
remodeling is oriented toward concentric hyper-
trophy. As a result, heart failure occurs in most
cases with preserved ejection fraction (HFpEF).
This is in contrast with heart failure in men, where
the prevailing phenotype is heart failure with
reduced ejection fraction (HFrEF). The renin-
angiotensin system would appear to be less
activated. Consequently, fibrosis is less important
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at a myocardial level, although there is a general
stiffening of the circulatory system with an
increase in the effective afterload. The reason
for the preferential concentric hypertrophy and
HFpEF instead of left ventricular dilation and
HFrEF is still unknown. Some authors suggest
that in normal conditions, in women the myocyte
diameter is reduced with respect to men, and it
may therefore be possible to increase the amount
of contractile proteins without stretching the
sarcomere [171].

Finally, the female heart seems to be stiffer:
left ventricular diastolic elastance is higher for
women than for men at comparable levels of
filling pressure as shown in Fig. 15.5 [172].

Conclusions

The study of the heart and its connections with the
psycho-neuro-endocrine-immune system leads at

least to two types of conclusions, one theoretical
and one practical.

As George Engel said about 40 years ago in
Science [173], the reduction of complex phenom-
ena in simple determinations (reductionism), the
separation between “biological” and “psycholog-
ical” phenomena (mind and body dichotomy),
and the interpretation of life exclusively in physi-
cal or chemical terms (physicalism) are obstacles
to the study of the human being and its physiopa-
thology: obstacles that are causing very heavy
consequences in terms of the effectiveness, costs
[174], and credibility [175–180] of our care
systems. Thanks to the PNEI, we have the tools
for a scientific investigation of complex phenom-
ena which, on different scales, determine the bal-
ance between health and illness and to study and
rediscover therapeutic solutions that go beyond
the current pharmacological vision. For example,
as we have extensively documented in a recent
book [17], the treatment of dyslipidemia can be

Fig. 15.4 Traditional and nontraditional cardiovascular risk factors and more women-specific risk factors. (Image
modified fromGebhard C. Eur Heart J. 2017;38:1066–1068. Reproduced with permission fromMediDesign Frank Geisler)
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effectively achieved by an integrated approach
that includes, in addition to nutrition and physical
activity, a range of phytotherapic products and
proper management of mental stress, given that
excessive cholesterol lowering increases the risk
of heart attacks and general mortality [181, 182].

From a practical point of view, we count on
very high standard of care in acute setting, while
in the chronic and preventive context, we need to
reconsider the management of patients with heart
disease by investing more time and resources in
terms of proper nutrition [183], physical activity,
and stress management [54, 184, 185].
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The focus of this chapter is the gender
differences in mitochondria in cardiovascular
disease. There is broad evidence suggesting
that some of the gender differences in
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cardiovascular outcomemay be partially related
to differences in mitochondrial biology
(Ventura–Clapier R, Moulin M, Piquereau J,
Lemaire C, Mericskay M, Veksler V,
Garnier A, Clin Sci (Lond) 131(9):803–822,
2017)). Mitochondrial disorders are causally
affected by mutations in either nuclear or mito-
chondrial genes involved in the synthesis of
respiratory chain subunits or in their posttrans-
lational control. This can be due to mutations of
themtDNAwhich are transmitted by themother
or mutations in the nuclear DNA. Because nat-
ural selection on mitochondria operates only in
females, mutations may have had more delete-
rious effects in males than in females (Ventura–
Clapier R, Moulin M, Piquereau J, Lemaire C,
Mericskay M, Veksler V, Garnier A, Clin Sci
(Lond) 131(9):803–822, 2017; Camara AK,
Lesnefsky EJ, Stowe DF. Antioxid Redox Sig-
nal 13(3):279–347, 2010). As mitochondrial
mutations can affect all tissues, they are respon-
sible for a large panel of pathologies including
neuromuscular disorders, encephalopathies,
metabolic disorders, cardiomyopathies,
neuropathies, renal dysfunction, etc. Many of
these pathologies present sex/gender specific-
ity. Thus, alleviating or preventing mitochon-
drial dysfunction will contribute to mitigating
the severity or progression of the development
of diseases. Here, we present evidence for the
involvement of mitochondria in the sex speci-
ficity of cardiovascular disorders.

Keywords

Mitochondrial biology · Mutations of
mtDNA · Mitochondrial dysfunction · Krebs
cycle · Nuclear respiratory factor · Apoptotic
bodies · Redox messenger · Reactive oxygen
species · Calcium overload · Heart failure ·
Ischemic preconditioning · Autophagy ·
Mitophagy · Dynamin · Aging heart

Mitochondrial Functions

Mitochondria are crucial, multifunctional
organelles, which actively regulate cellular
homeostasis. They have a double membrane.

The composition of the outer membrane is similar
to that of other eukaryotic membranes. The inner
membrane resembles prokaryotic membranes in
composition and physical properties [102]. In the
matrix, mitochondria contain a circular small
genome (mtDNA) encoding for 13 proteins of
the respiratory chain and for both ribosomal
ribonucleic acid (rRNA) and transfer RNA
(tRNA). Mutations in mtDNA result in severe
neuromuscular diseases, mostly due to impaired
energy production. The main function of
mitochondria is the energy production as adeno-
sine triphosphate (ATP) via citric cycle (tricar-
boxylic acid cycle, Krebs cycle). Other cell
functions include ionic homeostasis, production
and regulation of reactive oxygen species (ROS),
pH regulation, steroid hormone synthesis, cal-
cium homeostasis, thermogenesis, lipid and car-
bohydrate utilization, and cell death
[82, 98]. Mitochondria proliferate by division of
preexisting organelles, a process called mitochon-
drial biogenesis. This process is under the control
of the nucleus and necessitates coordination of
the nuclear and mitochondrial ones genomes.
The transcription and replication of the mitochon-
drial genome are activated by the nuclear-
encoded mitochondrial transcription factor A
(TFAM). In turn, TFAM transcription is activated
by the nuclear respiratory factors (NRF) 1 and
2 and the peroxisome proliferator-activated recep-
tor γ coactivators 1 (PGC-1α or β), the master
regulators of mitochondrial biogenesis. These
coactivators and transcription factors also coordi-
nate the expression of multiple nuclear-encoded
mitochondrial proteins, which have to be
processed, imported, and localized in the proper
mitochondrial compartment with mitochondria-
encoded proteins [122].

Mitochondria are essential for cardiac func-
tion. They play a major role in ATP supply,
needed to support continuous cycles of contrac-
tion and relaxation, carry out synthesis of essen-
tial cellular components, calcium buffering [28],
and trigger cell death signals [27]. Because the
heart is highly dependent on mitochondrial oxi-
dative energy, it is understandable that defects
in mitochondrial structure and function can be
found in association with different cardiovascular
diseases. Indeed, abnormalities in the
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mitochondrial function cause cardiomyopathies,
arrhythmias, and abnormalities of the conduction
system. Mitochondrial dysfunction has been
linked to several cardiovascular disorders, includ-
ing hypertension, cardiac hypertrophy, ischemia/
reperfusion, and heart failure [61, 117]. Impor-
tantly, mitochondria are directly involved in trig-
gering of different and complexly interconnected
programs controlling cell “fate” such as apoptosis,
autophagy (mitophagy), and senescence, all
involved in cardiovascular disorders [2]. Below
will be expanded the individual programs in detail
and their implications in cardiovascular diseases.

Mitochondria and Apoptosis

Mitochondria are instrumental for cell life and
death. They play a central role in various forms
of cell death, which are characterized by differen-
tial biochemical features, with predominant
forms including apoptosis (caspase-dependent
and caspase-independent), or necrosis. Besides
amplifying and mediating extrinsic apoptotic
pathways, mitochondria also play a central role
in the integration and propagation of death signals
originating from inside the cell such as DNA
damage, oxidative stress, starvation, as well as
those induced by radiation or chemotherapy
[68]. Apoptosis, also known as programmed cell
death, describes a particular mode of cell death that
is characterized by a series of biochemical events
that lead to a variety of morphological changes,
including cell shrinkage, membrane blebbing or
budding, nuclear fragmentation, chromatin con-
densation, and chromosomal DNA fragmentation.
Ultimately, the cell is fragmented into compact
membrane-enclosed structures, called “apoptotic
bodies,” which contain cytosol, condensed chro-
matin, and organelles. Apoptotic bodies are
recognized by phagocytes and quickly removed
preventing inflammation and tissue damage that
might ensue upon cell lysis [1, 39]. Apoptosis is
induced via two main ways involving either the
mitochondria (the intrinsic pathway) or the activa-
tion of death receptors (the extrinsic pathway).
Both pathways converge to induce the activation
of caspases, executioners of cell death [129]. The
link between the caspase signaling cascade and the

mitochondria is provided by the Bcl-2 family
member Bid. This protein is cleaved by caspase-
8 and in its truncated form (tBID) translocates to
the mitochondria where it induces the transloca-
tion, oligomerization, and insertion of other Bcl-2
family members, which control the integrity of the
outer membranes of mitochondria. On the surface
of the mitochondrion, Bcl-2 antiapoptotic proteins
detect mitochondrial damage and activate two
proapoptotic Bcl-2 effector proteins, Bax and
Bak (Fig. 16.1). Interactions among these proteins
break up the outer mitochondrial membrane and
shape channels allowing the release of proteins
present in the mitochondrial intermembrane space
(such as the cytochrome-c, Smac/Diablo, and
apoptosis-inducing factor (AIF)). Once cyto-
chrome c is released, it binds to Apaf-1 to assemble
the apoptosome, a complex that triggers the
activation of the initiator procaspase-9 [64]. Acti-
vation of caspases induces a biochemical cascade,
which leads to characteristic changes of cell mor-
phology such as blebbing, shrinkage, nuclear and
chromosomal DNA fragmentation, and chromatin
condensation [1, 34, 111]. Permeabilization of the
outer mitochondrial membrane is antagonized
by antiapoptotic proteins such as Bcl-2, Bcl-W,
Bcl-xL, A1/Bfl1, and MCL-1, which inhibit Bax
and Bak functions. In addition to cytochrome c,
other proteins are released to assist or potentiate
apoptosis. For instance, Smac/Diablo antagonizes
inhibitors of caspases, thereby enhancing caspase
activation and apoptosis, and AIF that insures
caspase-independent mitochondria-mediated apo-
ptosis inducing chromatin condensation and DNA
fragmentation [68].

The mitochondrial permeability transition is a
permeability increase of the inner mitochondrial
membrane mediated by a channel, the permeabil-
ity transition pore (PTP) [7, 8]. PTP opening is
affected by inducers like calcium and ROS or
inhibitors like acidic matrix pH. While short-
term opening may participate in physiological
regulation of Ca2+ and ROS homeostasis, long-
lasting opening of the PTP triggers mitochondrial
swelling, rupture of the outer membrane, collapse
of membrane potential, cessation of ATP synthe-
sis, release of cytochrome c, and other
proapoptotic factors which initiate the mitochon-
drial pathway of apoptosis [8].

16 Mitochondria and Sex-Specific Cardiac Function 243



As mentioned above, mitochondria are the
primary intracellular site of oxygen consumption
and the major source of ROS, most of them
originating from the mitochondrial respiratory
chain. In cells with high oxidative capacity as
cardiomyocytes, mitochondria are an essential
source of ROS and the most direct target for
their damaging effects. Cardiomyocyte apoptosis,
induced by the overproduction of ROS under
ischemia or ischemia/reperfusion (I/R) or ische-
mic preconditioning (IPC), is an important patho-
logical phenomenon in heart failure (HF).
Therefore, a fine equilibrium between ROS pro-
duction and removal determines the physiological
versus pathological function of ROS. In fact, an
excessive amount of ROS induces oxidative
stress and promotes cell death under hypoxic
conditions. Conversely, at physiological levels,
ROS function as “redox messengers” in intracel-
lular signaling [22]. For this reason mitochondria
contain an arsenal of antioxidant systems with
target specificity [68]. ROS can be removed
by antioxidant enzymes such as superoxide
dismutase, catalase, and glutathione peroxidase.
The first line of defense against ROS is
guaranteed by the presence of Mn2+-SOD

(SOD2) in the mitochondrial matrix, which
results in superoxide anion dismutation and the
subsequent generation of hydrogen peroxide.
Although hydrogen peroxide is not a free radical,
it is an oxidant and an intermediate in the chain of
reactions that generate reactive free radicals, such
as hydroxyl radical, which can oxidize mitochon-
drial components (proteins, lipids, DNA). Since
most mitochondria lack catalase, the metabolism
of hydrogen peroxide is mainly accomplished
by mitochondrial glutathione, mGSH, with the
participation of either GSH peroxidase or
peroxiredoxins [22]. It has been demonstrated
that a chronic exposure to ROS in the heart will
induce apoptosis and fibrosis leading to heart
dysfunction and remodeling [85].

Mitochondria play also an essential role in cell
calcium homeostasis. They accumulate calcium
along its electrochemical gradient, whereas cal-
cium extrusion is an active process involving
Na-dependent and Na-independent pathways.
Calcium excess leads to uncoupling of oxidation
from phosphorylation and mitochondrial mem-
brane depolarization resulting in the opening of
the PTP and finally in cell death [123]. The capac-
ity of mitochondria to control excess calcium

Fig. 16.1 Scheme of the apoptosis. The proteins of the
BCl-2 family control the external mitochondrial mem-
brane integrity. After apoptotic stimuli, BAX and BAK
heterodimer break up the outer mitochondrial membrane
and opening a channel, which allows the release of
proteins present in the mitochondrial intermembrane

space such as the cytochrome-c, Smac/DIABLO, and
Endo G/AIF. The latter, in turn, led to caspase cascade
activation inducing apoptotic modifications. Mitochon-
drial outer membrane permeabilization is antagonized by
the antiapoptotic BCL-2 proteins, such as BCL-2,
BCL-W, and BCL-Xl
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depends on the balance between calcium entry
along the electrochemical gradient and calcium
extrusion mechanisms. This plays a crucial role in
cell homeostasis and cell death. Apoptosis is a
physiological process, which is necessary for dif-
ferentiation during embryogenesis. However,
apoptosis is also triggered in pathological
conditions. In cardiovascular diseases apoptosis
may be induced also by mitochondrion-toxic
agents. These agents are numerous and include
pharmaceuticals, illicit drugs, exotoxins, and food
ingredients [15, 63, 75, 103]. Several mitochon-
drial functions are prone to be affected by toxic
agents. The most important among these is the
respiratory chain. Dysfunction of the respiratory
chain may result in decreased ATP production,
increased ROS production, reduced antioxidative
capacity, and reduced mitochondrial membrane
potential or apoptosis [69]. A number of chemo-
therapeutic agents are cardiotoxic due to mito-
chondrial dysfunction [107]. Cardiotoxicity
includes acute or chronic cardiovascular compli-
cations, which impair quality of life, even years
after treatment. Chemotherapeutic agents asso-
ciated with cardiotoxicity due to mitochondrial
dysfunction include anthracyclines (e.g., doxoru-
bicin), anthracenediones (e.g., mitoxantrone),
alkylating agents (e.g., cyclophosphamide, cis-
platin, ifosfamide, busulfan, mitomycin), vinca
alkaloids (e.g., 5-fluorouracil, amsacrine,
asparaginase), tyrosine-kinase inhibitors (e.g.,
imatinib, dasatinib, sunitinib, sorafenib), and

other agents (e.g., trastuzumab, paclitaxel,
etoposide, teniposide) (Simbre et al. 2005; [34]).

Mitochondria and Autophagy

Macroautophagy, hereafter referred to as
autophagy, is a conserved process aimed at
maintaining of cellular and tissue homeostasis
under normal as well as stress conditions, includ-
ing nutrient starvation, changes in metabolism,
energy, and oxygen status. Autophagy is a degra-
dation mechanism of cytoplasmic components,
including damaged organelles, toxic protein
aggregates, and intracellular pathogens [72].
Basal autophagy plays a key role in eukaryotic
cells, degrading long half-life macromolecules
and large supramolecular structures, including
organelles such as mitochondria, peroxisomes,
and endoplasmic reticulum [60]. This process is
characterized by several steps. Initiation of
autophagy describes the formation of the isolation
membrane and phagophore, which then expands
to engulf the cargo (protein aggregates or dam-
aged organelles), thus forming the autophago-
some, a double-membrane intracellular structure
of reticular origin. This process is completed by
autophagosome clearance, which occurs after
fusion with lysosomes, enabling degradation of
cargo by lysosomal enzymes [72] (Fig. 16.2).
Degradation by-products, such as amino acids,
can then be reused for the building of new

Fig. 16.2 Scheme of the autophagy process. Phagophore
determines the onset of the autophagy. The progressive
elongation of the phagophore is accompanied by the
recruitment (specific or not) and degradation
(autophagosome completion) of cellular components.

The outer membrane of the autophagosome may fuse
with a lysosome to form autophagolysosome. Finally, the
engulfed material is degraded inside the autophago-
lysosome and recycled
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macromolecules or for meetingmetabolic demands
[54, 127]. Initial phagophore formation requires the
assembly of a complex consisting of BECLIN1,
vacuolar protein sorting (VPS) 34, and VPS15
[49]. Next, the expansion of the membrane is
mediated by two ubiquitin-like conjugation
systems, microtubule-associated protein 1 light
chain 3 (LC3) and autophagy protein (ATG)
12-ATG5, that promote assembly of the ATG16L
complex and the conjugation of LC3with phospha-
tidylethanolamine [48, 73]. Autophagy contributes
to the maintenance of intracellular homeostasis in
most cells of cardiovascular origin, including
cardiomyocytes, endothelial cells, and arterial
smooth muscle cells.

Mitophagy is an autophagic response that
allows elimination of defective mitochondria
and accelerates the mitochondrial turnover, thus
preserving the pool of healthy organelles
[95]. As the mitochondria occupy a critical posi-
tion in the bioenergetics of the cardiovascular
system, mitophagy is particularly important for
cardiovascular homeostasis in health and disease
[11]. Upstream, among others, two main actors in
the regulation of mammalian mitophagy are the
serine/threonine kinase PTEN-induced putative
kinase 1 (PINK1) and the E3 ubiquitin ligase
Parkin, which selectively promote the degrada-
tion of impaired mitochondria [78]. Under
normal conditions, PINK1 is imported into the
mitochondria, where it undergoes rapid cleavage
by protease PARL, and maintained at low levels
on the inner membrane. When the mitochondria

present a decrease of membrane potential, PINK1
accumulates on the outer membrane. In healthy
mitochondria, Parkin translocates from cytosol to
damaged or uncoupled mitochondria, promoting
ubiquitination of several mitochondrial outer
membrane proteins, such as MFN1, MFN2, and
VDAC. On damaged mitochondria recruitment
of Parkin is selective and requires the participa-
tion of PINK1 [77]. Ubiquitination of proteins
allows recruitment of p62/SQSTM1, an adaptor
that interacts with ubiquitinated proteins and
LC3, recruiting a phagophore to engulf the
ubiquitinated mitochondrion [99]. Although
Parkin-induced mitophagy has been shown to be
dependent on the activity of PINK1, this process
depends on DRP-1-mediated mitochondrial fis-
sion [35, 74, 114, 120] (Fig. 16.3). A recent
study showed that Parkin mRNA and protein are
present at low levels in normal mouse hearts but
are upregulated after cardiac myocyte-specific
deletion of the Drp1 gene in adult mice
[14]. Thus, Drp1 deficiency appears to trigger
Parkin-dependent over-activation of mitophagy
leading to a severe myopathic phenotype. The
authors propose that DRP1 helps in the
maintaining mitochondrial quality control by pro-
moting mitochondrial fission to segregate dys-
functional mitochondria that can then be
targeted by mitophagy [109]. These data high-
light the central role of mitochondrial dynamics
in cardiac mitochondrial quality control, ensuring
proper elimination of damaged and dysfunctional
organelles [14].

Fig. 16.3 Scheme of autophagy clearance of damaged
mitochondria. Damaged mitochondria (usually with low
membrane potential) undergo DRP1-mediated fission to
initiate the process of mitophagy. Under reduced mito-
chondrial membrane potential, PINK1 accumulates on

the outer mitochondrial membrane and allows the recruit-
ment of the Parkin E3 ubiquitin ligase. Parkin induces
ubiquitination of several surface proteins, which, in turn,
trigger the damaged mitochondrion removal by an
autophagosome
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Mitophagy is also induced by Parkin-
independent mechanisms that involve proteins
or lipids already present on the outer membrane
of the mitochondria. BNIP3 and BNIP3L/Nix,
known for their role in apoptosis, interact directly
with LC3 to initiate mitochondrial clearance
[43, 91]. Fundc1 is a mitochondrial protein
located on the outer membrane. It contains a
binding domain for LC3 participating in mito-
chondrial engulfment. These pathways are trig-
gered by different stimuli. As already mentioned,
Parkin-PINK1 pathway is induced by a decrease
in membrane potential, while Fundc1 has been
reported to play an important role in the response
to hypoxic stress [62]. All of them may be
involved in cardiac stress [38]. Indeed, Parkin
translocation to the mitochondria takes place
during I/R [56]. It has been suggested that
infarction-induced mitophagy is a beneficial
homeostatic response to protect the heart
[29]. Bnip3 is also activated during I/R and
triggers mitophagy [57]

Mitochondria and Senescence

Cellular senescence is an irreversible growth
arrest accompanied by inability to repair tissue
damages occurring in response to various cellular
stimuli, such as telomere erosion, DNA damage,
and oxidative stress. Senescence is associated
with the appearance of several biomarkers such
as β-galactosidase activity and p53 activation
[5, 12]. In model organisms, senescence is
accompanied by mitochondrial malfunctions,
which subtend the observed age-dependent
decline in organ function [96]. Similarly, defects
in mitochondrial function have also been
observed in human. Moreover, some mitochon-
drial damages may predispose humans to certain
age-related diseases. As a result, chronic diseases,
including cardiovascular diseases, increase their
prevalence with aging. Cardiac aging is
characterized by the presence of hypertrophy,
fibrosis, and defect in contractility, calcium
handling, cell metabolism, and mitochondrial
function [55]. The aging heart is generally

associated with decreased protein quality control
and dysfunctional mitochondria [106, 116].

Increased production of ROS emerged as the
main proximate cause of aging. Mitochondria
have been involved as key players, first because
they are an important source of free radicals,
especially in highly oxidative tissues, and second
because they are a direct target of oxidative dam-
age in aging cells [123]. As age increase, ROS
tend to raise their contents as a result of the
accumulation of damages to mitochondrial
proteins, an imbalance between oxidative stress
and antioxidant mechanisms, and declines in
activity of mitochondrial respiratory chain
complexes. Considering this, ROS regulate
senescence diseases [86, 116]. There is increasing
evidence that mitochondria can regulate cellular
aging through the modulation of the metabolic
profile of the cell [106, 113]. The key role of
ROS generation and mitochondrial dysfunction
in cardiac aging is supported by experiments
that target mitochondrial ROS. For example,
overexpression of the ROS scavenger enzyme
catalase attenuates the development of hypertro-
phy, fibrosis, and diastolic dysfunction in the
aging mouse heart [25, 51]. By contrast, prema-
turely aging mice with a mutation in mitochon-
drial DNA polymerase exhibit marked cardiac
hypertrophy and fibrosis as well as systolic and
diastolic dysfunction [26, 51]. Together, these
observations suggest that ROS generation and
mitochondrial damage contribute to cardiac
aging.

ROS production by mitochondria may also be
a significant mechanism by which cardiovascular
risk factors lead to the formation of vascular
lesions in a sex-specific manner [111]. Vascular
diseases are instrumental in aging, as well as
cardiac and neurological disorders.

Fusion and Fission of Mitochondria

Mitochondria are present in all cells except for
erythrocytes. Depending on a tissue’s function,
mitochondria may be more or less prominent
within a cell type. In the heart about 45% of
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the myocardial volume is taken up by
mitochondria [31].

Interestingly, morphology of mitochondria
differs among different cell types: for example,
solitary organelles are retrieved in hepatocytes,
whereas in many epithelial cells, they form an
intricate network [23]. In adult cardiac myocytes,
mitochondria localize within three subcellular
distributions: interfibrillar, subsarcolemmal, and
perinuclear. The mitochondrial morphology is
mostly globular in the perinuclear region and
predominantly rod shaped in the subsarcolemmal
space, while inter-myofibrillar mitochondria have
the same size of a sarcomere [31].

Ultrastructure and morphology of mito-
chondria are continuously regulated by fusion
and fission balance events [6] (Fig. 16.4). Mito-
chondrial fusion is a complex sequential process,
which involves integration of the outer mito-
chondrial membrane, inner mitochondrial mem-
brane, and matrix content. The main regulators of
these processes are the GTPase dynamin-related
proteins: mitofusin 1 (MFN1) and mitofusin
2 (MFN 2), located in the outer mitochondrial
membrane, and optical atrophy 1 (OPA1), located
in the inner mitochondrial membrane
[120]. MFN1 and MFN 2 are both needed for

mitochondrial fusion. In fact, their loss results in
a reduction of this process. Moreover, these
proteins are partially redundant in their function;
thus when MFN1 expression is decreased, mito-
chondrial fusion can be supported by MFN2
overexpression and vice versa [17]. Additionally,
MFN2 has been implicated in several other
physiological functions, such as modulation of
energetic processes, endoplasmic reticulum-
mitochondria coupling, and regulation of mito-
phagy, a process through which mitochondria
are engulfed by autophagosomes and delivered
to lysosomes for degradation [18, 120]. OPA1 is
a transmembrane protein tightly associated with
the mitochondrial inner membrane. The transcript
coding for OPA1 is subjected to alternative splic-
ing, giving rise to eight variants that are expressed
in a variety of patterns across different tissues.
In particular, both OPA1 short (88 kDa) and
long (112 kDa) isoforms are necessary for mito-
chondrial fusion [108].

The opposite process (mitochondrial fission)
results from mitochondria fragmentation and is
regulated by the large GTPase dynamin-related
protein (DRP-1), mitochondrial fission 1 (FIS1),
mitochondrial fission factor (MIFF), and mito-
chondrial dynamic proteins of 49 and 51 kDa

Fig. 16.4 Mitochondrial
fusion and fission processes
subtending the cell
homeostasis
(A–D) Mitochondrial
fusion. The fusion process
is driven by mitofusins
(MFN1 and 2) and OPA1
usually located on the outer
and inner mitochondrial
membranes, respectively.
Fused mitochondria both
share materials (matrix
components, damaged
mitochondrial DNA) and
bioenergetic properties
(e.g., mitochondrial
membrane potential)
(D–F) Mitochondrial
fission. DRP1 bind to FIS1,
MFF, and MiD49/51
adapters starting to the
moiety separation (fission)
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(MiD49/51) [42, 97]. DRP-1 is a cytosolic pro-
tein, which lacks a mitochondrial destination
sequence. It requires localization of FIS1 in the
mitochondrial outer membrane to form the fission
complex [10]. DRP1, like dynamins, functions as
a mechanoenzyme, serving to constrict the mito-
chondrion physically, an early step in fission.
However, in mammalian cells silencing FIS1
has little effect on DRP1 translocation to
mitochondria [58]. MFF appears to be the protein
acting as the DRP1 mitochondrial receptor.
Reduction of MFF levels induces mitochondrial
elongation a decrease of DRP1 translocation
to mitochondria [36]. Likewise, MiD49 and
MiD51 are involved in the mammalian fission
machinery [81].

These processes play a central role in
mitochondria quality control and are important
for maintaining various cellular functions and
viability. Fusion and fission balance is very
important for mitochondrial participation in cru-
cial cellular processes. The first is a necessary
adaptation to nutrient starvation and increased
metabolic demand [92]. The latter is required for
mitochondrial proliferation following mitosis
[50], apoptosis [128], and removing damaged
mitochondria from the cells through mitophagy
[118]. Mitochondrial fission is essential for main-
tenance and repair. It facilitates the removal of
damaged components by partitioning them, so
they can be targeted for removal and degradation
by mitophagy. However, excessive mitochondrial
fission and mitophagy can compromise the meta-
bolic capacity of a cell [119]. Therefore, it is
necessary to maintain an adequate equilibrium in
the fission/fusion cycle. The connection between
these processes and the onset of heart disease is
not yet entirely clear. Although mitochondrial
fusion and fission are most evident in neonatal
cardiac myocytes, there is strong evidence that
these processes are important in the adult cardiac
tissue. In fact, the proteins involved in fusion and
fission are highly expressed in the adult heart
[30, 101]. More evidences for the importance of
mitochondrial dynamics in the heart result from
studies on the loss of functions of proteins
involved in this process. For example, in cardiac
myocytes isolated from murine models of an

inducible ablation of MFN-1/2, fragmented
mitochondria with abnormal cristae have been
detected [83]. These morphological changes
were accompanied by alterations in mitochondrial
respiration, mitophagy, and mitochondrial bio-
genesis, which culminated in cardiomyopathy
[21, 84]. Abnormalities in mitochondrial mor-
phology were also observed in mice heterozygous
for OPA1. These mitochondria, large and with
abnormal cristae, manifest increased ability to
accumulate Ca2+ and are marked by a delayed
opening of the mitochondrial PTP coupled with
increased sensitivity to prolonged mechanical
stress. The decreased expression of OPA1 did
not alter mitochondrial respiration [88]. Chen
et al. described small and fragmented
mitochondria in both human and rat models of
heart failure, which were associated with
decreased OPA1 levels [19, 20]. Decreased levels
of Mfn2 mRNA were detected in neonatal rat
cardiac myocytes exposed to phenylephrine to
induce hypertrophy and in vivo models of cardiac
hypertrophy [32]. Similar results were reported
by Papanicolaou et al. They found that MFN2-
deficient mice display modest cardiac hypertro-
phy accompanied by a slight functional deteriora-
tion [83]. Ong and coworkers found that
inhibition of DRP1 increases the proportion of
adult cardiac myocytes with elongated
mitochondria and protects them against simulated
I/R [79]. Moreover, Sharp et al. reported that
DRP1 inhibition has therapeutic benefits even
when administered after ischemia [104].

There are many evidences of the role played
by the mitochondrial dynamics on vascular
smooth muscle cells (VSMCs) and its effect on
vascular diseases, which are instrumental for car-
diac disorders. The principal function of VSMCs
is the regulation of vascular tone and, conse-
quently, blood pressure and blood flow. Unlike
cardiac myocytes, VSMCs are highly plastic and
undergo reversible changes in phenotype in
response to environmental stimuli
[46, 67]. When a vessel is damaged, these cells,
which differentiated have a contractile phenotype
characterized by little proliferation, proliferate
and migrate toward the injury site [47]. Recently,
a relationship has been proposed between the
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VSMC proliferative phenotype and mitochon-
drial dynamics [16, 65]. VSMC proliferation
can be induced by several factors, including
platelet-derived growth factor (PDGF), insulin-
like growth factor 1 (IGF-1), angiotensin II, and
endothelin-1 [45, 90, 125]. Lately, it has been
shown that PDGF induces mitochondrial frag-
mentation reducingMFN2 levels [100]. Shenouda
et al. reported mitochondrial fragmentation and
increased levels of FIS1 and DRP1 proteins in
cultured human aortic endothelial cells incubated
with high glucose medium [105]. Figure 16.5
summarizes the effects of proteins involved in
fusion-fission mechanism on cardiovascular
disease [120].

Mitochondria and Gender Difference

It is well known that gender affects several health
issues. Women are more susceptible than men to
depression, osteoporosis, asthma, smoke-induced
lung cancer, and autoimmune diseases. However,
not all medical problems show gender dimor-
phism. For example, males do not differ from
females in infection responses [59]. Both clinical
and experimental observations show that also in
cardiovascular diseases, gender differences play a
key role. The incidence of cardiovascular diseases
increases with age in both sexes, although men
and women are predisposed toward different

Fig. 16.5 Mitochondrial
dynamics and
cardiovascular diseases
Summary of major
molecular events related to
the mitochondrial fission
and fusion in
cardiovascular diseases
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cardiovascular diseases with old age [33, 40, 51].
Male/female differences in coronary artery dis-
ease, including a higher risk of obstructive dis-
ease in men and more microvascular disease in
women [41], clearly contribute to sex differences
in cardiovascular disease expression.

Men undergo higher health risks (ischemic
heart diseases, hypertension, arrhythmias, and
heart failure) than age-matched premenopausal
women. This data, together with the observation
that incidence of cardiovascular diseases tends to
increases in women after menopause, support the
notion that the incidence of cardiovascular
diseases is associated with the decreasing levels
of estrogens during menopause [93].

It has been shown that cardiomyocytes from
female rats exhibit lower mitochondrial content,
but female mitochondria are more efficient, more
differentiated, and generate less ROS than the
male ones [123].

As said above, mitochondria are particularly
abundant in the heart, and their content and
function are sex-dependent. It has been reported
that the female cardiac muscle generates less
mitochondrial ROS and exhibits lower oxidative
damage than those of males. Several studies
demonstrate that cardiovascular diseases such as
myocardial infarction and atherosclerosis are
underrepresented in premenopausal women com-
pared to their male counterparts [4]. Although
the mechanisms underlying sexual dimorphism
in disorder development are uncertain, sex
differences in the levels of biomarkers responding
to oxidative stress have been observed in clinical
and experimental studies. It has been shown that
oxidative stress biomarkers are lower in healthy
young women than in age-matched men
[44, 89]. Moreover, studies on rat model systems
shown that male produced more ROS than
age-matched females [24].

Significant gender differences were also found
in the uptake of Ca2+ by cardiac mitochondria
[3]. Mitochondria from female rat heart showed
lower Ca2+ uptake rates in physiological substrate
solutions and maintained mitochondrial mem-
brane potential in presence of Ca2+ at high dos-
age. Since mitochondrial calcium overload is an
important factor in defining cardiac I/R injury,

these differences may be explain why female
myocardium suffers less injury with I/R
[80, 123].

It is widely accepted that mitochondrial dys-
function, and particularly mitochondrial PTP
opening, plays a major role in determining the
extent of cardiac I/R injury. Recently, it has
been proposed that the increased resistance of
female heart mitochondria reflects regulation of
mitochondrial PTP function rather than changes
in the putative components [71]. In this context,
sex hormones could be responsible for these
effects because they have been reported to
directly regulate several mediators of the mito-
chondrial biogenesis program. Regulation of
mitochondrial function and biogenesis by
estrogens/estrogen receptors has been extensively
reviewed [19, 20, 53, 87]. Estrogen receptor may
bind to mtDNA and is involved in the E2-induced
expression of mtDNA and respiratory chain
proteins. Several studies demonstrated that sex
differences in oxidative stress markers are
estrogen-dependent and that estrogen may exert
protection in females by increasing antioxidant
defenses and by diminishing ROS production
[124]. Interestingly, a cross talk between mito-
chondrial function and sex-steroidal hormones
during aging is reported [121]. Finally, estrogen
may be considered a key factor subtending sex
differences in mitochondrial function and mor-
phology, ROS production, and antioxidant activ-
ity. In fact, estrogen by its receptor can upregulate
the expression of NRF1, a key transcription factor
regulating transcription of majority of mitochon-
drial respiratory chain complexes. Moreover,
estrogen can also modulate the transcription of
NRF1 indirectly through interaction with another
transcription factor, PGC-1 [52].

Literature data confirm that premenopausal
women experience less cardiovascular diseases
compared with age-matched men. However, in
postmenopausal women the rate of cardiovascular
disease development and mortality from cardiac
disease exceeds those of men. This corroborates
the key role played by estrogens. Considering sex
differences in the development of HF, it was
shown that in hearts of female mice subjected to
pressure overload, downregulation of metabolic
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and mitochondrial biogenesis transcription cas-
cade genes are less important than in male hearts
[126]. These differences could contribute to the
protection of females against HF.

Sex-related specificity has also been found in
HF induced by toxic agents like anthracyclines.
Anticancer therapies involving anthracyclines are
limited by their cardiotoxicity. His cardiotoxicity
is considered as a complex multifactorial process
involving oxidative stress and mitochondrial
damage [112, 115]. It has been demonstrated
that female rats seem much less sensitive to the
cardiotoxic effects of doxorubicin (the main
anthracycline) than male rats [37, 76].

Also in ischemic heart disease, the leading
cause of morbidity and mortality in both men and
women, women have lower risk before menopause
[80, 94]. Ischemia and postischemic reperfusion
cause a wide array of functional and structural
injuries to mitochondria, due in part to excess
production of ROS and calcium overload. This
triggers PTP opening, decrease in ATP supply,
and ultimately cell death [8]. Heart from female
rat is more resistant to oxygen deprivation [9], and
ischemic reperfusion injury induces lower infarct
size in female than male rats [70]. A similar obser-
vation was made in patients with acute myocardial
infarction. Primary percutaneous coronary inter-
vention results in better myocardial salvage in
women than men [70].

Sex-dependent ROS production by
mitochondria may also be a significant mecha-
nism by which cardiovascular risk factors lead
to the formation of vascular lesions in a
sex-specific manner [111].

Other sex differences may be revealed in
response to cell stress. Exposure of rat VSMCs
to ultraviolet radiation induces an upregulation of
survival proteins in cells from females and an
increased proapoptotic proteins and loss of mito-
chondrial membrane potential in cells from males
[66]. Furthermore, cells from female rats show
adhesion-associated resistance to apoptosis,
which is apparently due to a more adhering phe-
notype, characterized by a higher propensity to
undergo survival by autophagy [110].

Summing clearly, part of the protective effect
of female sex in CVDs is linked to (i) better

protection of mitochondrial function and content
in female heart and vessels and (ii) better ability
to handle calcium and to decrease ROS
production.

Conclusions

Mitochondria are pivotal organelles for cell fate.
Their involvement in cardiovascular diseases is
increasingly acknowledged. Alterations of mito-
chondrial mass and function play an important
role in CVDs. Particularly, can be hypothesized
that a different mitochondrial function could be
responsible for gender differences in CVDs.
Future research should consider both sexes, not
only to better understand the pathophysiology of
the diseases but also to suggest more appropriate
therapeutic interventions.
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Abstract

Cardiovascular disease remains the leading
cause of morbidity and mortality for both
women and men. Emerging evidence supports
that ischemic heart disease (IHD) may mani-
fest differently in women and men, in ways
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ranging from the clinical presentation, diagno-
sis, and management of disease to the basic
biology and biomechanics of cardiomyocyte
function and the coronary circulation.
Women consistently present with a higher bur-
den of symptoms and comorbidities as com-
pared with men and experience worse
outcomes. These data have proved perplexing
given the decreased likelihood of women to
demonstrate obstructive coronary artery dis-
ease (CAD) on coronary angiography.
Reported sex differences have long been
influenced by the practice of defining heart
disease primarily as obstructive CAD, but
obstructive plaque is now recognized as nei-
ther necessary nor sufficient to explain
symptoms of IHD, and it is no longer adequate
to tailor diagnostic and treatment strategies
only to this subset of patients. To date,
women remain underrepresented in guideline-
changing heart disease research and trials, cre-
ating important limitations in the evidence
base for cardiovascular medicine. Smaller
epicardial coronary arteries in women as com-
pared to men, coupled with differences in
shear stress and inflammatory mediators over
the life span, may modify the development of
CAD in susceptible patients into a diffuse pat-
tern with more contribution from coronary
vasomotor dysfunction than focal obstruction.
Newer studies corroborate that symptomatic
women are more likely than men to present
with nonobstructive CAD and coronary micro-
vascular dysfunction. When present, these pro-
cesses increase cardiovascular risk in both
women and men but may constitute an espe-
cially malignant phenotype in a subset of
severely affected women, with implications
for the management of not only CAD but
also heart failure with preserved ejection frac-
tion. This represents a state-of-the-art review
of sex differences in the coronary system, with
an eye toward how diverse pathophysiological
processes may contribute to IHD phenotypes
prevalent in women and men. Beyond
providing women and men with equitable opti-
mal care according to current paradigms,

understanding the pathophysiology of IHD
beyond a conventional focus on obstructive
CAD is needed to address what is likely a
combination of biological as well as environ-
mental determinants of their prognosis.

Keywords

Atherosclerosis · Cardiovascular disease ·
Coronary flow reserve · Coronary
microvascular dysfunction · Heart failure with
preserved ejection fraction · Ischemic heart
disease · Nonobstructive coronary artery
disease

Introduction: Sex Differences
in Ischemic Heart Disease

Over the last century, cardiovascular disease
(CVD) has accounted for more deaths than any
other major cause of death in the United States [1]
and is now the leading cause of mortality among
both women and men worldwide [1–4], resulting
in nearly 18 million deaths in 2015. Deaths from
CVD primarily involve ischemic heart disease
(IHD), such as myocardial infarction (MI) and
heart failure, and also include those associated
with stroke and peripheral arterial disease. Focus-
ing within the cardiac system, approximately
630,000 Americans die from heart disease each
year, representing 1 in every 4 deaths, and the
numbers are similar for women and men
(Fig. 17.1) [4]. Yet awareness of heart disease
risk for women has substantially lagged that for
men [5]. Heart disease—historically synonymous
with coronary artery disease (CAD)—has been
traditionally defined anatomically as obstructive
atherosclerosis involving the epicardial coronary
arteries. There is now greater understanding that
IHD occurs in the presence of an inadequate blood
supply to the myocardium, which may or may not
result from obstructive atherosclerotic narrowing
in the epicardial coronary arteries [6, 7].

Indeed, as demonstrated by recent national
[1, 4] and global [2, 3] statistics, IHD poses a
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major threat to both women and men across their
life spans. Emerging evidence supports that
IHD may manifest differently in women and
men, in ways ranging from the clinical presenta-
tion, diagnosis, and management of disease to
the basic biology and biomechanics of cardio-
myocyte function and the coronary circulation.
This finding has led to calls to expand conven-
tional tools developed more than a half-century
ago for the diagnosis and management of (primar-
ily obstructive) CAD to address the full spectrum
of IHD impacting women as well as men.
The following represents a state-of-the-art review
of sex differences in the coronary system, with
an eye toward how diverse pathophysiological
factors and processes may contribute to IHD
phenotypes prevalent in women and men.

Sex Differences in the Epidemiology
of IHD: Reframing the “Gender Gap”

Over the last three decades, case fatality rates for
heart disease in the United States have been simi-
lar or higher for women as compared to men

(Fig. 17.2) [1]. Although this finding partly
reflects that women outnumber men in older
populations at greatest risk for IHD, women
often present with a higher burden of comor-
bidities and experience worse IHD outcomes as
compared to men. While trends in the United
States suggest dramatic declines in cardiac deaths
for both women and men over the last two
decades, this decrease has not been uniform for
all individuals, especially young women [8]. At
the same time, important sex differences in the
rates of IHD diagnosis, utilization of care,
response to therapy, and clinical outcomes have
been described [9–12]. Compared with men,
women have a higher prevalence of persistent
angina, nonobstructive CAD, coronary microvas-
cular dysfunction (CMD), spontaneous coronary
artery dissection, stress-induced cardiomyopathy,
and heart failure with preserved ejection fraction
(HFpEF) [13–21]. IHD risk factors including dia-
betes mellitus [22] and atrial fibrillation [23] are
associated with higher rates of vascular compli-
cations in women versus men. Women presenting
with acute coronary syndromes experience higher
mortality as compared with men [24–27] and are
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referred for cardiac transplantation at later stages
of heart failure [28]. There is also underutilization
in women of cardiac devices [29], including
implantable cardiac defibrillators [30] and cardiac
resynchronization therapy (CRT) [31], despite
subgroup analyses of randomized controlled trial
data showing that female sex is associated with
improved responsiveness to CRT [32].

Thus, the previous assumption that heart dis-
ease in women is the same as that in men, only
occurring about a decade later, represents an
oversimplification and underscores the impor-
tance of sex-specific research in cardiovascular
care [33]. There is urgent need for randomized
and comparative trial data in female as well as
male patients [34]. To date, women have been
underrepresented in guideline-changing CVD
research and trials (Fig. 17.3), often comprising
less than a third of enrolled patients [35]. This
phenomenon has obscured important sex-specific
differences in the pathobiology of disease, which
are now becoming more apparent. Central among
these has been the recognition that a variety of
disorders, not simply obstructive CAD, may
result in ischemic symptoms and worse cardiac
outcomes in patients, especially women [6, 10,
36]. As such, the heart disease “gender gap”

likely reflects not only inconsistencies in aware-
ness and application of guideline-directed man-
agement of CAD in women but also fundamental
limitations in how heart disease is defined and
managed in the population. Beyond providing
women and men with equitable optimal cardio-
vascular care according to current paradigms,
understanding the underlying biology of IHD
beyond a conventional focus on obstructive
CAD is needed to address what is likely a combi-
nation of biological as well as environmental
determinants of their prognosis.

Sex Differences in Risk Factors of IHD

Traditional IHD disease risk factors include older
age, smoking, hypertension, hyperlipidemia, obe-
sity, insulin resistance, and a family history of
premature atherosclerosis. These factors play
important roles in the development of IHD in
both women and men, although the prevalence
of certain risk factors differ between the sexes,
and some are stronger predictors of IHD in
women. The overall incidence of IHD in women
lags that in men by about a decade, suggesting loss
of a cardioprotective effect in postmenopausal

Fig. 17.2 Cardiovascular disease mortality trends for males and females (United States 1979–2015). (Source: National
Center for Health Statistics and National Heart, Lung, and Blood Institute [1])
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women [37] that remains incompletely under-
stood. Differences in the pattern of smoking
between women and men have decreased over
time [1], and smoking appears to confer a 25%
increased adjusted relative risk of major adverse
cardiovascular events (MACE) in women
versus men, as reported in a meta-analysis of
86 prospective trials encompassing 3.9 million
participants [38].

Systolic blood pressure rises steeply in older
women, and mild-moderate hypertension has
been associated with more cardiovascular compli-
cations in women than men (risk-factor-adjusted
hazard ratio of 2.5 versus 1.6 in women and men,
respectively) [39]. Nonetheless, no apparent sex
difference was observed in the relationship of
systolic blood pressure and MACE in a contem-
porary meta-analysis of 124 cohort studies of 1.2
million individuals, 44% of whom were women
[40]. Although female lipid profiles worsen with
menopause, elevated total cholesterol seems to
confer a clinically similar (albeit statistically
lower) risk of MACE in women as in men,
according to a recent meta-analysis of 97 cohort
studies including over 1 million individuals
[41]. Despite a higher prevalence of obesity in
nonwhite women as compared to nonwhite men

[1], no significant sex differences have been
observed between increasing body mass index
(BMI) and adjusted risk of MACE [42].

In contrast, although the prevalence of diabe-
tes mellitus is now similar in women and men,
robust evidence exists for a greater excess risk of
IHD among diabetic women than men. The rela-
tive risk for fatal IHD associated with diabetes
was 40–50% higher in women than men, as
reported in meta-analyses of up to 64 prospective
cohort studies of nearly 860,000 diabetic patients
[22, 43]. Diabetes appears to nullify any cardio-
protective effects associated with younger age in
women. The transition from normoglycemia to
overt diabetes in women appears to accompany
a greater decline in health than in men, such that
women who develop diabetes experience a
heavier burden of risk factors, including a higher
BMI, than diabetic men.

In summary, while the effects of hypertension,
hyperlipidemia, and obesity appear mostly simi-
lar between the sexes, prolonged smoking and
diabetes seem significantly more hazardous for
women than men. The mechanisms underlying
these observed sex differences in risk factor
effects are not well understood. Besides meno-
pause, additional female-specific or female-

Fig. 17.3 Percentage of women enrolled in randomized clinical trials (RCTs) of cardiovascular disease, compared with
relevant disease and death statistics. (Reproduced with permission [35])
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predominant risk factors for IHD include: (1)
pregnancy-related complications [44], such as
gestational diabetes, pregnancy-induced hyper-
tension, and preeclampsia; (2) emotional stress
[45], such as that linked to stress cardiomyopathy
[46]; and (3) autoimmune disorders characterized
by chronic inflammation, such as systemic lupus
erythematosus and rheumatoid arthritis [47],
which underscore the pathological role of inflam-
mation in atherosclerosis [48, 49].

Sex Differences in Clinical
Presentation, Diagnosis
and Management of IHD

Early reported sex differences [50] in the clinical
presentation, diagnosis and management of IHD
have been influenced by the long-standing prac-
tice of defining heart disease as obstructive CAD
and tailoring diagnostic and treatment strategies
to this subset of patients. We now recognize that
obstructive CAD, as defined anatomically on
coronary angiography, is neither necessary nor
sufficient to explain symptoms of IHD, which
commonly include angina and dyspnea in both
women and men [51, 52]. Indeed, women present
more frequently than men with symptoms of
angina [14] but are less likely to manifest ana-
tomic obstructive CAD. In a contemporary cohort
of 11,223 symptomatic patients (42% women)
referred for non-urgent coronary angiography,
one-third of men, but two-thirds of women, had
no obstructive CAD (Fig. 17.4), and these
patients still experienced elevated risk of MACE
(Fig. 17.5) [15]. Among patients with stable
angina who are found to have obstructive CAD,
sex differences also exist in the extent and sever-
ity of disease, with women less likely than men to
have obstructivemultivessel disease [36, 53].Con-
sistent sex differences in angiographic findings
have been demonstrated not only in stable IHD
but also in patients presenting with acute coronary
syndromes, including unstable angina and MI [54–
56]. In autopsy evaluations of patients who died of
IHD, women also demonstrated less extensive and
less obstructive CAD than men, despite pathologic
evidence of MI [57], with more evidence of plaque

erosion than plaque rupture [58]. In addition, in
patients with obstructive CAD, women are less
likely than men to demonstrate coronary collater-
alization [59]. Despite consistently documented
lower angiographic disease burden and more
often preserved left ventricular (LV) function as
compared with men, women with IHD have simi-
lar adverse outcomes [1, 60].

Due to a greater symptom burden and rate of
functional disability in women, coupled with a
lower prevalence of obstructive CAD by coronary
angiography, the evaluation of IHD in women as
compared with men can present unique
challenges to clinicians. The accuracy of standard
noninvasive diagnostic testing for ischemia, such
as stress testing with exercise electrocardiogra-
phy, echocardiography, or nuclear myocardial
perfusion imaging (MPI), can vary significantly
when evaluated against a gold standard of finding
anatomic obstructive CAD. This has been partic-
ularly relevant for women, whose symptoms are
less likely to be explained by findings on coro-
nary angiography and whose abnormal stress tests
in the absence of obstructive CAD are more likely
to be interpreted as “false positives” [61, 62]. Yet,
women with angina and confirmed ischemia have
increased mortality from IHD [63]. As discussed
later on, the recent application of modern clinical
diagnostic tools, such as cardiac computed
tomography angiography (CCTA) and positron
emission tomography (PET), is changing the par-
adigm of how disease is diagnosed [64, 65],
broadening definitions of CAD and ischemia,
respectively, to better reflect pathological
phenotypes more prevalent in certain patients,
especially women.

Management strategies for IHD, with the goal
of ameliorating symptoms and improving sur-
vival, have also largely been the same for
women and men while focused predominantly
on obstructive CAD. As a function of this, symp-
tomatic women are less likely than men to be
candidates for invasive approaches, such as per-
cutaneous coronary intervention (PCI), which
targets flow-limiting obstructive coronary artery
stenoses, and particularly coronary artery bypass
grafting (CABG), which is most often reserved
for multivessel obstructive disease. These
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individuals may present with severe ischemia or
acute MI prior to being diagnosed with
nonobstructive coronary arteries (phenomena
recently described as INOCA [66] and MINOCA
[67, 68], respectively), comprising an even
higher-risk subset of patients. Furthermore,
women undergoing PCI or standard treatment
for acute MI demonstrate increased risk of bleed-
ing and vascular complications as compared to
men [69, 70]. This finding suggests that the bene-
ficial impact of invasive interventions, particu-
larly in stable IHD, may be lower in women if
not tailored to key biological differences involv-
ing not only their burden of obstructive athero-
sclerosis, but also the size of their vessels,

effective circulating volumes, and metabolism of
drugs.

Separate from differences in biology, there
have been multiple reports of sex differences in
the use of evidence-based interventions, includ-
ing contemporary guideline-directed medical
therapies (GDMT) [10]. In a 2002 survey of
3779 patients (42% female) with stable angina,
women were less likely than men to receive opti-
mal secondary prevention with antiplatelet and
lipid-lowering therapies, even after angiographic
documentation of disease [53]. At 1-year follow-
up, women with confirmed CAD were less likely
than men to report complete resolution of angina
and more than twice as likely to suffer death or
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Fig. 17.5 Major adverse cardiovascular event (MACE)-free survival by sex and vessel disease (VD) involvement on
invasive coronary angiography. (Reproduced with permission [15])
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nonfatal MI, even after multivariable adjustment
for baseline risk factors including age, the pres-
ence of diabetes, abnormal LV function and
severity of CAD, or interim revascularization. In
49,358 older patients hospitalized for CAD from
2003 to 2009, women (47%) were less likely than
men to receive optimal GDMT at discharge and
more likely to have higher mortality if they
received suboptimal care [71]. Of note, authors
found that the sex disparity in mortality
disappeared with optimal care, and up to 69% of
the excess mortality observed in older women
could potentially be reduced by providing equita-
ble optimal care, including timely initiation of
aspirin, lipid-lowering medications and smoking
cessation counseling. This finding is important
because sex differences in response to medical
therapies have been described, for example,
greater coronary atheroma regression in response
to high-intensity statins [72, 73] and greater
benefit in cardiovascular outcomes with lesser
degrees of LDL reduction [74] in women com-
pared with men. These data underscore that
women (and men) may especially benefit from a
tailored approach that (1) achieves not only equi-
table standards of quality care as currently
defined, (2) but also addresses fundamental

differences in their biological and pathophysio-
logic manifestations of IHD.

Sex Differences in Coronary Anatomy
and Function

Sex Differences in Coronary Artery Size
and Blood Flow

The coronary arterial system represents a con-
tinuous network of functionally distinct vessel
segments of decreasing size (Fig. 17.6)
[75, 76]. The proximal large epicardial coronary
arteries (400 μm to 2–5 mm in diameter) give way
to small prearterioles (100–400 μm) and smaller
intramural arterioles (<100 μm), which interface
directly with the coronary capillary bed (<10 μm).
The epicardial arteries have a primary capacitance
function and exhibit minimal resistance to coro-
nary flow under normal conditions, with their
diameter primarily regulated by shear stress. In
contrast, the prearterioles and arterioles make up
most of the resistance circuit of the heart. Specifi-
cally, the prearterioles serve a critical role in the
autoregulation of coronary blood flow via
changes in vascular tone in response to local

Fig. 17.6 Schematic of the anatomy and function of the coronary circulation. (Reproduced with permission [76])
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shear stress and luminal pressure changes, and the
arterioles are instrumental in the matching of
myocardial oxygen demand with blood supply
via changes in perfusion of the low-resistance
coronary capillary bed in response to local tissue
metabolism [77, 78].

Women have smaller epicardial coronary
arteries than men, even after accounting for
body habitus and LV mass [79–81]. In
710 patients (46% female) being evaluated for
suspected CAD with CCTA and found to
have limited coronary artery calcium scores
(CAC, <100), women demonstrated significantly
smaller diameters of all major epicardial coronary
arteries, and these differences persisted after mul-
tivariable adjustment for age, BMI, body surface
area, and LV mass [80]. Myocardial perfusion, or
coronary blood flow, is typically also higher in
women than in men at both rest and under hyper-
emic conditions [16, 82, 83]. In 1218 patients
(67% female) being evaluated for suspected
CAD with stress testing using PET and found to
have no evidence of myocardial perfusion
defects, women demonstrated higher coronary
blood flows at both rest and peak stress when
averaged over the entire left ventricle [16],
resulting in a similar global coronary flow reserve
(CFR) when compared to men.

With changes in blood flow, coronary arteries
demonstrate an intrinsic tendency to maintain a
given level of shear stress by endothelial-dependent
dilatation [84]. Endothelial shear stress is dynamic
and can change in response to plaque formation and
vascular remodeling [85]. Low endothelial shear
stress has been implicated as a catalyst for focal
lipid accumulation, inflammation, oxidative stress,
matrix breakdown, and pathologic expansive
remodeling with associated plaque instability
[86, 87]. Gould and others [88] have hypothesized
that higher coronary blood flow inwomen, coupled
with their smaller coronary arteries, may result in
clinically significant higher endothelial shear stress
conditions, whichmay contribute to sex differences
in susceptibility to coronary atherosclerosis. This
phenomenon may be especially relevant earlier in
the life cycle prior to the withdrawal of
estrogens, which may interact with pressure- and
shear stress-dependent mechanisms of arteriolar

vasomotor function to impact upon release of endo-
thelial mediators including nitric oxide,
prostaglandins, and endothelium-derived hyper-
polarizing factor [89]. The burden of coronary ath-
erosclerosis is indeed lower in women than in men,
particularly at younger ages. The distribution of
CAC stratified by age in 9341 asymptomatic
study participants (40% female, median age
54 � 10 years) is illustrated in Fig. 17.7, with
women demonstrating a slower rate of rise in
CAC over the life span [90]. A similar pattern has
been shown in asymptomatic cohorts from the
FraminghamHeart Study [91] and theMulti-Ethnic
Study of Atherosclerosis [92].

Differences in shear stress and their associated
effects on mechanoreceptor-induced intracellular
cascades may affect not only the susceptibility to,
but also the anatomical pattern of CAD in women
and men. While the mitigating effects of high
shear stress on atheroma progression may not
entirely prevent the development of CAD in sus-
ceptible patients, they may modify it into a diffuse
pattern of disease with decreased contributions
from focal obstruction. Such an effect would be
consistent with previously described clinical and
pathological observations of sex differences in
the presentation of IHD.

Nonobstructive Coronary
Atherosclerosis and Coronary
Microvascular Dysfunction

Growing data [15, 17, 36, 53–60, 93–99] support
that the pathophysiology of IHD in women may
vary as compared to that in men. Although
women frequently have less anatomical obstruc-
tive CAD, they do not necessarily experience
fewer IHD events. A major contributor to this
apparent paradox may be vascular dysfunction
in the form of abnormal coronary reactivity,
which often coexists with diffuse, nonobstructive
atherosclerosis and endothelial dysfunction
[17, 36, 100]. Invasive coronary angiography
using visual assessments of epicardial coronary
luminal patency with X-ray and contrast dye
remains a cornerstone of modern cardiovascular
care for the diagnosis of obstructive CAD.
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However, this technique has limited ability to iden-
tify diffuse atherosclerosis and small-vessel dys-
function, which may contribute to MACE
including acute coronary syndromes, heart failure
and death from plaque erosion, impaired vaso-
reactivity, and CMD with resultant myocardial
ischemia [54, 56–58]. The addition of invasive

fractional flow reserve, an assessment of the pres-
sure drop across a focal epicardial stenosis, to
coronary angiography has proven beneficial to
identify lesion-specific ischemia and guide revas-
cularization, [101] but may miss the integrated
contribution of diffuse atherosclerosis and small-
vessel disease to myocardial ischemia [102, 103].

Fig. 17.7 Distribution of coronary artery calcium scores (logarithmic scale) by sex and age in asymptomatic
individuals. (Reproduced with permission [90])
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It is now well recognized that a normal coronary
angiogram is not synonymous with a normal coro-
nary circulation. Testing for IHD, especially
in women, is currently moving beyond testing for
the presence or absence of obstructive epicardial
CAD, which represents only one of several possi-
ble contributors to myocardial ischemia.

Over the last decade, the clinical integration of
advanced diagnostic imaging tools is helping to
redefine IHD and highlight the importance of
nonobstructive CAD and CMD. Noninvasive
approaches using CCTA and PET, for example,
have provided very sensitive assessments for the
evaluation of anatomic atherosclerotic plaque
and functional ischemia, respectively. Regarding
atherosclerotic plaque, recent observational stud-
ies have revealed stepwise incremental risk for
future adverse events in patients along a contin-
uum of both severity (i.e., mild, moderate, or
severe stenosis) and extent (i.e., number of
involved segments or vessels) of CAD [15, 104–
106]. Accelerated by the growth of noninvasive
CCTA, which both increases test sensitivity for
the diagnosis of CAD and enables characteriza-
tion of plaque morphology, mounting evidence
now supports that (1) the presence of any athero-
sclerotic plaque, obstructive or not, portends
increased risk of events and (2) the higher the
overall plaque burden that is present, the higher
the risk. From the international multicenter CON-
FIRM registry, in which 23,854 consecutive
patients without known CAD (33% asymptom-
atic) underwent CCTA between 2005 and 2009,
per-patient nonobstructive and obstructive CAD
conferred increased risk of mortality in a stepwise
manner as compared with absence of CAD,
which was associated with very low risk
[106]. In a subsequent sex-specific subgroup
analysis of patients with no or nonobstructive
CAD (n ¼ 18,158), nonobstructive CAD was
associated with a modest adjusted risk of MACE
(composite of death and nonfatal MI) that was
similarly increased in both women and men
[107]. Further, in a smaller subset of patients
with longer follow-up (n ¼ 5632 followed for
5 years, 30% with nonobstructive CAD), there
was no interaction of sex on the association
between per-vessel extent of obstructive CAD

and MACE, and authors concluded that explor-
atory analyses of atherosclerotic burden did not
identify sex-specific patterns predictive of MACE
[108]. Thus, women and men with comparable
risk and extent of CAD had comparable progno-
sis. Nonetheless, prevalent patterns of disease
do differ between women and men, with more
symptomatic women than men manifesting non-
obstructive rather than obstructive CAD [15, 60],
with important implications for diagnosis and
management.

Neither conventional angiography nor CCTA
can detect CMD, which is defined not
anatomically, but functionally as a reduced CFR
in the absence of flow-limiting CAD. Global
CFR, calculated as the ratio of hyperemic to rest
absolute myocardial blood flow averaged over the
left ventricle, is an integrated marker of coronary
vasomotor dysfunction that measures the hemo-
dynamic effects of focal, diffuse, and small-vessel
CAD on myocardial tissue perfusion [82, 109]
and has emerged as an important prognostic
imaging marker of cardiovascular risk. Observa-
tional data have consistently shown that CFR
measurements using PET MPI distinguish
patients at low or high risk for MACE, including
cardiac death [110–113], beyond comprehensive
clinical assessment, LVEF, myocardial perfusion
defects, low-level troponin elevation [96], or
plaque severity on invasive coronary angiography
[114]. In parallel to findings with atherosclerotic
plaque, evidence now supports that (1) the exis-
tence of impaired CFR, whether in the presence
or absence of obstructive CAD (e.g., CMD),
portends increased risk of cardiovascular events
and (2) the more severely impaired the overall
global CFR, the higher the risk. Whereas a CFR
�2 effectively excluded high-risk angiographic
CAD and was associated with low rates of
annualized cardiac death [115], event rates for
patients with CFR <2 increased exponentially as
CFR decreased [7, 112, 116]. Because CFR is a
measure of not only the effects of epicardial CAD
but also of diffuse atherosclerosis and CMD on
myocardial tissue perfusion, worse prognosis in
patients with CFR <2 may be related to coronary
vasomotor dysfunction arising from a mix of
pathophysiologic CAD phenotypes.
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These findings highlight the morbidity
associated with diffuse atherosclerosis and CMD.
Similar to CTA findings for nonobstructive CAD,
cardiac PET MPI studies support that CMD is
common in symptomatic patients, affecting
approximately 50% of patients with normal MPI
and LVEF referred for testing [16]. Furthermore
when present, CMD was associated with MACE
independently of sex (Fig. 17.8) [16]. That is to
say, both women and men with CMD (CFR <2 in
the presence of normal cardiac perfusion) experi-
enced worse outcomes, although this phenotype
was twice as prevalent in women as in men. This
result was consistent even in patients with a CAC
score of 0 [16], and global CFR, but not CAC,
provided significant incremental risk stratification
over clinical risk score for prediction of MACE
[117]. Thus, symptomatic patients who do not
demonstrate regional ischemia associated with
flow-limiting CAD may have diffuse atherosclero-
sis and CMD for which a more sensitive, quantita-
tive assessment of ischemia may better diagnose
abnormalities and identify novel targets for sys-
temic therapies. Although not a uniquely female
disorder, this pattern of abnormalities may be more
prognostically useful in women because they often
occur absent obstructive CAD, and may be espe-
cially relevant in those with diabetes and/or meta-
bolic syndrome, MINOCA, INOCA, and HFpEF.

There is also emerging evidence that women
with very low CFR may be at an especially ele-
vated risk of cardiovascular events. In

symptomatic patients referred for invasive coro-
nary angiography after PET MPI, women had a
lower pretest probability of CAD and a lower
burden of obstructive CAD relative to men, but
were not protected from MACE (Fig. 17.9a, b)
[36], consistent with previously described epidemi-
ologic trends. Whereas outcomes for men were
more closely associated with presence or absence
of severely obstructive CAD (Fig. 17.9c, d), in
women, only those with impaired CFR
demonstrated a significantly increased adjusted
risk of MACE (Fig. 17.9e, f). The excess cardio-
vascular risk in women relative to men referred for
coronary angiography was independently
associated with and mediated by impaired CFR,
not obstructive CAD (p for interaction ¼ 0.04,
Fig. 17.10a). Whereas most men with severely
impaired CFR were found to have �1 vessel
CAD on coronary angiography, most women with
similarly impaired CFR demonstrated �1 vessel
CAD (Fig. 17.10b). In adjusted analysis, approxi-
mately 40% of this observed differential effect of
sex on outcomes was mediated by CFR [36].

A very low CFR may represent a crucial link
to understanding the hidden biological risk of
IHD among women. Previous data [114] support
that revascularization, especially by CABG, in
certain individuals with severely impaired CFR
may be beneficial. That sex differences on
outcomes of cardiovascular events are amplified
in those with severely impaired CFR further
suggests that certain patients (i.e., with very low

Fig. 17.8 Adjusted
cumulative rate of major
adverse cardiac events
(MACE) by sex and
coronary flow reserve
(CFR) in patients with
normal myocardial
perfusion. (Reproduced
with permission [16])
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Fig. 17.9 Freedom from major adverse cardiovascular
events (MACE) according to sex (a and b), sex and
angiographic disease (c and d), or sex and coronary flow

reserve (e and f) in patients referred for myocardial perfu-
sion imaging and invasive coronary angiography.
(Reproduced with permission [36])
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CFR and less obstructive CAD, a phenotype more
prevalent in women and less amenable to focal
revascularization) may be at especially high risk
(Fig. 17.11) [36]. Instead of being interpreted as
demonstrating a “false positive” (or in some cases
negative) traditional ischemic evaluation, patients
with impaired CFR and less obstructive CAD
may be at significantly increased CVD risk
despite having access to revascularization, a tool
fundamentally targeted to the management of

obstructive CAD. Thus, while providing optimal,
equitable guideline-directed care remains a criti-
cal goal for managing women with IHD, doing so
according to current paradigms may be insuffi-
cient to address what is likely a combination of
biological as well as environmental determinants
of their prognosis. Additional research is needed
to determine precisely what is optimal care for
this subset of vulnerable patients with a predomi-
nance of women.

Fig. 17.10 Log adjusted
hazard for major adverse
cardiovascular events
(MACE) by sex and
coronary flow reserve
(CFR), (a) Patients with
severely impaired CFR
(<1.6) by angiographic
disease and sex categories,
(b) CAD indicates coronary
artery disease, VD vessel
disease, LAD left anterior
descending artery, LM left
main artery. (Reproduced
with permission [36])
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Remaining Knowledge Gaps
and Future Directions

We have come to recognize that for a majority of
patients seeking an explanation for their angina in
the cardiac catheterization laboratory, no signifi-
cantly obstructing lesion are found [118], and a
substantial proportion of these patients are
women. Nonetheless, these patients may still
have significant atherosclerosis and ischemia,
and their prognosis is not necessarily benign.
Women as compared to men commonly present
with higher rates of baseline comorbidities,
including not only older age but also hyperten-
sion, diabetes mellitus, obesity, chronic renal fail-
ure, peripheral vascular disease, HFpEF, and
inflammatory diseases such as rheumatoid arthri-
tis [10, 25–27, 54–56]. Many of these disease
processes are associated with diffuse atheroscle-
rosis and microvascular ischemia, and parallel
themes are emerging between nonobstructive
CAD and CMD. In particular, two key findings
regarding these entities in symptomatic patients
have emerged: (1) they are common in both
women and men but more prevalent in women,
and (2) they are associated with similarly
increased risk of IHD events in both women and
men, except for in patients with severely impaired

CFR, where women demonstrate even greater
risk [36].

This latter subgroup is particularly interesting
and represents a clinically unmet need that is ripe
for future investigation. Specifically, in cases
where impaired CFR stems not from obstructive
CAD (with no opportunity for revascularization
to mitigate CVD risk), a novel therapeutic strat-
egy to systemically target IHD may be warranted.
These cases of severe CMD, which often coexist
with nonobstructive CAD, may provide a clue
as to a common mechanism underlying IHD
risk in both women and men. Such a mechanism
may involve inflammation [119], endothelial dys-
function [120], and increased cardiomyocyte
oxygen demand with ensuing microvascular
ischemia, myocardial injury [96], and impaired
cardiac mechanics [97, 121]. Thus, clearer
understanding of the relationship between coro-
nary vasomotor dysfunction and CAD comorbid
conditions, including insulin resistance and
heart failure, may guide development of novel
systemic therapies to harness the benefit of more
“complete revascularization” [114, 122–125] in a
manner not defined by anatomy alone. As such,
new imaging tools may represent important
biomarkers not only for prospective studies
evaluating the role of ischemia and revasculariza-
tion, but also of novel anti-inflammatory

Fig. 17.11 Conceptual
model of prevalent
pathological phenotypes in
women and men with
ischemic heart disease and
possible impact on
cardiovascular management
strategies and outcomes.
CABG indicates coronary
artery bypass surgery, CFR
coronary flow reserve, CVD
cardiovascular disease,
GDMT guideline-directed
medical therapy, MBF
myocardial blood flow, PCI
percutaneous coronary
intervention, and VD vessel
disease. (Reproduced with
permission [36])
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[126, 127], lipid-lowering [128], glucose-
lowering [129], and neurohormonal-modulating
[130] agents on cardiovascular outcomes.

Conclusion

While prominent sex differences are apparent in
certain anatomical measures of CAD, IHD
represents a continuum of disease in women and
men, with both anatomical and functional
manifestations. The integration of functional and
anatomical parameters associated with CAD (i.e.,
quantification of coronary flow reserve with visu-
alization of anatomic atherosclerotic plaque) may
enhance our understanding of sex differences in
cardiac risk and lead to improved algorithms for
diagnosing and treating women and men with
IHD. Many of the hypothesis-generating studies
reviewed here illustrate the importance of
performing sex-specific analyses to advance
beyond current limitations in cardiovascular
care. Insights like these may inform future trials
and, possibly, the implementation of sex-specific
thresholds within clinical guidelines for more
optimal patient management. Doing so may lead
us to a more complete understanding of the patho-
biology of IHD and its manifestations in large
subsets of patients, reframing sex-specific medi-
cine as a form of precision medicine with the goal
of improving outcomes for all.
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Abstract

Despite several advancements in stroke care,
disparities continue to exist with regard to sex
differences in cerebrovascular disease. These
sex differences are due to a combination of
several factors, many of which are unique to
the female sex. Some of these unique factors,
such as pregnancy and menopause, are related
to hormonal changes seen throughout the
female life cycle. Hormonal fluctuations,
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which impact the protective effects of the
female sex hormones, can be induced by the
use of hormonal contraception. Other risk
factors, although present in both sexes, have
a higher prevalence in elderly females, such as
atrial fibrillation leading to cardioembolic
strokes. Similarly, differences in premorbid
modified Rankin Scale have an impact on the
differences in stroke outcome between the two
sexes. Clinical research aimed toward high-
lighting potential causes of these disparities
has shown important differences in the calibers
of blood vessels in the cerebral circulation
between the two sexes, whereas basic science
research has shown differences in circulating
endothelial progenitor cell pools between
males and females, with higher levels being
more protective. With the increasing aware-
ness of these sex differences, future research
is being geared toward gender-specific modes
of therapy, focusing on the molecular level, as
well as the individual patient.

Keywords

Migrainous infarct · Cerebral stroke ·
Cardioembolic stroke · Modified Rankin
Scale · Cerebral circulation · Sex-specific
analysis · Barthel index · Neuroimaging ·
Pregnancy · Atrial fibrillation · Menopause ·
Preeclampsia

Introduction

Each year, 795,000 Americans suffer a stroke,
while 130,000 die from their stroke [1]. Stroke
is the leading cause of long-term disability and
costs the United States approximately $33 billion
each year [1]. While the overall incidence of
stroke is declining in developed countries, the
absolute number of strokes is increasing second-
ary to the aging of populations [2].

Investigations have shown that the underlying
etiology and burden of stroke may differ between
women and men. Differences in physiology

between females and males may underlie some
of the differences between the sexes seen in
stroke. This chapter highlights emerging data on
sex differences in stroke, focusing on clinical
differences in pathophysiology and outcomes.

Sex Differences in Stroke
Epidemiology

Men have a higher incidence of stroke until
advanced age (85), after which the incidence is
higher in women [2]. Women are more likely to
die from their stroke than men [2]. This difference
may be a result from a combination of a longer
life expectancy of women, increased pre-stroke
disability and the increasing incidence of stroke
with advancing age. Women also have increased
stroke severity and greater mortality after
stroke [2], as well as a higher incidence of recur-
rent strokes (22% of women vs. 13% of men
40–69 years old; 28% of women vs. 23% of
men �70 years old) [2]. Some of these dif-
ferences are due to the higher rates of
cardioembolic strokes in women [3].

When compared to males, females have poorer
functional outcome after acute ischemic stroke
(22.7% of women are fully recovered by
6 months vs. 26.7% of men) [4]. As a result,
women are more likely to be severely disabled
at the time of discharge compared to men
(36.1 vs. 24.2%) [5]. Women are less likely than
men to be discharged home after a stroke admis-
sion (40.9 vs. 50.6%) [6] and are more likely to be
discharged to a long-term care facility (10 vs.
5%) [7].

Since women are older at the time of stroke,
age is an important confounder in the analysis and
understanding of sex differences. However, some
of the disparities persist even after controlling for
these factors. After controlling for confounding
variables such as age, comorbidity, pre-stroke
functional status, and stroke severity, women are
less likely than men to receive a Barthel index of
95 or greater (OR 0.75; 95% CI 0.61–0.94) in
some studies [8] . Even controlling for pre-stroke
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living conditions, more women than men still
require institutional care at 3 months after stroke
[9] and are less likely to achieve independence in
activities of daily living [10]. However several
new large epidemiological studies have suggested
that these sex disparities are primarily due to
poorer pre-stroke function in women. The Oxford
Vascular Study found that when accounting for
age and premorbid modified Rankin Scale (mRS)
score, women did not have a higher risk of worse
outcome after stroke when compared with men.
Stroke-induced changes in mRS scores were not
significantly different between the two sexes [11].

Conversely, while the crude survival rate was
higher in men in the INSTRUCT trial, women
were found to have a lower 1 year mortality rate
after adjusting for confounding factors (advanced
age, greater stroke severity, greater pre-stroke
functional limitations, and presence of atrial
fibrillation) [12]. This trial highlights the impor-
tance of considering the biological, clinical, and
premorbid differences between the two sexes
when studying differences in stroke outcome.

Figure 18.1 depicts sex differences in pre-
stroke modified Rankin Scale, with 0 representing

no symptoms, 5 representing severe disability,
and 6 representing death. Notice the larger num-
ber of pre-stroke males in mRS categories 0 and
1 when compared to pre-stroke females.

Sex Differences in Acute Stroke Care

Sex disparities exist in the access of patients to
acute stroke care, but the gap between the sexes
appears to be closing with time and increasing
awareness. Older studies had shown that women
were less likely to be admitted to the hospital
within the first 3 h of stroke onset [13], and
even when presenting within an appropriate time
window, a meta-analysis of several European and
US studies showed that women were less likely to
receive IV-tPA for acute stroke treatment
[14]. Although good evidence is lacking, reasons
for this disparity were thought to be due to
delayed presentation, as more elderly women
live alone and have an unknown time of symptom
onset. Women are also more likely to present with
more severe strokes, raising the possibility that IV
tPA was considered to be contraindicated due to

Fig. 18.1 Depicts sex differences in pre-stroke modified Rankin Scale, with 0 representing no symptoms, 5 representing
severe disability, and 6 representing death. Notice the larger number of pre-stroke males in mRS categories 0 and 1 when
compared to pre-stroke females
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the risk of hemorrhage. A population-based
cohort study from 2010 found that although men
and women present with similar symptoms,
women were more likely to be older at the time
of stroke onset [14]. Given the advanced age,
women were more likely to suffer from
pre-stroke dementia, be in institutionalized living
environments, and have greater stroke severity
and higher rates of atrial fibrillation. This study
found a higher 28-day mortality in women than in
men, which is believed to be multifactorial, given
the above confounding factors.

Importantly, emerging data is changing our
view of how sex influences stroke outcome. In a
recent study from 2016 examining a large stroke
population, exclusion criteria for r-tPA in women
and men were similar with regard to race, initial
National Institutes of Health Stroke Scale score,
warning signs, and contraindications, but that
there still existed a disparity in treatment within
the older age groups. More women were excluded
from receiving IV tPA as they became older
(>80 years) [15]. The lower rates of thrombolytic
treatment likely reflects the fact that women are
older at the time of stroke and fear on the
physician’s part of intracerebral hemorrhage due
to frail vasculature and increased prevalence of
amyloid angiopathy seen in older patients. How-
ever, age alone should not be a contraindication to
tPA treatment, as some studies have shown that
women tend to have better recanalization rates
after reperfusion therapy when compared to men
[16]. However, disparities in “defect-free care”
and the use of early thrombolysis (within the
“golden hour”) remain even in some very recent
registry reports [17], and these trends need to be
monitored closely so as not to put elderly women
at even higher risk for poor outcomes.

Recent guidelines encourage the use of intra-
venous tPA even in elderly patients with large
strokes [18]. Recent guidelines state “older age
is an adverse prognostic factor in stroke but does
not modify the treatment effect of thrombolysis.
Although older patients have poorer outcomes,
higher mortality, and higher rates of sICH than
those <80 years of age, compared with control

subjects, intravenous alteplase provides a better
chance of being independent at 3 months across
all age groups” (Class I; Level of Evidence A).
This is an important point as women are more
likely to be older at the time of their stroke, and
the potential for under treatment exists.

Sex Differences in Stroke Symptom
Presentation

Whereas it is well recognized that the female sex
can have atypical presentations for myocardial
infarctions, differences in symptom presentation
have been less well established in acute stroke.
Previous observational studies had reported that
women were more likely to present with atypical
stroke symptoms such as pain, change in level of
consciousness, or nonspecific or unclassifiable
neurological symptoms, whereas men were more
likely to report traditional stroke symptoms such
as hemiparesis or imbalance [19]. However, more
recent studies have shown that the most common
presenting symptoms for stroke in the acute
setting are similar between the two sexes [13,
20]. Again, given their advanced age, women
were more likely to present with more severe
strokes, with pre-stroke dementia and premorbid
mRS also playing a role as well.

Sex Differences in Stroke Evaluation

Prior American and European studies had found
that 71% of males with ischemic stroke versus
62% of females with ischemic stroke underwent
evaluation of their carotid arteries, that 57% of
men versus 48% of women had echocardiography
[20], and that women with stroke were less likely
than men to have carotid duplex imaging (32.8
vs. 44.0%), echocardiography (22.8 vs. 30.5%),
or angiography (5.5 vs. 9.5%) [21]. However,
more recent studies have shown that women are
not investigated less aggressively than men, with
the types of diagnostic investigations being com-
parable between the two sexes [22].
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Evaluation/
treatment

Time
frame
assessed Sex difference

Advanced
neuroimaging
(CTA/MRI/
MRA)

2005, 2010 No significant
association was
found between sex
and advanced
imaging [23]

ECHO
Carotid duplex

2002–2007 ECHO
52.4% vs. 46.5%,
P < 0.05 (M:F)
Carotid
77.2% vs. 68.7%,
P < 0.05 (M:F)
Age, NIHSS, and
prior stroke were
independent
predictors of
diagnostic work-up;
sex was not [24]

Emergency
department triage

2010–2012 No sex difference in
triage times [25]

Acute stroke unit
care

2005–2012 No sex differences in
stroke care and
thrombolysis rates.
Men received more
MRI scans. Women
had worse functional
outcome at 3 months
[22].

Emergency
stroke care
(imaging and
tPA use)

2008 No significant
difference in hospital
mortality between
the two sexes

Sex Differences in Stroke Prevention

Atrial Fibrillation

Patients with atrial fibrillation are up to five times
more likely to suffer from an ischemic stroke
when compared to patients who do not suffer
from atrial fibrillation [26, 27]. There is a greater
incidence of AF in men in all age groups but a
higher prevalence of AF in women aged
�75 years due to greater longevity in women
[28]. Female sex is an established independent
risk factor for embolic events in atrial fibrillation,
as is evidenced by the additional point given to
female gender in the CHA2DS2VASc score. It
has also been observed that women with atrial

fibrillation are more likely to suffer from a stroke
when compared to men [29], especially in
patients aged 75 or older [30]. . Whereas previ-
ously it was believed this was due to under-
treatment of AF in women, more recent studies
have shown that treatment is comparable between
the two sexes [31]. Some mechanisms that have
been suggested state hormonal differences and
increasing levels of prothrombotic factors may
be the underlying cause of the higher incidence
of thromboembolic events seen in women
suffering from AF [32, 33], with high circulating
levels of Von Willebrand factor playing a key
role [34].

Despite being on warfarin, women carried a
significantly higher residual risk of stroke and
systemic thromboembolism when compared to
men, with the Atrial Fibrillation Follow-up Inves-
tigation of Rhythm Management (AFFIRM)
study concluding that this was due to lower time
in the therapeutic range of warfarin [35]. This
conclusion, however, was not seen in the
GARFIELD-AF study, which demonstrated sim-
ilar times in the therapeutic range between the
two genders [31]. Randomized controlled trials
involving the use of non-vitamin K-dependent
anticoagulants failed to demonstrate these
differences between the two genders [36], but a
recent study has shown a reduced risk of
ischemic strokes in male patients taking
rivaroxaban, with a higher bleeding risk seen in
women taking rivaroxaban [37]. However, it has
been suggested that women may have a higher net
clinical benefit from NOAC therapy due to the
high residual stroke risk in women treated with
warfarin but lower stroke rates with NOAC
therapy [38].

The following table highlights important sex
differences in outcomes in recent clinical trials of
atrial fibrillation.

Time period Treatment Sex difference

2010–2014 Majority on
vitamin K
antagonists

Increased stroke risk
and less reduction in
stroke risk with AC in
women, no sex
difference in bleeding
risk [31]

(continued)
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Time period Treatment Sex difference

2011–2013 Rivaroxaban
and dabigatran

No overall sex
difference in stroke risk,
but increased bleeding
risk in women taking
rivaroxaban, with
greater stroke reduction
in men using
rivaroxaban compared
to women [37]

2012–2014 Majority on
vitamin K
antagonists

No sex difference in
stroke risk or bleeding
risk, reduction in stroke
risk with AC similar
between sexes but with
possible greater
reduction in women
taking NOACs
compared to women
taking warfarin [38]

Vascular Risk Factors

Major vascular risk factors differ in prevalence
between the sexes. Hypertension is an important
risk factor for stroke because it is one of the
most modifiable risk factors, with hypertension
being more prevalent in women than in men
[39]. Another modifiable risk factor, diabetes,
may also impair sex-specific risk. It has been
found that diabetic women have a 30% greater
relative risk for stroke than diabetic men in a
recent meta-analysis [40], with women in the
age group of 55–74 being at highest risk,
demonstrated in a recent study [41]. Women
experience increased stroke risk in middle age
[42]. The menopausal transition is associated
with an increase in body weight and abdominal
fat [43]. In many parts of the world, abdominal
obesity is 2–10 times more common in women
[44, 45] and may be a greater risk for ischemic
stroke in women than in men [42, 46].

Pregnancy and Pregnancy-Related
Complications

Pregnancy is a condition which is unique to
females. Although the risk of stroke in pregnant
women is fairly low, the risk appears to be highest
in the postpartum period [47].

Preeclampsia, defined as hypertension with
proteinuria, organ dysfunction, or uteroplacental
dysfunction, is seen after 20 weeks of gestation.
This condition is believed to be due to remodeling
failure of the spiral arteries in the placenta, lead-
ing to placental hypoperfusion and hypoxia.
This ultimately leads to excessive oxidative
stress, which triggers a systemic inflammatory
response causing endothelial dysfunction and
vasoconstriction, which in turn causes systemic
hypertension and end-organ hypoperfusion. An
analysis of the Nationwide Inpatient Sample
database revealed that women who suffered
from preeclampsia had a fourfold increase in
stroke during pregnancy [48]. Even in the
absence of preeclampsia, women suffering from
hypertension during pregnancy are 6–9 times
more likely to have a stroke when compared to
pregnant women not suffering from hypertension
[49, 50].

Future risk factors for stroke are also seen
increasingly in women having previously been
diagnosed with preeclampsia, with an increased
risk for future hypertension and diabetes mellitus
[51], as well as increased cardiovascular
mortality [52].

Currently there is a lack of risk factor scores
that taking gestational complications in to
account when determining a woman’s risk for
future cardiovascular disease. However, the
American Heart Association has classified pre-
eclampsia and lone gestation hypertension as
risk factors for coronary artery disease and
recommends active follow-up of risk factors [53].

Parity and Experimental Stroke

Interestingly, parity has paradoxical effects in
health and disease in animal models, mirroring
the clinical literature [54]. Multiparous mice
exhibit increased body weights, elevated triglyc-
eride and cholesterol levels, significant immune
suppression, greater sedentary behavior, and mus-
cle fatigue. While these attributes are generally
associated with higher metabovascular risk, mul-
tiparous females demonstrated a surprising resis-
tance to ischemic brain injury, higher VEGF
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levels, enhanced angiogenesis, and decreased and
improved behavioral recovery at chromic time
points after stroke. Pregnancy-associated changes
in immunity and events at the fetal-placental
interface have long-term consequences in the
healthy and injured maternal brain. Inflammation
and microglia/macrophage activity are chroni-
cally suppressed in the brain of multiparous
mice, consistent with the systemic immune sup-
pression induced by pregnancy seen by
others [55].

Parity-associated neuroprotection may have
evolved out of necessity, ensuring the survival
of young offspring. Recent speculation submits
that the shared blood system of the mother and
fetus act as a biological anecdote to experimental
plasmapheresis studies which have shown
rejuvenating effects of youthful plasma factors
on brain function in old mice [56]. We have
found that critical window events at the fetal-
placental interface during gestation include
the bidirectional trafficking of cells between
the mother and fetus, known as fetal
“microchimerism.” The increased immunosup-
pressive state during pregnancy facilitates the
transfer and survival of microchimeric cells in
the mother [57, 58] which have stem cell-like
properties and multipotent potential and incorpo-
rate into the maternal bone marrow niche where
they can persist for decades. These rare cells
respond to sterile injuries and participate in regen-
erative recovery processes [59]. We have found
that stroke mobilizes these cells and drives their
migration to the ischemic brain. These fetal cells
persist in the maternal population for months
(or decades in women) after birth, escape immune
surveillance, and contribute to poststroke angio-
genesis. This is an important area for future
exploration as these studies could help us under-
stand the etiology and pathology of stroke risk
and recovery in females.

Hormonal Contraception

Oral contraceptives, another unique risk factor for
the female gender, increase the risk of stroke by
twofold and the risk of venous thromboembolism

by threefold when compared to women who do
not use these drugs [60]. It is generally accepted
that the lower the dose of estrogen, the lower
the risk.

Migraine Headache with Aura

Migraine headache with aura is seen more com-
monly in women than in men, with a strong
association between migraine headache with
aura and stroke in women younger than 55 years
of age [61]. This association is not seen in patients
suffering migraines without auras. The mecha-
nism behind this phenomenon is a topic of debate.
Initially, the idea of migrainous infarct was
entertained, in which ischemic infarct occurred
during a migraine attack. However, most infarcts
are seen to occur between migraine attacks, lead-
ing to much skepticism behind this theory.

Menopause and Hormone Replacement
Therapy

Whereas it was previously believed that hormone
replacement therapy after menopause increased
the risk of stroke, this area was the topic of debate
for several years. With continued debate, clinical
trials began to investigate not only hormone
replacement therapy after menopause but also
the timing of hormone replacement therapy in
relation to menopause, in order to assess the
impact of hormone replacement therapy on car-
diovascular disease and risk factors. In the ELITE
trial (Vascular Effects of Early versus Late Post-
menopausal Treatment with Estradiol) [62], the
rate of carotid artery intima-media thickness pro-
gression was significantly lower in the estradiol
group than in the placebo group among women
who were less than 6 years past menopause but
not among women who were 10 or more years
past menopause, but there was no effect observed
of timing of estradiol treatment relative to
menopause and cardiac computed tomography
measures of coronary atherosclerosis.

Although there were no significant differences
in posttreatment coronary artery calcium and
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cardiac CT angiographic outcomes between the
estradiol and placebo groups in this trial after
6 years of follow-up, results from the Women’s
Health Initiative study, with a mean of 7.4 years
of follow-up, showed that coronary artery cal-
cium scores were lower among women who
were randomly assigned to receive conjugated
estrogens compared to placebo [63].

According to the KEEPS study [64], there was
significantly decreased risk of death, heart failure,
or myocardial infarction when hormone replace-
ment therapy was started early in post meno-
pause, and hormone replacement therapy was
not associated with an increased risk of cancer,
stroke, deep vein thrombosis, or pulmonary
embolism.

It has been suggested that the timing of hor-
mone replacement therapy plays a vital role
because the number or functional level of estro-
gen receptors and the health of the vasculature at
the time of exposure to estrogen are important
factors in determining whether the arterial wall
responds positively to hormone therapy.

Basic Science Investigations into Sex
Differences in Endothelial Cells

Endothelial progenitor cells (EPCs), which are
cells derived from bone marrow, play a role in
cardiovascular homeostasis [65]. Under normal
conditions, EPCs in the peripheral blood provide
a pool of cells that repair ongoing endothelial
damage, but with ischemia, EPCs are mobilized
from the marrow to peripheral blood leading to
stimulation of compensatory angiogenesis [66],
with reduced levels of circulating EPCs being
demonstrated with risk factors of cardiovascular
disease [67]. An Italian study showed fertile
women had higher levels of EPC as compared to
men, believed to be linked to higher levels of
estradiol seen in this population. After meno-
pause, EPC reduction, attributable to aging, to
the change in the reproductive state, and to the
worsened risk profile, may cause endothelial dys-
function and predispose to atherosclerosis [68].

Estrogen also causes an upregulation of endo-
thelial nitric oxide synthase (eNOS) activity [69],

with nitric oxide being an important vasodilator.
In addition to this, estrogen also causes an
upregulation of prostacyclin synthase and has
beneficial effects in response to vascular injury
and atherosclerosis by upregulating the expres-
sion of vascular endothelial growth factor
(VEGF) and inhibiting endothelial cell apoptosis,
as well as smooth muscle cell migration and
proliferation [70].

There is a growing body of evidence
indicating that excessive generation of reactive
oxygen species by NADPH-oxidase contributes
to oxidative stress and vascular dysfunction
associated with cardiovascular and cerebrovascu-
lar diseases [71]. Animal models have shown that
the activity and function of NADPH-oxidase are
lower in the cerebral circulation of female versus
male rats, with these differences dependent on
estrogen such that estrogen deficiency results in
higher NADPH-oxidase activity. The data from
these animal models has suggested that estrogen
suppresses the activity and function of NADPH-
oxidase in the cerebral circulation.

In contrast to the above, it has been suggested
that low levels of reactive oxygen species
generated by NADPH-oxidase may serve to
induce vasodilation in the cerebral circulation,
indicating that there may potentially be a benefi-
cial role of low levels of reactive oxygen species
[72]. As more research and evidence emerges,
this field of research will likely play a vital role
in future treatment options, with the potential for
treatment being targeted at the molecular level.

Figure 18.2 depicts endothelial progenitor
cells (EPC) in the bone marrow being mobilized
to the central nervous system for compensatory
angiogenesis after suffering cerebral ischemia.

Sex Differences in Vessel Size

As mentioned previously, estrogen causes
increased production of nitric oxide, an important
vasodilator, from the endothelium [69]. In addi-
tion to nitric oxide, several other important
vasodilators have been shown to be dependent
on estrogen levels, including prostacyclin and
endothelium-derived hyperpolarizing factor
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[73]. In the setting of ischemia, increased activity
of these vasodilators at different points in the
vascular bed helps to maintain adequate cerebral
blood flow, which explains the protective effects
of estrogen [73].

In addition to these differences at the cellular
level, an observation study from Brazil also
demonstrated sex differences in caliber in the
larger vessels of the posterior circulation. This
study found that the calibers of the basilar and
posterior cerebral arteries in males were larger
than those of females [74].

Although speculative, the influences of estro-
gen on the above vasodilators may in part be a
compensatory mechanism for smaller vessel size,
though these gender differences in vessel calibers
were only noted to be significant in the larger
vessels of the posterior circulation.

Conclusions

Sex differences in the cerebrovascular system is
a topic that is being increasingly recognized
among researchers in the hope of improving
individualized care and for better understanding
of the etiology and pathophysiology of stroke in
women. Whereas previous clinical trials showed
women to have worse outcomes after stroke,
more recent clinical trials have highlighted the
multifactorial nature of these outcomes and the
importance of considering pre-stroke functional
status and living conditions in stroke outcomes.
As women can suffer a stroke at any age, hor-
monal status is a key consideration to keep in
mind when determining etiology and treatment
for a stroke. In addition, while the gap in treat-
ment disparities between the sexes has narrowed

Fig. 18.2 Depicts
endothelial progenitor cells
(EPC) in the bone marrow
being mobilized to the
central nervous system for
compensatory angiogenesis
after suffering cerebral
ischemia
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over time with increasing awareness, future
research will likely focus on gender-specific
modes of therapy, targeting the molecular level.
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The properties of arterial walls are dictated by
their underlying structure, which is responsible
for the adequate perfusion of conduit
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branching arteries and their vascular beds.
Beginning with the mechanobiology of
arteries in terms of their composition and indi-
vidual contributions to overall viscoelastic
behavior in men and women, pressure–flow
relations are analyzed and noted in terms of
sex differences. Hemodynamic function in
terms of indices of vascular stiffness—such
as pressure–strain elastic modulus, pulse
wave velocity, augmentation index, and
cardio–ankle vascular index—are evaluated.
They all showed differences between the
sexes, and these differences also were shown
among people of different cultures. Recent
studies also showed, in heart failure patients,
a comparatively greater increase in peripheral
resistance and a greater decreased arterial com-
pliance in women. Wave separation into for-
ward and reflected waves allows elucidation of
mechanical and drug-treated similarities and
differences in induced hypertension. This
may provide insight into treatment strategy in
terms of improving mechanobiology and
designing drug therapy for the sexes. Finally,
modeling studies are useful in identifying how
arterial compliance and its pressure depen-
dence can be better used in differentiating
aging- and hypertension-induced changes that
differentially affect the sexes.

Keywords

Vascular mechanics · Hemodynamic
monitoring · Pulse waveform analysis ·
Arterial compliance · Mechanobiology ·
Sex differences

Introduction

Arteries and the Arterial System

Men are generally taller, heavier, and have a
larger supporting frame structure than women.
Their respective arterial systems function simi-
larly in terms of the circulation of blood, but
they are somewhat dissimilar in terms of geo-
metric and viscoelastic properties. These

dissimilarities contribute to differences in the pul-
satile pressure and flow waveforms between the
sexes. The root of the aorta begins at the aortic
valve, the outlet of which is the ascending aorta,
which has the largest diameter and overall com-
pliance. The first arteries branching off the aorta
are the left and right main coronary arteries. The
aortic arch junction is formed by the ascending
aorta, the brachiocephalic artery, the left subcla-
vian artery and the descending thoracic aorta.

The descending thoracic aorta has numerous
arterial branches coming off at almost right
angles: For example, the segmental arteries per-
fuse the spinal cord, and the renal arteries perfuse
the kidneys. The distal end of the descending
aorta is the abdominal aorta, which forms the
aorto-iliac bifurcation. The femoral arteries per-
fuse the upper thighs, and the tibial arteries per-
fuse the lower legs. The aorta has, comparatively
speaking, the greatest geometric taper, with its
diameter decreasing with increasing distance
away from the ventricle. Both aortic length and
diameter differ between the sexes. The common
carotid arteries are the longest, most relatively
uniform vessels with the least geometrical taper-
ing [28]. The brachial arteries perfuse the upper
arms leading to the distal radial arteries at the
wrists. Carotid, femoral, brachial and radial
arteries are the most common and accessible
sites for noninvasive clinical blood pressure mon-
itoring and, consequently, carotid-to-femoral and
brachial-to-radial pulse wave velocity (PWV)
measurements for assessing vascular stiffness,
which will be discussed later in the text.

Structure of the Arterial Wall

Grossly speaking, the arterial wall consists of
elastin, collagen and smooth muscle cells embed-
ded in a mucopolysaccharide ground substance.
A cross-sectional view reveals the tunica intima,
which is the innermost layer consisting of a thin
layer (0.5–1 μm) of endothelial cells, connective
tissue and basement membrane. The middle layer
is the thick tunica media, which is separated from
the intima by a prominent layer of elastic tissue,
in other words, the internal lamina. The media
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contains elastin, smooth muscle cells and colla-
gen fibers. The outermost layer is the adventitia,
which is made up mostly of stiff, fibrous collagen.
The difference in the wall composition separates
arteries into large elastic arteries, such as the
aorta, and smaller muscular arteries, such as the
femoral and radial arteries.

Histological studies show that the elastic
laminae are concentrically distributed and
attached by smooth muscle cells and connective
tissue (Fig. 19.1). In the longitudinal view, one
can observe that the number of elastic laminae
decreases with increasing distance from the aorta;
however, the amount of smooth muscle increases,
and the relative wall thickness increases. The wall
thickness–to–radius ratio (h/r) is increased. The
net stiffness is also increased, accounting for the
increase in PWV toward the periphery as can be
seen from the Moens-Korteweg formula relating
propagating speed of the arterial pulse to conduit
arterial elasticity and geometry [29]. The mechan-
ical behavior of small peripheral arteries can be
largely influenced by the behavior of the smooth
muscle, particularly by the degree of its
activation.

Gender-specific differences in aortic stiffness
have been found between the sexes (e.g., [52])
and have been shown in the study of monkeys
and rats [44]. In the latter study, elastin density
decreased in male monkeys, and collagen
increased significantly with aging in male and
female rats. However, monkeys do not exhibit

age-dependent increases in vascular diseases,
such as hypertension, atherosclerosis and diabe-
tes, observed in humans. Perhaps the relatively
greater degree of acquired exercise and the
low-fat diet (potassium-rich energy-generating
banana is a favorite) indeed make a difference in
monkeys. Generally, increased collagen and
decreased elastin are associated with media
thickening. Sex differences in the morphological
structure of the tunica media of the human aorta
have long been noted.

The extracellular matrix components, or those
of elastin and collagen, govern the passive
mechanical properties of the large and small
arteries. Numerous studies exist on experimental
animals and on humans [4, 51, 52]. Sex differ-
ences have also been reported. The contribution
of smooth muscle to overall arterial wall
properties and hemodynamic function has also
been examined to a large extent. Smooth muscle
activation becomes more important at greater
blood pressures [3].

Mechanical Properties of Arteries

Vascular Stiffness and Arterial Wall
Stress–Strain Relations

Arterial stiffness is traditionally expressed in
terms of Young’s modulus of elasticity, which
gives a simple description of the elastic properties

Fig. 19.1 Cross sections
of the artery reveal three
distinctive layers: the thin
innermost tunica intima, the
thick distensible tunica
media, and the stiff
outermost adventitia
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of the arterial wall. Young’s modulus of elasticity
(E) is defined by the ratio of tensile stress (σt) to
tensile strain (εt). When the relationship between
stress and strain is a linear one, then the material
is said to be “Hookean,” or simply, it obeys
Hooke’s law of elasticity. This normally applies
to a purely elastic material. It is only valid for
application to a cylindrical blood vessel when the
radial and longitudinal deformations are small
compared with the respective lumen diameter or
length of the arterial segment.

The arterial wall is anisotropic, consisting of
various components exhibiting an intertwined
elastic behavior. In diseased conditions, such as
vascular hypertrophy and hypertension, selective
thickening in the tunica media is often
accompanied by an increase in collagen and a
decrease in elastin and/or a change in the level
of smooth muscle activation. These observed
changes are not uniform throughout the arterial
wall, in other words, they are anisotropic. Never-
theless, the assumption of isotropy allows simpler
clinical quantitative descriptions of the mechani-
cal behavior of the arterial wall properties and
simplifies mathematical computation.

For a cylindrical isotropic arterial segment
with radius r, wall thickness h and segment length
1, Young’s modulus of elasticity in terms of
tensile stress and tensile strain is:

E ¼ σt
εt

ð19:1Þ

Stress has the dimension of pressure or force (F)
per unit area (A),

σt ¼ F

A
¼ P ð19:2Þ

where P is pressure.
Strain in the longitudinal direction, or along

the length of the blood vessel, is expressed as the
ratio of extension per unit length or the ratio of the
amount stretched longitudinally to the length of
the original vessel segment,

εt ¼ Δl
l

ð19:3Þ

Strain in the radial direction, or perpendicular
to the vessel segment length, is the fraction of
distention of the vessel lumen radius or diameter.
It is given by:

εr ¼ Δr
r

ð19:4Þ

Changes in arterial wall thickness, h, often
accompany radial changes. Detailed analysis of
this aspect can be found elsewhere
[29, 40]. When the arterial wall thickness, h, is
considered, the relative volume (V ) distensibility
of the artery is given by:

1
V

dV

dP
¼ 3rV

2hE
ð19:5Þ

The magnitude of the h/r ratio separates arteries
into “thin-walled” and “thick-walled” vessels.
Thus, an increase in wall thickness or lumen
radius alone can impact the overall distensibility
of the artery. The consequence of this has been
found to be particularly important in vascular
hypertrophy. Thickening of the arterial wall is
largely due to the remodeling in the tunica media.

Pressure–Strain Elastic Modulus

From the fractional change in pulsatile diameter,
ΔD/D, and the pulsatile change in pressure from
systole to diastole or pulse pressure (PP), the
difference between systolic (Ps) and diastolic
(Pd) pressures, i.e., ΔP ¼ Ps � Pd, the pressure–
strain elastic modulus (Ep) can be obtained, viz.:

Ep ¼ ΔP
ΔD=D Þð ð19:6Þ

Thus, simultaneous recordings of pressure–
diameter relations allow Ep to be readily
computed. Figure 19.2 illustrates such recordings
using ultrasonic dimension gages for recording
aortic diameter and catheterization for recording
aortic pressure.

In general, aortic diameters are larger in men
than in women and have a greater PP through
early adulthood. Ep is more commonly obtained
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noninvasively in the clinical setting with M-mode
echocardiography for diameter measurement and
brachial artery cuff for pulse pressure estimation.

To quantify the tension (T ) exerted on the
arterial wall due to intraluminal blood pressure
distention, Laplace’s law is useful. In the case of a
blood vessel, there are two radii of curvature, one
that is infinite in the longitudinal direction along
the blood vessel axis and the other in the radial
direction. Laplace’s law is given as:

T ¼ p � r ð19:7Þ
This assumes the vessel has a thin wall or that

the ratio of vessel wall thickness (h) to vessel
lumen radius (r) is small, or h/r � 1/10. Here,
p is the intramural–extramural pressure difference
or the transmural pressure. When the vessel wall
thickness is considered, the Lame equation is
more relevant:

σt ¼ pr

h
ð19:8Þ

This relation is of particular importance in the
analysis of an aneurysm, such as in abdominal

aortic aneurysm (AAA) , where increased lumen
radius is accompanied by decreased wall thick-
ness such that a further increase in distending
pressure can cause a rupture. In hypertension,
however, T can be normalized by increasing the
arterial wall thickness. Such chronical increase
often leads to observed vascular hypertrophy.

To a good approximation, arteries are consid-
ered incompressible, with a Poisson ration of
approximately 0.48. The Poisson ratio describes
compressibility and is defined as the ratio of
radial strain to longitudinal strain:

σn ¼ εr
εt

¼ Δr=r
Δl=l

ð19:9Þ

When σn ¼ 0.5, the material is said to be
incompressible. This means that when a cylindri-
cal artery is stretched, its volume remains
unchanged.

Collagen is the stiffest wall component, with
an Ep of 108–109 dynes/cm2. This is some two
orders of magnitude greater than those of elastin
(1–6 � 106 dynes/cm2) and smooth muscle
(0.1–2.5 � 106 dynes/cm2).

Elastin is relatively extensible, but it is not a
purely Hookean material. In contrast, collagen is
relatively inextensible because of its high elastic
stiffness. Vascular smooth muscle can apprecia-
bly alter its elastic stiffness on activation. In addi-
tion, the mechanical properties of arterial vessel
walls can be altered by neural mechanisms and by
circulating catecholamines, such as norepineph-
rine. The overall composite of the arterial wall
components operates in such a manner that elastin
dominates the composite behavior at low
pressures. At high pressures, collagen becomes
more dominant. It has been found that Ep is a
nonlinear function of pressure. The pressure
dependence of the mechanical properties of
arteries has been reported by several investigators
(e.g., [3, 7, 36, 54]). With increasing positive
transmural pressure, arterial vessel diameter is
distended [53], while the corresponding compli-
ance declines.

Longitudinally, along the arterial tree, we find
that the number of elastic laminae decreases with
increasing distance from the aorta, but the amount
of smooth muscle increases and the wall

Fig. 19.2 Ultrasonic dimension gages were used to
record the diameter of a dog aorta, together with aortic
blood pressure, showing how Ep can be computed from
the pressure–diameter relation Ep ¼ PP/(ΔD/D)
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thickness–to–radius ratio (h/r) increases. Overall
vascular stiffness is thus increased away from the
heart [28]. This latter phenomenon accounts for
the observed large increase in pulse wave veloc-
ity. A longitudinal section also reveals a helical
organization of the collagen fiber network. This
network contributes significantly to the aniso-
tropic properties of the arterial wall.

Sex Differences in Arterial Wall
Properties: Arterial Compliance
and Distensibility

Sonesson et al. [47] examined sex and age
differences in compliance and diameter of the
human aorta. They defined compliance, given by

C ¼ dV=dP, ð19:10Þ
as the inverse of the Ep expressed as the PP
obtained by auscultatory method to the corres-
ponding fractional change in pulsatile diameter
with respect to diastolic diameter, Dd.

Ep ¼ ΔP
ΔD=DdÞð ð19:11Þ

This definition differs from the conventional one
when the mean diameter for the cardiac cycle is
used for the denominator.

This group measured pulsatile diameter with
an ultrasound echo-tracking device. They also
calculated the arterial stiffness parameter based
on a logarithmic relation between pressure and
diameter for calculating a less pressure-dependent
arterial compliance in vitro by Hayashi et al. [14]
and modified for in vivo calculation by Kawasaki
et al. [18], viz.:

β ¼ ln Ps
Pd

� �
ΔD=Dd

ð19:12Þ

where Ps and Pd are systolic and diastolic
pressures, respectively. Results showed that Ep
and β are both greater in males than females for
the abdominal aorta and that the differences
increase significantly with age, exponentially in
males and linearly in females. This may attribute
to a comparatively lower blood pressure in

women, but women have greater dilatation of
the diameter with advancing age. The
Ep-tracked stiffness parameter increases
similarly.

This group [13] subsequently, using the simi-
lar technique, looked at the carotid artery in
healthy adults. The pulsatile change in diameter
was smaller with age, measuring from 12% to
14% greater in the young to just 5% greater in
the elderly. The increase in peripheral resistance
is slower than the decrease in arterial compliance
as shown allometrically by Li et al. [32, 35].

A population-based study by van der Heijden-
Spek et al. [50] showed differences in brachial
arterial and aortic wall properties with advancing
age and that such differences are sex dependent.
They computed the distensibility coefficient as:

DC ¼ ΔA
A

� �
=ΔP ð19:13Þ

and compliance coefficient

CC ¼ ΔA
ΔP

¼ ΔV
L

� �
=ΔP

¼ π 2D � ΔDþ ΔD2
� �

=4ΔP ð19:14Þ

Using the ultrasound echo-tracking device
developed by themselves, Reneman’s group [23]
calculated DC and CC in the compliant aorta and
muscular brachial artery and showed that, despite
a larger brachial artery diameter and associated
compliance in men, the distensibility was lower.
With age, brachial artery dilatation is proportion-
ally greater in women than in men, and brachial
artery compliance did not decrease in men and
increased in women. The opposite finding was
found in the large compliant aorta, i.e., compli-
ance decreased with increasing age in both sexes.

Hemodynamic Measurements
and Model-Based Analysis of Arterial
Wall Properties

The Windkessel Model

The idea of a lumped model of the arterial circu-
lation was first described by Hales in 1733. Albeit
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largely qualitative, he did emphasize the storage
properties of large arteries and the dissipative
nature of small peripheral resistance arteries. In
his description, the blood ejected by the heart
during systole into the arterial system distends the
large arteries, primarily the aorta. During diastole,
the elastic recoil of these same arteries propels
blood to perfuse the smaller peripheral resistance
vessels. This initiated the earlier conceptual under-
standing that the distensibility of large arteries is
important in allowing the transformation of inter-
mittent outflow of the heart to steady outflow
throughout the peripheral arteries. In other words,
the large overall “compliance” of the large arteries
protects the stiff peripheral vessels of organ vascu-
lar beds from the large swing of blood pressure due
to pulsations. The significance of arterial
pulsations remains a topic of debate.

The Windkessel, or air-bellow, is now credited
to Frank [11], the original intent of whom was to
obtain stroke volume (SV) from the aortic pres-
sure pulse (PP) contour or the so-called pressure-
derived flow [24].

Relating Arterial Wall Properties
to Pulsatile Pressure and Flow

The usefulness of the Windkessel model, shown
in Fig. 19.3, is in its ability to quantify arterial
compliance, C, and peripheral resistance, Rs,

from hemodynamic pressure (P) and flow
(Q) measurements.

The amount of blood flow, Qs, stored in the
elastic aorta during each contraction is the differ-
ence between ventricular ejection or inflow, Qi, to
the large distensible aorta and the outflow, Qo, to
the small peripheral muscular arteries,

Qo ¼ P� Pvð Þ=Rs ð19:15Þ

The amount of outflow is equivalent to the pressure
decrease from the arterial side (P) to the venous
side (Pv) due to the peripheral resistance, Rs:

Qo ¼ P� Pvð Þ=Rs ð19:16Þ

At steady flow, assuming that Pv is small, or
Pv ¼ 0, we obtain a familiar expression for
estimating the total peripheral resistance, and
with the total inflow, Q ¼ Qi,

Rs ¼ �P= �Q ð19:17Þ

or mean arterial pressure to mean arterial flow.
The storage property is described by arterial

compliance, which expresses the amount of
change in blood volume (dV) due to a change in
distending pressure (dP) in the arterial lumen. In
this case, we have

C ¼ dV=dP ð19:18Þ

Fig. 19.3 Illustration of
the left ventricle (LV) and
the arterial circulation
based on the two-element
Windkessel model. The
ventricle ejects into a
compliant chamber
representing the aorta;
blood flow is stored in
systole (solid line) and on
diastolic elastic recoil
(dotted line) stiff peripheral
vessels are perfused.
Compliance is represented
by an energy-storing
capacitor and the peripheral
resistance by an energy-
dissipating resistor
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For this reason, arterial compliance in the clinical
setting has commonly been calculated from SV
and PP, giving

Cv ¼ SV=PP ð19:19Þ
The amount of blood flow stored, or Qs, due to

arterial compliance is related to the rate of change
in pressure, which is pulsatile, in distending the
artery,

Qs ¼ C dP=dt ð19:20Þ
Substituting for Qs andQo, we obtain an expression
relating the arterial pressure to flow incorporating
the two Windkessel parameters, C and Rs:

Q tð Þ ¼ Qs þ Qo ¼ C dP=dtþ P=Rs ð19:21Þ
Thus, to express in words, total arterial inflow is
the sum of the flow stored in the large compliant
aorta in systole and the flow going into the stiff
resistant periphery arteries during diastole.

In diastole, when inflow is zero after aortic
valve closure, we have

0 ¼ C dP=dtþ P=Rs ð19:22Þ

or

dP=P ¼ �dt=RsC ð19:23Þ
Thus, the rate of diastolic aortic pressure decrease
after aortic valve closure is dependent on both the

compliance of the arterial system and its total
peripheral resistance. If we integrate both sides,
we have

ln P ¼ t=RsC ð19:24Þ

or

P ¼ Po e�t=RsC ð19:25Þ

which is valid for the diastolic period or t ¼ td.
The diastolic aortic pressure decay from Pes to

Pd follows a mono-exponential manner with a
time constant τ (Fig. 19.4).

Pd ¼ Pes e�td=τ ð19:26Þ
The time constant of pressure decay, τ, which
describes how fast the pressure falls, is deter-
mined by the product of resistance and compli-
ance, viz.:

τ ¼ RsC ð19:27Þ

thus giving total arterial compliance

C ¼ td
Rs ln

Pes
Pd

ð19:28Þ

An improved three-element Windkessel model
(Fig. 19.5) of the arterial system, incorporating a
characteristic impedance of the proximal aorta or
Zo, is now more widely used.

Fig. 19.4 Illustration of
the measured aortic
pressure pulse waveform
for defining Ps, Pd,
end-systolic pressure (Pes),
PP (PP ¼ Ps – Pd),
inflection pressure (Pi) and
augmented systolic
pressure (ΔP ¼ Ps � Pi)
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The Windkessel model compliance is deter-
mined in diastole only. Some investigators, such
as Liu et al. [38], have used both the systolic and
diastolic information contained in the pressure
waveform and use the area method of calculating
total arterial compliance:

C ¼ DPTI=SV
SPTIþ DPTIð Þ � PP ð19:29Þ

where SPTI and DPTI are the systolic pressure–
time integral and diastolic pressure–time integral,
respectively.

Arterial Wall Properties Determined
from Pulse Waveform Analysis

Pulse Wave Velocity

c f ¼ Δz
Δt

ð19:30Þ

Pulse wave velocity has been popularly
approximated by the so-called “foot-to-foot”
velocity. Here, one simply estimates the pulse
wave velocity (PVW) from the pulse transit time
delay (PTT or Δt) of the “onset” or the “foot”
between two pressure pulses measured at two
different sites along an artery or the pulse propa-
gation path. This requires, again, the simulta-
neous measurements of two pressures separated
by a finite distance, Δz, normally 4–6 cm apart. A
double-lumen catheter with two pressure ports
connected to two pressure transducers or a Millar
catheter with dual pressure sensors suffice for

such measurement. The Moens-Korteweg for-
mula relating PWV to stiffness is given by:

co ¼
ffiffiffiffiffiffiffi
Eh

2ρr

s
ð19:31Þ

where E is the Ep of the artery; h and r are the wall
thickness and radius of the artery, respectively; and
ρ is the density of blood. This formula is applicable
to a single vessel, while foot-to-foot velocity has
been obtained either for a single artery or over the
pulse propagation path, e.g., over several arteries.
Popular sites for noninvasive pulse wave velocity
are the brachial, radial, carotid and femoral
arteries. For instance, carotid-to-femoral pulse
wave velocity has been used as an index of vascu-
lar stiffness change in the aorta as has carotid-to-
radial pulse wave velocity (Fig. 19.6).

Wave Separation into Forward
and Reflected Components

The amplification of pressure pulses has been
attributed to the in-phase summation of reflected
waves arising from structural and geometric
nonuniformities. The microvascular beds have
been recognized as the principal reflection sites.
Thus, pulsatile pressure and flow waveforms con-
tain information about the heart as well as the
vascular system. Reflection in the vascular system
has been suggested as a closed-end type because
pressure is amplified and flow decreases, with
arterioles being the major reflection site. By defi-
nition, reflected pressure and flow waves are 180�

out of phase. This means an increase in reflection
increases PP amplitude but decreases pulsatile
flow amplitude.

Pressure (P) and flow (Q) waveforms
measured at any site in the vascular system can
be considered as the summation of a forward, or
antegrade, traveling wave and a reflected, or ret-
rograde, traveling wave:

P ¼ P f þ Pr ð19:32Þ
Q ¼ Qf þ Qr ð19:33Þ

Fig. 19.5 An improved three-element Windkessel with
Zo representing the characteristic impedance of the proxi-
mal aorta
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The forward and reflected pressure components
can be resolved by means of the following set of
equations:

P f ¼ Pþ Q � Zoð Þ=2 ð19:34Þ

Pr ¼ P� Q � Zoð Þ=2 ð19:35Þ
where Zo is the characteristic impedance, defined as
the ratio of forward pressure to forward flow or, in
other words, independent of wave reflections:

Zo ¼ P f

Q f
¼ �Pr

Qr
ð19:36Þ

Zo can be obtained from the average of the ratios
of aortic pressure and flow during early systole
when peripheral wave reflections exert minimal
effect,

Zo ¼ ΔP
ΔQ

ð19:37Þ

or from the water-hammer formula,

Zo ¼ ρc

πr2
ð19:38Þ

where ρ is the density of blood (1.06 g/cm3), c is
pulse wave velocity, and πr2 is the cross-sectional
area of the artery. The fast time-domain wave
separation method by Li [28] is widely used.

Similarly, resolution of flow into its forward
and reflected components (Fig. 19.7) can be
obtained from a set of two equations:

Qf ¼ Qþ P=Zoð Þ=2 ð19:39Þ

Qr ¼ Q� P=Zoð Þ=2 ð19:40Þ
Pulse pressure amplitude alone often does

not indicate the underlying factors governing the
morphology of blood pressure pulse waveforms.
Thus, the routine clinically used cuff method for
measuring Ps and Pd cannot be used to infer
vascular stiffness or properties. One example is
shown here in Fig. 19.8. Despite similar Ps and
Pd induced either by a change in mechanical
properties of the blood vessel wall or by a change
in vasoactive states, the forward and reflected
waveform morphologies and contributing factors
differ [33]. A wave reflection-based distributed
model [55] can be used to resolve the differences
in vasoactive from mechanical factors.

The Augmentation Index and Transfer
Function for Aortic Pressure Synthesis
from Peripheral Pulse Tonometry

Because large-vessel properties can appreciably
affect ventricular ejection, aortic compliance and

Fig. 19.6 PWV based on PTT (or Δt) of the onset of two
pressures measured at a finite distance apart, in this case,
those of the ascending and descending aortas (left panel).
Pulse transit time delay is much more obvious when the

two pressures are simultaneously measured at the ascend-
ing aorta and the femoral artery (right panel). Ps and Pd are
displayed in this hypertensive subject. Femoral artery PP
is significantly greater.
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the wave reflections appearing in the aorta have
become important markers for assessing arterial
system behavior in the clinical setting. In addi-
tion, because frequency domain interpretation of
wave reflections is complex and cumbersome to
obtain, there exists a simplified index to interpret
wave reflection in the aorta in the time domain.
Ascending aortic pressure waveforms are defined
in terms of their morphological differences and

separated into different types. Peak Ps, Pd, PP,
pressure at inflection point (Pi) where peak flow
occurs, and augmented pressure (ΔP) are defined
(see Fig. 19.4). Systolic pressure augmentation is
given by:

ΔP ¼ Ps � Pi ð19:41Þ
and the corresponding augmentation index (AIx)
for the aorta is given by

Fig. 19.7 Ascending
aortic pressure, P, and
flow, Q, separated into their
respective forward (Pf, Qf)
and reflected (Pr, Qr)
components. Notice that
wave reflection (+Pr and
-Qr) has opposite effects on
measured pressure and flow

Fig. 19.8 Ascending
aortic pressure and flow
waveforms resolved into
their respective forward
(dotted line) and reflected
(dash-dotted line)
components during control
(left), descending thoracic
aorta (DTA) occlusion
(center), and methoxamine-
induced hypertension
(MTX [right]). Although
PPs are approximately the
same due to mechanical
(DTA) or vasoactive
(MTX) interventions, the
underlying morphology,
mechanism, and forward
and reflected waves differ
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AIx ¼ ΔP
PP

¼ Ps � Pi

Ps � Pd
ð19:42Þ

Although simple to compute and widely used
in the clinical setting to infer the amount of wave
reflections or represent the reflection ratio, it is
not equivalent to the reflection coefficient. The
AIx is merely a single number and cannot repre-
sent the frequency content of the reflected wave,
neither its timing nor its temporal amplitude. In
addition, the inflection pressure is often obtained
at the early upstroke of the systolic aortic pressure
when fewer reflected waves are present. As we
have seen previously, a significantly greater num-
ber of reflected waves occur in mid- to late sys-
tole. Thus, AIx in general underestimates the
amount of wave reflections. This is clear when
comparing AIx with the fundamental (first har-
monic) reflection coefficient.

Noninvasive measurement is much preferred
in the clinical setting. Since the central aortic
pressure cannot be obtained noninvasively, it is
generally derived from radial artery tonometry.
Because radial artery is readily accessible and
has the bone backing, the tonometry principle
can be readily applied such that the applied pres-
sure will equal the intravascular pressure when
the circumferential stress is removed. This
method obviously must rely on the skill of the
investigator and subsequent interpretation of the
recorded waveforms. A generalized built-in trans-
fer function has been commonly used (e.g.,
[1, 17]). A more superior approach that is

personalized, based on the Wiener system, has
been recently proposed, and the results in
human studies have shown significant improve-
ment in estimating the central aortic pressure
[41, 42].

Cyclic Variation of Arterial Compliance
Within a Single Heart Beat

Given the differences in pulse pressure variations
between the sexes, and because arterial compli-
ance is pressure dependent, a more appropriate
nonlinear model of the arterial system incorpo-
rating a pressure-dependent compliance element
(C(P)) must be employed. This nonlinear model
derived compliance-pressure loops are illustrated
in Fig. 19.9 below [27, 30, 36]. The model
consists of the characteristic impedance of the
proximal aorta (Zo), the peripheral resistance
(Rs), and C(P). The compliance is exponentially
related to pressure and is expressed as

C Pð Þ ¼ a � eb P tð Þð Þ ð19:43Þ
where a and b are constants. The exponent b is
normally negative. Thus, an inverse relationship
is established between arterial compliance and
blood pressure: with increasing blood pressure,
arterial compliance decreases.

The compliance-pressure loop [27] con-
structed for each heart beat can be easily
displayed as shown in Fig. 19.9 for varying

Fig. 19.9 Compliance
versus pressure (solid line)
and compliance-pressure
loops (dotted lines) plotted
for the control (middle),
MTX-induced hypertension
(right), and nitroprusside-
induced vasodilation (left)
cases (dog aorta). Note that
overall compliance
decreases with increasing
pressure and that the loop
area is compressed in
hypertension and enlarged
with a vasodilator
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pressures. Very little work has been done in
analyzing the beat-to-beat compliance-pressure
relation for the sexes and the aging effects. It
can be speculated, however, based on the C(P)
equation that the rate of change or the decrease in
arterial compliance versus pressure (exponent b)
is greater in elderly women. In addition, the ben-
eficial effect of maximal arterial vasodilation-
induced arterial compliance increment would be
more limited than in their elderly male
counterparts.

Sex Differences in Vascular Stiffness
and Augmentation Index in Diseased
Conditions

Abdominal Aortic Aneurym or AAA is among
the more prominent cardiovascular disease and
has been found to differentially affect the sexes,
with lower prevalence but higher rupture rate in
women than in men. Dobrin and Mrkvicka [6]
have shown that depletion of elastin and collagen
alters the tensile strength of the aorta and
underlies the dilation of aneurysm. Analyzing
wall properties by looking at the elastin synthesis
and destruction in a small sample of men and
women, Villard et al. [51] found that protein
expression of elastin was less in women than
men in cases of non-thrombolytic aneurysm.

It is well recognized that sex differences in
vascular dysfunction exist, including differences
in cardiovascular outcomes, particularly in rela-
tion to vascular stiffness (e.g., [9]). Women with
end-stage renal disease (ESRD) have been
suspected to have a higher mortality rate than
men. Using the AIx for inferring systolic wave
reflection and carotid-to-femoral artery pulse
wave velocity as an index of vascular stiffness
plus flow-mediated dilation (FMD) and velocity
time integral (VTI) as a measure of microvascular
endothelial function [8]. Guajardo et al. [12]
investigated whether differences in vascular dys-
function lead to the different mortality differences
in ESRD men and women because few studies
have focused on sex-specific risk factors.
Although they found little difference in pulse
wave velocity, the AIx was significantly much

greater in women than men. Mortality outcome
was more associated with greater AIx and lower
VTI and much less affected by PWV or FMD.
Another interesting aspect is related to the
Windkessel model parameters. In general,
women have significantly decreased overall arte-
rial compliance, C, and increased total peripheral
resistance, Rs, than men. As such, the Windkessel
time constant [i.e., τ ¼ RsC ¼ (1.32 sec)
vs. (0.97 sec)], as well as the τ/T ratio, is not
significantly different because heart rates are
similar.

Increased wave reflection and increased vascu-
lar stiffness both increase afterload to the
heart, and are energeticlly wasterful [26, 28].
Hughes et al. [16] looked at whether their dispro-
portional increase contributes to greater
myocardial work in women. A generalized trans-
fer function was used to derive aortic pressure
from noninvasively measured radial arterial
pressure.

Women in general have greater age-related
increases in left ventricular mass (LVM) com-
pared with men. This greater increased LVM
leads to a greater oxygen demand and external
work [25]. Our previous study also showed that
women tend to experience what is known as
“heart failure” with preserved ejection fraction,
or HFpEF, which is associated with a greater
incidence of diastolic dysfunction. The parallel
or concurrent occurrence of LVM and hypertro-
phy with vascular hypertrophy has been reported
[5]. Increased Ps in elderly women condition can
be exacerbated by a ventricle with a double
load [31].

Increased arterial stiffness associated with
increased wave reflection, as evaluated by the
AIx, has been reported in HFpEF patients. In a
large community-based cohort study by Russo
et al. [45], using a tonometer and 2D echocardi-
ography, arterial stiffness and wave reflection
were indirectly calculated based on PP/SV and
total arterial compliance from the area method
[38], AIx and PP amplification. AIx was based
on the aortic pressure derived from a generalized
transfer function. They showed that PP/SV stiff-
ness and AIx were both greater and had a much
lower total arterial compliance in women and that
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these were related to their associated LV diastolic
dysfunction. It should be noted here that this
study was centered on the elderly with average
age being more than 70 years, and the majority of
the subjects were Hispanic and black, both of
which tend to have greater incidences of hyper-
tension. In addition, there were more female
subjects with greater number exhibiting hyperten-
sion and obesity. The difference in the central
aortic pressure AIx appears to differ between the
sexes even in pre-pubescent children [48].

Consideration of the vascular load in terms of
the LV–arterial system interaction has also been
studied [2, 19, 20, 26, 34]. Because the ventricle
is intimately connected to the ascending aorta, the
central aortic pressure is of primary importance.
In terms of the interaction, left ventricular and
arterial elastances are generally computed to
interpret the coupling and the extent of interaction
of the LV and the arterial system. Our recent study
[20] showed that in heart failure patients, the left
ventricular end-systolic and end-diastolic volumes
are significantly (P < 0.034 and P < 0.016, respec-
tively) smaller in women (N ¼ 67), while ejection
fraction, LV maximum elastance, LV and arterial
system coupling index, and mean arterial pressure
and PP are greater (P < 0.008). These data showed
that these female patients exhibit a greater increase
in their peripheral resistances and a greater
decrease in their arterial compliances compared
with male patients.

Hayward and Kelly [15] showed sex
differences in central arterial pressure waveforms,
carotid to be specific, with more striking
differences as age increases. Augmentation
obtained was given by AIx (%) ¼ �132 *Height
(m) + 243, i.e., AIx is inversely proportional to
height. Peaking in late Ps in elderly females led to
a greater AIx. Females were found to have a
shorter diastolic pressure–time integral. The
subendocardial viability ratio in women, given
as the ratio of DPTI/TTI. where TTI is tension–
time index, a well-known index of myocardial
oxygen consumption,

SEVR ¼ DPTI=TTI ð19:44Þ

is significantly lower compared with male
subjects despite similar TTI. However, sex
differences in pulse wave reflection coefficients
have been little studied because AIx cannot be
fully related to the reflection coefficient. The lat-
ter is related to the whole cardiac cycle, while the
former is only reflective of early systole [43, 55].

Hemodynamic Monitoring of Sex
Differences in Different Cultures

In recent Korean studies [21, 22] looking at sex
differences in arterial stiffness in middle-aged
men and women, it was shown that aortic pulse
wave velocity and brachial arterial pulse pressure
amplification were both greater in men compared
with women. Aortic PWV was assessed by
carotid-to-femoral PWV as the common choice
in the clinical setting. Radial artery tonometry–
derived aortic AIx was obtained by way of trans-
fer function. Pulse pressure amplification was
obtained as the ratio of brachial arterial pressure
to derived aortic pressure. Women have a greater
AIx as shown by others. AIx was significantly
correlated with age, Pd, and serum cholesterol
levels.

Carotid-to-femoral PWV has been widely used
as supposedly providing an indication of large-
artery stiffness, i.e., of the aorta. It should be
noted here that controversies exist because of
the differing pulse transmission paths taken by
the carotid and femoral arteries, in other words,
opposite directions from the aortic arch junction.

A Chinese study by Liu et al. [37], based on
radial artery monitoring, showed no difference
between middle-aged men and women groups
despite greater body weight and height in men.
A Japanese study by Tomiyama et al. [49], using
brachial–ankle pulse wave velocity (baPWV) as
an index of vascular stiffness, showed that
baPWV is greater in men than women. The dif-
ference, however, disappears when women reach
menopause. This is attributed to the vasodilator
effect of estrogen [10]. A study by Nishiwaki
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et al. [39], using the cardio–ankle vascular index
(CAVI) initially proposed by Shirai et al. [46],
showed that CAVI increases with age, as
expected, and is greater in men than in women.
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Abstract

The requirements of metabolizing tissue are
both continuous and variable; accordingly,

the microvasculature serving that tissue must
be similarly dynamic. Just as it is recognized
that males and females of the same species
have differing metabolic requirements, is it
not likely that the microvasculature serving
these tissues will differ by sex? This section
focusing on the constituents of the microcircu-
lation identifies what is known presently about
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the role sex plays in matching metabolic
demand with microvascular function and
areas requiring additional study. Many of the
identified sex differences are subtle and easily
ignored. In the aggregate, though, they can
profoundly alter phenotype, especially under
stressful conditions including pregnancy, exer-
cise, and disease states ranging from diabetes
to heart failure. Although the features pres-
ently identified to “have sex” range from
differences in growth, morphology, protein
expression, and intracellular signaling, males
and females alike achieve homeostasis, likely
by different means. Studies of microvascular
sexual dimorphism are also identifying age as
an independent but interacting factor requiring
additional attention. Overall, attempting to
ignore either sex and/or age is inappropriate
and will prevent the design and implementa-
tion of appropriate interventions to present,
ameliorate, or correct microvascular
dysfunction.
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Introduction

The microvasculature constitutes the largest num-
ber of vessel segments and surface area of the
blood vasculature. Despite its anatomical promi-
nence, it is the least studied portion of the vascu-
lature circulating blood reflecting the difficulties
of access and visualization. Its tubular structures,
the arterioles, capillaries, and venules, perform

the majority of the “work.” They control how
much blood moves into and out of the tissues
they penetrate and the movement of everything
from respiratory gases, fluid, solutes, drugs,
hormones, proteins, and cells between circulating
blood and metabolizing tissue. In addition, they
govern the production and modification of a
growing list of circulating vasoactive mediators,
peptides, growth factors, and hormones. The
microvessels are also the sites most likely to
experience changes in function early in the devel-
opment of numerous acute life-threatening
conditions such as sepsis and disseminated intra-
vascular coagulation (DIC) [28, 36, 68] to chronic
diseases spanning from diabetes, obesity, and
Alzheimer’s to heart failure [22, 41, 52, 67, 82,
113]. Even less studied is the influence of sex on
these myriad functions in health or dysfunctions
in disease. What work has been done and is now
underway makes it clear that ignoring sex will
lead to misunderstanding of the basis of vascular
homeostasis or how it is modified in whichever
sex is not being studied.

Constituents of the Microvasculature

Multiple definitions of the “microvasculature”
exist based on size and anatomical location
[105]. In most mammalian systems, microvessels
are arranged in a network whose anatomical
structure is optimized to the organ’s function
and distributes circulating blood close to metabol-
ically active tissue and then removes it to the
venous system. The three primary microvascular
constituents are arterioles, capillaries, and
venules.

Arterioles
Arterioles branch off of the feed arteries
connecting an organ to the conduit vessels carry-
ing blood from the heart at high velocity with
high pulsatile pressure. Arterioles in mammals
are <100 μm in diameter (in situ resting tone
results in diameters ranging between 15 and
40 μm) [97]. Their walls consist of vascular
smooth muscle (VSM) wrapping a smooth, con-
tinuous layer of endothelial cells (EC). The
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smallest of these vessel segments, the terminal
arterioles, possess a single layer of VSM and
resting diameter between 5 and 8 μm. Arteriolar
constriction and dilation lead to fine, variable
control of blood flow to and within the microvas-
cular network. As capillaries lie downstream of
the arterioles, changes in arteriolar tone also lead
to control of the amount of materials delivered to
the capillaries and of capillary hydrostatic pres-
sure which controls transmural fluid movement.
These vessels are dynamic as their structure can
be changed both acutely and chronically in the
face of changing hemodynamic conditions
[76, 105].

Capillaries
Capillaries branch off of the terminal arterioles
and are distinguished by the lack of VSM but
presence of pericytes on the abluminal surface in
contact with the EC lining [105]. The degree of
pericyte coverage is organ dependent with cover-
age being highest in the capillaries of the retina
and brain. It is not unusual for a single pericyte to
have processes contacting more than one EC. The
contribution of pericytes to the regulation of
microvascular function, especially at the level of
the capillaries, is just beginning to come into its
own. These cells are referred to in the early litera-
ture as Rouget cells and discussed heavily by
Krogh [65], with respect to their roll in
participating in the regulation of capillary blood
flow. Most recently the notion that pericyte con-
traction could influence blood flow within the
capillary bed has re-emerged in discussion of the
capillary no-reflow following ischemic insult in
both the brain [37] and the heart [85]. Pericytes
are also thought to play a role in regulation of
barrier properties of intact exchange micro-
vessels. Cross sections of fixed capillaries and
venules often show pericyte foot processes in
close proximity to the endothelial junctions of
vessels that display a transient loss of barrier
function in response to agents such as histamine
and display massive endothelial gaps at times
when permeability has returned back to normal
levels [125]. The implication being that acute loss
of barrier function is limited by the presence of

the pericytes. To date, though, no studies have
focused on sex differences in pericyte function or
dysfunction.

Within the microvascular network are several
orders of capillaries. Capillaries branching off of
the terminal arterioles, the arterial capillaries,
have blood flow diverging at the segment
entrance and exit. True capillaries come off of
the arterial capillaries, with flow diverging at the
entrance and converging with flow in the next
segment, the venular capillaries [98]. Mammalian
capillary diameter across the capillary network
ranges from 3 to 5 μm, and the EC thickness in
areas away from the nucleus ranges from 0.1 to
0.3 μm facilitating the exchange of fluid and
solutes. Exchange is driven by gradients in pres-
sure driving fluid and gradients in concentration
driving solute across the wall [105]. Additional
factors favoring exchange are the high density/
large number of capillary segments providing
small distances between exchange elements and
a huge surface area, the thin attenuated EC struc-
ture that provides a large area of lipid facilitating
exchange of hydrophobic materials, and thin
junctions favoring diffusion of hydrophilic
solutes. The membranes of capillary EC also con-
tain water channels, the aquaporins, through
which water can flow exclusively, and vesicular
structures, caveoli, that contain receptor and
enzyme complexes that facilitate localization of
interactions in the face of a flowing medium. In
addition, the surface of the EC also possesses an
extensive, charged carbohydrate structure, the
glycocalyx, that also serves as a relatively
unstirred region near the surface that also
facilitates ligand interaction in a changing envi-
ronment. The glycocalyx can act as a sensor of
fluid flow and offers significant resistance to sol-
ute and fluid transport [44–46, 48, 55], and its
structure/composition can be altered by disease
[79, 102].

Venules
Flow, out of the capillary network through
venular capillaries, converges into the venules
[98]. These vessels, of larger diameter than their
terminal arteriolar cousins, are generally not
round but elliptical in cross section reflecting the
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sparse coverage by VSM. Pericytes are still found
in the venular capillary segments that flow into
the venules, but their coverage falls off with suc-
cessive branches. These vessels coalesce into
collecting venules (30–50 μm) and then into the
muscular venules (50–100 μm). The venular por-
tion of the microvascular network is involved
with control of volume and modulation of inflam-
matory and immune responses [105]. The glyco-
calyx is also present on the venular endothelial
cells; in addition to participating as a resistor to
solute and fluid flux, the structure limits access to
endothelial ligands mediating not only receptor
access but also white cell interactions [70].

Lymphatics
The lymphatics, the “forgotten” portion of the
vasculature, were first described by Hippocrates
(460–377 B.C.) and then illustrated by the
Greek physicians Herophilus (335–280 B.C.)
and Erasistratus (304–250 B.C.) [12]. These
vessels and the fluid they produced were again
forgotten until the Italian anatomist Gasparo
Asellius published his work (Gaspare [27])
almost a millennium after the systemic vascula-
ture was described. While there is a more recent
study of collecting and capillary lymphatic (the
lymphatic vessels of sizes and distributions simi-
lar to the systemic microvessels) function, con-
sideration of sex has received only passing
interest. Relative to what has been shown with
respect to sexual dimorphism in capillary func-
tion, it would be surprising if there were no
sex-related differences in lymphatic function
that are central to maintenance of fluid and solute
homeostasis in healthy males and females.

The Common Constituent Separating
“Inside from Out”: The Endothelium

The entire network of microvessels is covered by
a monolayer of EC. EC are involved in not only
control of barrier function but also participate
significantly in immune responses, inflammation,
thrombosis, vascular remodeling, and regulation
of arteriolar vessel tone. The EC are incredibly
heterogeneous, likely reflecting these spectra of

functions. The degree of heterogeneity reflects
not only where in the vascular system (both
organ and anatomical location) [96] the EC are
located but also where within the microvascular
network the EC reside [2, 117] and the sex of host
[5, 54, 123]. One reason considering EC hetero-
geneity is important is that sampling a limited
number of EC in vivo or in culture may reflect
the behaviors of selected populations giving
rise to a false or skewed understanding of the
etiology of disease or approaches for ameliorating
the disease state. In turn, EC dysfunction is a
feature common to multiple chronic diseases
including diabetes mellitus, heart failure, and
stroke. This same constellation of diseases
displays male/female differences with respect to
incidence, onset, severity, morbidity, and mortal-
ity [72, 100, 120].

Sexual Dimorphisms in EC Phenotype
that Influences Function

EC in culture are commonly referred to as taking
on a “cobblestone” morphology. In fact, EC
shape is a function of the composition of the
substrata on or in which they are grown
[73, 101]. On Matrigel™, EC will form tubelike
structures; this characteristic is used as one verifi-
cation of EC [6] to distinguish them from
VSM, pericytes, white blood cells, or fibroblasts.
EC plated on gelatin or collagen spread and,
depending on vascular bed of origin, can actually
take on multiple shapes. Recently it has been
found that microvascular EC from skeletal muscle
display sexual dimorphism with respect to shape
in vitro when plated on gelatin [50]. Prior to
plating, no sex difference existed in size – for
both sexes the microvascular SKM EC were
16 μm in diameter (~2000 μm3 volume); on
plating EC from females spread further than
SKM EC from males. While apparently not a
large difference (>10%), the predictions are that
the area of water-filled perimeter per capillary
segment will be greater in females suggesting
that hydrophilic solute flux would be greater in
females than males. In another example, we find,
on a per cell basis, the amount of lactate generated
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by microvascular EC in culture does not differ by
sex [50]. The “but” is that if the differences in EC
size are taken into account, a greater number of
EC are required to cover a skeletal muscle capil-
lary for a male than a female. The back-of-the-
envelope calculation predicts a 50% greater
lactate production per unit volume in equivalent-
sized vessel segments of males relative to
females. This prediction needs to be tested
in vivo for both lactate and other EC-generated
hormones and mediators.

Sexual Dimorphism in Arterioles

For a variety of historical reasons, most studies of
microvascular arteriolar function have been
conducted on animals of one sex or the other.
Many studies of in vivo blood flow control, for
example, have used the cremaster muscle in
males because the tissue is thin facilitating study
in the living tissue by light microscopy. Many
small animal studies of exercise and low gravity
are performed on females because females tend to
use the exercise wheels spontaneously, and the
hind limb-unweighted female does not suffer
involution of the testis on unloading. In human
studies of exercise, the subjects were often young
males in a medical school or the military. Simi-
larly, males were used in many studies because of
the fear that reproductive hormone cycling would
influence outcomes. The concern is that our
perceptions of how the systems work are errone-
ous because a male is not a female and vice versa.

Architecture and Morphology
(Rarefaction)
The microvasculature, particularly the arteriolar
elements, changes with respect to structure and
reactivity with sustained hypertension. The con-
clusion from the majority of studies is that the
adaptation is a successive process of first increas-
ing arteriolar tone to protect the downstream
vessels from increases in capillary pressure,
followed by structural remodeling of the arteriolar
wall replacing VSM with matrix to maintain a
fixed reduction in diameter, and finally vessel
pruning (rarefaction). While female humans and

mammals can develop hypertension, it occurs
later in life and to a lesser degree [29, 95,
127]. In many animal models, it is difficult to
make females hypertensive [26, 40, 119]. In one
study, male and female rats were rendered hyper-
tensive by removing a kidney and placing them
on a high-salt diet [90]. The males developed
hypertension well in advance of the females –

by day 3 on the high-salt diet, mean arterial
pressure (MAP) in the 85-day-old males was
135 � 6 mmHg, whereas it was only
103 � 3 mmHg in the females. At that point the
skeletal muscle microvasculature was examined
for changes in morphology. In the white gastroc-
nemius muscle, there was evidence of micro-
vessel loss in the males but not the females. In
fact, even following 4 weeks of the high-salt diet,
the females remained free of evidence of micro-
vascular remodeling and normotensive at
105 � 5 mmHg, whereas MAP had risen to
160 � 8 in their male counterparts where rarefac-
tion was now discernable in both the white and
red gastrocnemius as well as the soleus and
plantaris muscles [90].

Vascular Reactivity (VSM Dilation/
Constriction)
Arteriolar function is of particular importance
because the state of vascular tone (constriction
relative to dilatation) regulates blood flow distri-
bution as well as capillary hydrostatic pressure.
Sex plays a role in pressure-induced myogenic
constriction of arterioles. The myogenic response
in arterioles from female rats, for example, is
smaller than that of males. It was suggested an
increased release of NO and/or elevated eNOS
activity related to the higher levels of estrogen
in the female animals could account for the reduc-
tion in myogenic response [42, 126].

Adaptation to an environmental change also
has been shown to differ by sex. In response to
chronic hypoxia (CH) at the whole animal level
equivalent, sex-independent changes in total
peripheral resistance were observed, and in both
sexes pressor responses were similarly reduced
following CH. At the level of the mesenteric
microvasculature, though, arteriolar reactivity,
while reduced in males, remained unchanged by
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CH in females; eNOS protein expression in these
vessels was unchanged although EC calcium was
elevated in CH females compared to controls
[34]. This example illustrates that because one
parameter, in this case total peripheral resistance,
is sex-independent, it is incorrect to assume that
all parameters are likewise independent of sex.

Only recently it has become accepted that
coronary heart disease (CHD) and its mani-
festations differ by sex. Heart disease generally
shows up at an earlier age in men than women
[35]. In human females, CHD is a microvascular
disease which manifests by increased arteriolar
constriction and vasospasm not generally found
in males [81, 91, 108]. In contrast, CHD in males
is a macrovascular disease characterized by the
presence of coronary occlusion and deposition of
plaque [23]. Males adapt to CHD by growing
coronary collateral vessels that bypass areas of
occlusion. In contrast, collateral vessel formation
in females is rare [61, 81]. The small size and
large numbers of microvessels make them diffi-
cult to image and confirm coronary micro-
vascular dysfunction in women especially using
approaches developed for detecting CHD in
males [91, 92]. Sex-sensitive arteriolar vascular
reactivity is not limited to the heart. In the gut,
responses to ischemia/reperfusion injury differ by
sex. In male mice, 30 min of ischemia followed
by 90 min of reperfusion was characterized by a
loss of intestinal epithelial barrier integrity that
paralleled increased endothelial/leukocyte inter-
actions and reduction in blood flow resulting
from a reduction in flow rate and the number of
capillaries perfused. In females subjected to the
same treatment, while loss of epithelial barrier
function occurred, it was later in time and
accompanied by similar changes in inflammatory
response and degree of organ perfusion [116].

Onset, frequency, and pathophysiology of
cardiovascular disease (CVD) outside of the
heart involving the microcirculatory system are
also influenced by sex [14, 25]. In the cerebro-
vasculature, sex differences have been described
with respect to vascular anatomy [21] and also
pharmacology [60]. In the brain, arteriolar
responses to vasoactive compounds, including

angiotensin [19, 114] and endothelin-1 [29, 71],
and nitric oxide synthase activity [88, 115], are
sexually dimorphic.

The incidence of stroke is higher in women
than men, especially later in life [14, 21, 61, 99].
As with coronary microvessels, age and sex are
significant, independent variables influencing
cerebrovascular function. Recent work [1, 69]
has shown cerebral blood flow to be higher in
young women than men, a difference not found
in older adults. Similarly, in younger women, the
response to hypercapnia was greater than in
age-matched males; following menopause this
sex difference was no longer present [59]. An
important consideration pointed out by Barnes
[7] is that when sex differences in MAP and
vascular architecture are considered along with
the differences in responses to hypercapnia, cere-
bral blood flow in young women is actually lower
than age-matched men. This consideration of
multiple variables controlled by microvascular
cerebral vessel function is especially important
as a reduced response to hypercapnia is
associated with elevated risk of stroke and
increased cognitive decline, two identified sexu-
ally dimorphic risk factors [78].

In addition to the anatomical differences, sex-
ual dimorphism exists with respect to the
mediators of microvascular tone and pharmaco-
logical responses to vasoactive drugs verified in
clinical studies using male subjects [86]. The
potent vasoactive peptide endothelin (ET-1) is
interesting as plasma levels of ET-1 differ by
sex [3, 32, 33], as do the distribution, expression
[33, 66], and activation of ET receptors and as do
the mediators of the ET system. In females the
ratio of ET-1 to ETB receptor activation is pri-
mary; in contrast, in males, ET-1/ETA receptor
activation is of greatest importance [29]. The
implication is that these differences contribute to
the overall observation of lower blood pressure of
females relative to males reflecting in part the
predominance of ETA receptors on vascular
smooth muscle that enhances constrictor action
of ET-1 relative to ETB receptors predominant on
EC-mediating vasodilator actions of ET-1. In rat
coronary arterioles, age, as well as sex, influences
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the functional response. As females age, coronary
arteriolar constriction to ET-1 increases, while in
males with aging reduction in the constrictor
response to ET-1 is observed [66]. In retinal
arterioles, ET-1 sensitivity declines with age,
especially in females, while expression levels of
the two receptors, ETA and ETB, displayed no
differences with either age or sex [71]. It was
determined using a pharmacological approach
that the age-related reduction in ET-1 response
in males was mediated by ETA signaling
pathways, while in females it was the ETB sig-
naling pathways that mediated the attenuated
ET-1 contractility with age.

A component that has been studied more
intensely with respect to sex differences in blood
pressure control is the autonomic nervous system
(review, [57]). These studies are germane to
microvascular, particularly arteriolar, function,
given that sympathetic tone (including muscle
sympathetic nerve activity) influences VSM con-
tractile state via alpha-adrenergic receptor activa-
tion to increase peripheral vascular resistance.
Elevated resistance, of course, leads to increased
systemic blood pressure upstream of the arterioles
and reduction of blood flow and hydrostatic pres-
sure in the exchange microvessels downstream
from the arterioles. A recent review by Barnes
covers this subject in greater detail [7]. The
highlights of the review are that alpha-adrenergic
vasoconstriction is lower in young females than
males [24], there are differences in beta-
adrenergic receptors [39, 63], and while female
sex hormones contribute to a reduction in tonic
autonomic nervous support, the autonomic ner-
vous system becomes a greater controller of
blood pressure in females postmenopause.

Microvascular exchange tends to be equated
with the capillary and venular elements of the
network; in certain organs, like the heart, flux
across arterioles appears to also contribute to net
whole organ clearance. In the heart, arterioles are
positioned anatomically in areas removed from
the capillaries [58] and to be relatively leaky
(protein reflection coefficient, σ, circa ~0.6 [16]
compared to σ > 0.8 in skeletal muscle [124]). In
porcine coronary arterioles, while basal arteriolar
permeability to albumin did not differ by sex,

the permeability response to adenosine with
endurance exercise was greater in females than
males [53, 123]. While skeletal muscle arterioles
are tighter than capillaries and venules (e.g., have
lower permeability), their EC layer requires a
finite permeability to solutes to support VSM
function. Arterioles from rat skeletal muscle
demonstrated sex differences in the magnitude
and direction of permeability responses to adeno-
sine [121]. Differences in adenosine receptor iso-
form distribution, while demonstrating that A2b
mediates EC permeability, were not found. Only
when adenosine receptor signaling pathways
were examined did it become evident that expres-
sion levels of the phosphodiesterase isoform
3 (PDE3) differed by sex [122].

Sexual Dimorphism in Capillary
Function

Sex differences with respect to the primary func-
tion of capillary endothelial cells, fluid and solute
exchange, have been demonstrated at multiple
levels in a limited number of studies [15, 53, 54,
74, 89, 104, 112, 116]. In each it becomes evident
that the differences can reflect the driving forces
for exchange, EC morphology, and cell signaling,
as well as EC responses to a myriad of mediators.
While we often focus on the pathophysiology of
loss of barrier function (e.g., increases in perme-
ability with inflammation or trauma), inter-
ventions that “tighten” the barrier can also create
pathology by limiting the passage of necessary
materials (as appears to happen with hyper-
insulinemia [104]) either out of or into the circu-
lation. A well-functioning barrier exists in a state
analogous to arteriolar tone – wherein permeabil-
ity can increase or decrease in response to
changes in tissue demand and environment
[43, 47].

The amount of fluid or solute moved across the
endothelial barrier is a function of the architecture
of the pathways through and between the endo-
thelial cells, the surface area for exchange, and the
physicochemical properties of the barrier media
(including the glycocalyx at the blood/EC inter-
face and the extracellular matrix at the luminal
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and abluminal surfaces, respectively) and of the
moving material (where size, shape, and charge
can be influential). In a study of acute coronary
syndrome, males were found to shed more
syndecan-1 (a marker of glycocalyx damage)
than females [79]. These data imply either a
greater amount of sydecan-1, a denser glyco-
calyx, or higher protease activity in EC of males.

In the presence of natriuretic peptides (ANP,
BNP, or CNP), components of the glycocalyx,
including syndican-1, have been shown to be
released into coronary effluent of isolated, per-
fused guinea pig hearts [56]. This result is inter-
esting as (a) the atrial peptides can reversibly
increase microvascular permeability [45, 46, 77]
and hydraulic conductivity [47, 49, 51] and
(b) the “normal” levels of ANP and BNP are
higher in healthy women than men (Table 20.1).
Further, preliminary studies from the same group
find that syndican-1 and hyaluronan levels in the
blood of healthy premenopausal women vary
with the menstrual cycle, that syndican-1 levels
of males are higher than cycling and postmeno-
pausal females, and that the levels of syndican-1
have no temporal component in either males or
postmenopausal females (personal communica-
tion). These results are intriguing because the
changes in glycocalyx thickness with shedding
could account for the well-known increases in
premenstrual edema in females and be of impor-
tance in the changes in fluid balance observed
during pregnancy.

In addition, especially for water and hydro-
philic solutes the size of peptides, hormones,
and proteins, the net transmural pressure gradient
is of importance. Two of these factors appear to
differ in males and females: the concentration of
plasma protein (higher in males than females
[52]) which sets the oncotic pressure gradient
(1–3 mmHg greater in males than females [52])
drawing fluid out of the tissue toward the lumen
and the hydrostatic pressure gradient largely a
function of capillary blood pressure. Not only is
arterial blood pressure 6–10 mmHg lower in
females than males prior to menopause [95],
but, from a more limited study, capillary
pressures are 2 mmHg lower in females than
males [111]. The net driving force for fluid and
solute, the difference in these two values, appears

to favor filtration in females over males; this
conclusion is another thing that needs to be
evaluated in vivo. A summary of published
hemodynamic data for healthy males and females
is presented in Table 20.2.

In a study of seizure activity in rats, it was
found that nitric oxide synthase blockade with
L-NAME induced an increase in blood-brain bar-
rier (BBB) permeability (Evans blue dye extrava-
sation), in females, not in males [15]. Surgical
cessation of ovarian function in adult female
swine also results in loss of meningeal microvas-
cular barrier to fluorescently labeled protein [30];
replacement of estrogen in a pulsed dose (estro-
gen patches) restored barrier function (and
changes in vessel architecture), whereas flat
dose estrogen replacement was not effective
[31]. Thus, not only can a hormone or vasoactive
compounds be important in regulating microvas-
cular function, but the rate of change (a spike) can
be of importance. This appears to be also the case
for vascular endothelial growth factor (VEGF)
[8, 10], a potent mediator of permeability. Plasma
levels of VEGF are higher in men than women
and are correlated with the development of ath-
erosclerosis [62], a disease process shown to
occur more frequently in males.

At the level of the whole human, fluid balance
can differ by sex. It is well known that the state of
pregnancy results in profound changes in fluid
distributions with resulting changes in hemody-
namics [18, 80]. One supposition is that because
females must possess the mechanisms to
reversibly alter fluid distributions to accommo-
date pregnancy, the multiple factors regulating
fluid and solute flux will differ between males
and females.

Venules

The majority of vascular volume resides in the
venous component of the microvasculature, and
fluid exchange occurs predominantly across the
capillaries. In the environment of microgravity,
sex differences in volume regulation become
apparent. Female astronauts during space flight
experience a greater shift of fluid out of the
plasma space than men and following return to
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Table 20.2 Hemodynamic reference values for adult healthy humans at rest

Parameter Units

Change
with
age Male

Female

Statistics RefFollicular Luteal Menopause

HR bpm M# 66 � 9 65 � 9 X � SE 7

F# 60 � 2 57 � 2 X � SE 7

62 � 2 65 � 2 X � SE 2

67.2 � 16.6 71.0 �
16.6

X � SD 9

SV mL 94 � 17 97 � 16 X � SD 1

CO L/min 6.9 � 0.8 7.2 � 1.1 X � SD 1

5.6 � 0.4 6.6 � 0.4+ X � SE 2

Systolic
BP

mmHg M" 121 � 13 113 � 14 X � SD 3

F" 118 � 10 115 � 12 X � SD 6

109 � 3 123 � 3# X � SE 7

121 � 8.7*+ 113.5 � 8.7 X � SE 5

136.5� 12.51 125 � 12.3
1#

130 � 17 126 � 20 X � SD 8

Diastolic
BP

mmHg M" 78 � 9 73 � 9 X � SD 3

F" 73 � 7 70 � 7 X � SD 6

67 � 2 80 � 2+ X � SE 7

70.6 � 10.0* 66.3 � 7.6 X � SE 5

81.1 � 5.91* 73.0 � 5.91

78 � 9 74 � 9 X � SD 8

MAP mmHg M" 92.5 � 6.7 88.6 � 7.2 81 � 2 94 � 2+ X � SE 7,10

F" 81.7 � 2.0 75.4� 2.3 X � SE 2

Capillary
Pressure

mmHg M NSD 18.0 � 2.5* 15 � 2.4 X � SE 5

F" 18.4 � 2.01 17.6 � 3.41

*M 6¼F, 20–50 years; +differs from follicular; # 6¼ postmenopause (>55 years); P < 0.05 or better (refer to specific
papers);1 >50 years
Mean � standard deviation (X � SD); mean � standard error of the mean X � SE; NSD not significantly different, HR
heart rate, BP (arterial) blood pressure,MAPmean arterial pressure, bpm beats per minute, SV stroke volume, CO cardiac
output
References
1. Bouwsema MM, Tedjasaputra V, Stickland MK. Are there sex differences in the capillary blood volume and diffusing
capacity response to exercise ? J Appl Physiol. 2017;122:460–9
2. Chapman AB, Zamudio S, Woodmansee W, Merouani A, Osorio F, Johnson A, Moore LG, Dahms T, Coffin C,
Abraham WT, Schrier RW. Systemic and renal hemodynamic changes in the luteal phase of the menstrual cycle mimic
early pregnancy. Am J Physiol Ren Physiol. 1997;273(30):F777–82
3. Lam CSP, Cheng S, Choong K, Larson MG, Murabito JM, Newton-Cheh C, Bhasin S, McCabe EL, Miller KK,
Redfield MM, Vasan RS, Coviello AD, Wang TJ. Influence of sex and hormone status on circulating natriuretic peptides.
J Am Coll Cardiol. 2011;58(6):618–26
4. Montanini V, Simoni M, Chiossi G, Baraghini GF, Velardo A, Baraldi E, Marrama P. Age-related changes in plasma
dehydroepiandrosterone sulphate, cortisol, testosterone and free testosterone circadian rhythms in adult men. Horm Res.
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5. Shore AC, Sandeman DD, Tooke JE. Capillary pressure, pulse pressure amplitude, and pressure waveform in healthy
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gravity experience greater orthostatic intolerance
[38, 75]. In response to orthostatic stress, males
compensate by changing vascular resistance
(microvascular), while females change heart
rate. In a follow-up study to match sex-specific
countermeasures (lower body negative pressure,
LBNP) for changes in orthostatic stress (head-
down tilt), it was found that compared to men tibial
microvascular blood flow and oxygenation were
both lower in women [38]. The conclusion of the
study was that whereas LBNP is a suitable inter-
vention to combat orthostatic changes in men,
another approach needs to be designed for women.

It is in the venules draining the capillary tree
that the majority of white blood cell/endothelial
cell (WBC/EC) interactions are observed, and it is
in these vessels, with their lower hydrostatic pres-
sure and relatively low flow rates, that increases
in vascular leakage to proteins as well as white
cell diapedesis are observed [105]. Venules are
also the site of integrin expression by EC in
response to cytokines that promote WBC/EC
interactions [20, 87]. In turn, inflammatory cyto-
kine action is sensitive to the presence of estrogen
and testosterone, respectively [64, 118].

Under basal conditions observations of in situ
venular perfusion demonstrate no discernable dif-
ference between males and females with respect
to WBC/EC interactions in the hamster cheek
pouch [89]. While basal white cell/EC inter-
actions did not differ in this preparation, perme-
ability responses to ischemia/reperfusion (I/R)
injury in the venous vasculature did. Following
the I/R insult, fluorescently labeled dextrans
were observed to egress more from the venules
of males relative to the females clearly demon-
strating that the loss of barrier function was appar-
ently independent of WBC/EC interactions [89].

That said, in porcine coronary venules and rat
skeletal muscle venules, differences in both basal
venular permeability to protein and permeability
responses with sex have been documented
[53, 54, 123]. A study of protein clearance from
mesenteric venular vessels in sexually mature rats
[103] illustrates the complexity of protein and
fluid movement under basal and stimulated
conditions. While basal leak index (LI) of fluo-
rescently labeled albumin did not differ by sex,
acute treatment with insulin increased LI in males
and was without effect in females. Analysis of
protein clearing into the suffusate demonstrated
lower total protein clearance and no difference
albumin clearance, for males and females, respec-
tively. In males, insulin reduced both total protein
and albumin clearance rates; insulin reduced total
protein clearance and was without effect on pro-
tein clearance in the females. Further, in response
to acute insulin, the reduction in protein clearance
was greater in the males than in females [103].
This study, given the mismatches between
venular albumin LI, albumin clearance, and total
protein clearance, illustrates that protein flux
occurs across microvascular elements other than
the venules and that male/female sex (and insulin)
interacts with different elements governing pro-
tein and consequent fluid flux.

Sepsis results in loss of barrier integrity and,
like inflammation, is accompanied by increases in
WBC/EC interactions. Female animals and
women appear less prone to develop sepsis than
males [68, 94, 106, 110]. Among the factors
implicated in this difference are estrogen and its
interactions with EC and WBC [83], estrogen
receptor distribution [106], sex differences in glu-
cocorticoid action [17], and inflammatory status
[9], to name but a few identified factors. A final

Table 20.2 (continued)
8. Xanthakis V, Enserro DM, Murabito JM, Polak JF, Wollert KC, Januzzi JL, Wang TJ, Tofler G, Vasan RS. Ideal
cardiovascular health associations with biomarkers and subclinical disease and impact on incidence of cardiovascular
disease in the Framingham offspring study. Circulation. 2014;130(19):1676–83
9. Bjerregaard P. Mean 24 hour heart rate, minimal heart rate and pauses in healthy subjects 40–79 years of age. Eur Heart
J. 1983;4(1):44–51
10. Kerkhof PLM, Kuznetsova T, Kresh JY, Handly N. Cardiophysiology illustrated by comparing ventricular volumes
in healthy adult males and females. Adv Exp Med Biol. 2018;1065:123–38
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component of venous function that has received
attention with respect to sexual dimorphism is
clot formation [94, 99] as well as fibrinolysis
[99]. The complex interactions of the coagulation
cascade and their associations with respect to
genomic sex and sex hormones exist and are
discussed in the review by [99].

Conclusions and Missing Information
(e.g., Future Studies Are Needed)

There are multiple components displaying sex
differences with respect to the myriad of micro-
vascular functions. Figure 20.1 illustrates a selec-
tion of sexually dimorphic features across the
microvasculature from the arterioles regulating
blood flow into the exchange vessels; the
capillaries where gas, fluid, and solute move

TNFa
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Pcap Pven∏capPart
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Fig. 20.1 Diagram of sexually dimorphic constituents
identified in male and female humans influencing the
three primary functions of the microvasculature:
1. Control of blood flow via changes in VSM tone of the
arterioles
2. Control of gas, fluid, and solute exchange via changes in
capillary barrier function
3. Control of inflammation and immune function in the
venules
Overall, hydrostatic pressures, Part, Pcap and Pven, and
VSM tone are higher in males than females reflecting in
part the relatively higher levels of vasoconstrictors (ET-1)
to vasodilators (BNP, NO) in the blood of males. Blood
from males carries a greater number of red blood cells;
while the amount of hemoglobin per cell does not vary
greatly by sex, the larger number of cells means a higher
net Hgb and thus a higher O2 carrying capacity favoring a
higher O2 delivery in males. The higher protein content of
plasma in the males results in a higher oncotic protein
force that will offset the higher fluid movement out of
the capillaries by Pcap in males. The number of platelets
tends to be higher in females than males suggesting a
higher tendency for formation of clots in females than
males. While white cell numbers tend to be higher or not
different between males and females, it is the sex

differences in receptor density that appears to play a role
in sex differences in WBC responses. On exposure to LPS,
neutrophils via TLR4 receptor activation release greater
amounts of the cytokine TNFa in males than females.
Macrophages of females express higher ERa and ERb
receptors; the response to LPS is mediated by ERa in
both sexes but to a greater extent in females.
Abbreviations: art arterioler, BNP B-type natriuretic pep-
tide, cap capillary, ERa estrogen receptor alpha, ERb
estrogen receptor beta, Hgb hemoglobin, LPS lipopoly-
saccharide, NO nitric oxide, TLR Toll-like receptor, TNFa
tumor necrosis factor alpha, ven venule, VSM vascular
smooth muscle, WBC white blood cell (count)
Table 20.1 has most of these data (not the macrophage
(Campesi et al., 2017) or neutrophil (Aomatsu et al., 2013)
data, though)
Aomatsu M, Kato T, Kasahara E, Kitagawa S. Gender
difference in tumor necrosis factor-α production in
human neutrophils stimulated by lipopolysaccharide and
interferon-γ. Biochem Biophys Res Commun.
2013;441:220–5.
Campesi J, Marino M, Montella A, Pais S, Franconii
F. Sex differences in estrogen receptor α and β levels and
activation status in LPS-stimulated human macrophages. J
Cell Physiol. 2017;232:340–5.
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between tissue and the circulating blood; and the
venules where inflammatory processes occur. At
present, several studies appear to have disparate,
contradictory outcomes. This apparent “noise”
likely reflects the early point in time of this
research as all the systems described actually are
multifactorial and most of the factors in health, no
less disease, have yet to be studied equally in
males and females. Further, as stated earlier,
much of the microvasculature is heterogeneous
with the form and function of the microvascular
elements being married to organ function. Obvi-
ously healthy males and females are in fluid
homeostasis but how they achieve this state
differs by sex. The major implication is that for
a given stressor, the responses in males and
females, and the resulting pathology should the
stressor not be removed, are likely to differ. Mul-
tiple comorbidities such as diabetes, hyperten-
sion, and heart failure, which have already been
shown to display sex differences with respect to
onset, frequency, morbidity, and mortality, also
impact microvascular function [4, 11, 13, 84, 93,
107].

The present state of confusion likely reflects
the lack of data. Resolution requires more com-
prehensive research to assemble the comprehen-
sive anatomical, functional, and biochemical
pictures of the female and the male microvas-
culatures. Once developed, sex needs to be
considered when diagnosing, implementing pre-
ventive strategies, and treating diseases involving
microvascular functions. The review of the litera-
ture further illustrated the importance of age
(in Tables 20.1 and 20.2, several reported
age-dependent changes are summarized), an inde-
pendent but interacting variable. Consideration of
sex and age as interdependent variables is just
beginning, and we would be remiss to not note
that the contribution of ethnicity has been omitted
in this review as there are several differences
between Caucasian, Asian, African, and
Hispanics that have been observed. A good exam-
ple are the differences to platelet concentration,
noted in Table 20.2, that while significantly
higher in women than men also vary significantly
by ethnicity [109].
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Abstract

Increasing data suggest that there are sex
differences in ventricular and vascular
adaptations to aerobic (endurance) exercise,
which may be attributed to different physical
and physiological features in men and women.
Despite that cardiovascular control during
acute exercise at the same relative work rate
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(e.g., the percentage of peak oxygen uptake)
appears to be similar between the sexes,
women have blunted responses or adaptations
to prolonged (e.g., �1 year) exercise training
compared with men. Currently, there is little
evidence to suggest that exercise-induced vas-
cular adaptations are different between men
and women. Furthermore, sex differences in
skeletal muscle adaptations to exercise, and
how this influences cardiovascular function,
remain unclear. Identifying potential differ-
ences and the mechanisms behind such
exercise-induced adaptations is important for
the optimization of exercise interventions
between men and women across the life span.
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Introduction

The cardiovascular system has a distinctive
ability to quickly adapt to acute increases in
workload caused by muscle contraction. Addi-
tionally, regular exercise induces long-term
adaptations in the structure and function of the
cardiovascular system. The majority of the
research in this area has focused on adaptations
in men, but emerging evidence on the adaptations
in women now exists. Men and women have
different physical and physiological features
(e.g., body size, muscle mass, sex hormones,
etc.), which may impact their responses to exer-
cise. This chapter will focus on reviewing the
cardiovascular adaptations to exercise and
similarities and differences between men and
women. Understanding sex-specific differences
in exercise adaptations is important not only to
physiologists but also to clinicians, as these
differences could impact exercise rehabilitation
for patient populations.

Cardiac Contribution to Aerobic
Fitness

During aerobic (endurance) exercise, the uptake
and transport of oxygen is required for oxidative
phosphorylation and the efficient production of
adenosine triphosphate to support the metabolic
demands of the body. Oxygen uptake is a func-
tion of cardiac output (e.g., central factor) and
total system arteriovenous oxygen difference
(e.g., peripheral factor) [84]. The ability to
increase one or both of these variables determines
a person’s aerobic capacity [42], and the upper
limit for whole-body oxygen uptake is called the
peak oxygen uptake (VO2peak) [53]. VO2peak is
the best objective measure of aerobic fitness and
is a widely used index of the integrity of cardio-
vascular function [92].

Women usually have VO2peak values that are
5–15% lower than men of comparable training
status and a similar age, whereas correction of
VO2peak values for body weight or lean body
mass does not correct the discrepancy in men
and women completely [12]. It has been found
that the difference in peak arteriovenous
oxygen difference is relatively small between
the sexes, as well as between highly trained and
untrained individuals [21, 40, 68, 94], though
the mechanisms behind it may differ (e.g.,
differences in muscle blood flow, capillary den-
sity, muscle fiber characteristics, mitochondrial
function, etc.). The factor most commonly
accounting for the different values of VO2peak
in men and women is cardiac output. Indeed,
lower cardiac output was found to contribute to
the lower absolute and relative VO2peak in
women [115].

Cardiac output is the product of heart rate and
stroke volume. Previous studies have demon-
strated that peak heart rate during exercise is
similar between men and women regardless of
fitness levels [21, 30, 40, 68], while advancing
age is associated with a decrease in peak heart rate
in both sexes [68]. Indeed, the most consistent sex
difference in cardiovascular responses during
submaximal and maximal exercise is a lower
stroke volume of women and a smaller increase
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in stroke volume from rest to exercise [21, 38, 39,
68, 69]. It has been proposed that the smaller
stroke volume and its attenuated response during
exercise in women are mainly attributed to a
smaller heart size, particularly left ventricular
volume and mass [7, 32, 41]. The difference
in heart size has also been assumed to account
for a majority of the difference in VO2peak in
both sexes [41, 61]. Additionally, sex-related
differences in myocardial remodeling could influ-
ence left ventricular contractility, which may also
account for the smaller stroke volume and its
attenuated response during exercise in women
[76, 111]. Indeed, Aksut et al. found that during
submaximal exercise, the decrease in left ventric-
ular end-systolic volume was less in young
women than in young men [1]. However, left
ventricular contractility was reported to be greater
in women than men after the age of 65 years
[19]. Thus, older women have a greater ability
to eject stroke volume (i.e., hypercontractile),
and left ventricular end-systolic volume could
be lower in older women than in older men
[26]. Conversely, women, especially older
women, have reduced blood volume compared
with age-matched men, which also contributes

to the smaller stroke volume and cardiac output
at rest and during exercise [7, 61, 115]. These
results suggest that sex may be an important
factor determining the central hemodynamic
response to exercise in humans.

In contrast, some investigators reported no
differences in stroke volume index, cardiac
index, left ventricular end-diastolic and
end-systolic volume indexes in the time course,
or magnitude of changes with respect to oxygen
uptake, expressed as the percentage of VO2peak
in men and women aged <40 years (Fig. 21.1a)
[26, 101]. Whereas in people over the age of
60 years, all cardiac volume indexes are consis-
tently larger in men across relative work rates,
indicating greater reliance on the Frank-Starling
mechanism to augment cardiac index
(Fig. 21.1b) [26].

A potential important aspect when comparing
people of different body sizes is the methods for
scaling or normalization. Ratiometrically it can be
used when there is a linear relationship between
body size and cardiovascular parameters. But
often this is not the case and allometric scaling
is needed. Indeed, when stroke volume is scaled
to lean body mass, sex differences become less

Fig. 21.1 Left ventricular (LV) volume indexes across
relative work rates from rest to peak effort in young (aged
<40 years; a) and older (aged >60 years; b) males (solid
lines) and females (dashed lines). (a) Analysis of covari-
ance shows no significant interaction or overall difference

in cardiac volumes between young men and women. (b) In
older group, all cardiac volume indexes are consistently
larger in men across relative work rates compared with
women. (Adapted with permission from Fleg et al. [26])
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noticeable [12]. Lean body mass has been
suggested as a possible factor causing differences
in exercise cardiac output [89]. An earlier study
by Freedson et al. [29] showed that in young men
and young women matched on VO2peak (L/min
and mL/kg.min), men had a lower cardiac output
and stroke volume and a higher arteriovenous
oxygen difference during submaximal exercise
(bicycle ergometer test at 35% of VO2peak).
When these variables were expressed indepen-
dent of lean body mass, the above differences
became nonsignificant [29]. These results support
the notion that cardiac output differences between
the sexes during submaximal exercise are due, in
part, to differences in lean body mass. On the
other hand, blood volume and hemoglobin mass
remain lower in women compared with men even
when scaled for body mass [7, 12, 61]. Blood
volume, hemoglobin, and hematocrit values are
15–20% lower in women, including elite athletes;
these factors probably contribute to the lower
VO2peak in women and lower average values
for endurance exercise performance [12, 42].

Previous studies have demonstrated that there
are rather substantial physiological and morpho-
logical sex differences between untrained or sed-
entary men and women, but these differences
become less noticeable in highly trained male
and female athletes who are competing in the
same event or sport [116, 77, 119, 112]. For

example, Zwiren et al. found that in men and
women with similar training backgrounds and
nonsignificantly different mean VO2peak in
mL/kg in fat-free mass.min, the differences in
cardiovascular responses between the sexes at
various percentages of VO2peak were smaller
than previously thought [119]. It seems that the
sex difference in certain cardiovascular responses
during exercise is a consequence of different
levels of physical condition of the men and
women. In accordance with this assumption, it
was found that the increase in heart rate during
submaximal and maximal exercise was greatest in
untrained women and smallest in highly trained
men at the same absolute work rate, which was
expressed as VO2 (mL/kg.min); however, when
the heart rate responses at the same relative work
rate, namely, the percentage of VO2peak were
compared, there were no differences among
groups (Fig. 21.2) [30]. These results suggest
that cardiovascular control during acute exercise
is similar in men and women no matter whether
they are trained or untrained. Although there are
some physiological differences that may affect
the mechanism of the changes, the overall
response of the cardiovascular system to acute
exercise is similar in men and women [61, 67].

One of the key principles in exercise physiol-
ogy in humans is the remarkably constant rela-
tionship between the increase in oxygen uptake
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Fig. 21.2 Comparisons of
heart rate (HR) responses
during submaximal and
maximal exercise in
sedentary men and women
and during submaximal
exercise in highly trained
male and female athletes at
the same relative work rate,
expressed as the percentage
of maximal oxygen uptake
(VO2max), which
represents a matter of
cardiovascular control
during exercise in healthy
humans. (Adapted with
permission from Fu and
Levine [30])
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(work rate) and the corresponding increase in
cardiac output. Regardless of sex, age, or aerobic
fitness, in general, about 5–6 liters of cardiac
output are required for every liter of oxygen
uptake above rest (Fig. 21.3) [30, 31, 33, 52, 79,
84]. When this relationship is depressed, it may
be a sign of severe underlying disease with
impending decompensation. Conversely, when it
is exaggerated, like in patients with metabolic
myopathies, it gives strong clues to the processes
regulating cardiac output.

VO2peak decreases with advancing age, and a
lower stroke volume, heart rate, and arteriove-
nous oxygen difference at maximal exercise all
contribute to the age-related decline in VO2peak
in both untrained and highly trained individuals
[68, 92]. Nearly half of the age-related difference
in VO2peak is explained by a smaller stroke vol-
ume, and the remainder by a lower heart rate and
arteriovenous oxygen difference at maximal exer-
cise. It was found that age and sex each had a
significant impact on aerobic fitness; VO2peak
declined with age approximately 40% from 20s
to 80s years old in both sexes, but at any age it
was greater in men than in women even after
normalization for body weight [26]. Longitudinal

studies showed that the rate of decline in
VO2peak in healthy adults was not constant
across the age span, as assumed by cross-
sectional studies, but accelerated markedly with
each successive age decade, especially in men,
regardless of physical activity habits [26].
Hossack and Bruce also found that the normal
range of peak values for VO2, heart rate, cardiac
index, and stroke index during treadmill exercise
testing decreased with age in both sexes, but men
had a significantly greater reduction than women
[38]. Fitzgerald et al. reported that the absolute
(mL/kg.min per year) rate of decline in VO2peak
with age was greatest in highly trained women,
next greatest in active women, and lowest in
sedentary women; however, when expressed as
percentage or relative decrease from mean levels
at approximately 25 years of age, the rate of
decline in VO2peak was similar in the three
groups [24]. Ogawa et al. also reported similar
rates of decline in VO2peak with age in untrained
and highly trained men and women [68]. Similar
to the previous findings in untrained women
[15, 48, 49], it was found that menopausal status
did not affect cardiovascular fitness in masters
women runners [112].
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Fig. 21.3 Relationship between increases in oxygen
uptake (VO2) and the corresponding increases in cardiac
output (Qc) during exercise in humans, which in most
cases is 5–6/1. When this relationship is depressed, like
in patients with congestive heart failure, it may be a sign of

severe underlying disease with impending decompensa-
tion. Conversely, when it is exaggerated, like in patients
with metabolic myopathies, it gives strong clues to the
processes regulating Qc. (Adapted with permission from
Fu and Levine [31])
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Collectively, it seems that sex does not signifi-
cantly affect cardiovascular control during endur-
ance exercise in both untrained and highly trained
individuals. For any task requiring a given abso-
lute oxygen uptake, women are working at a
higher percentage of their exercise capacity than
men. This would result in a higher heart rate,
greater stress, and a quicker onset of fatigue
during exercise. If allowed to work at a similar
percentage of their peak exercise capacity, men
and women would have similar cardiovascular
responses. Lastly, aerobic fitness declines with
advancing age but accelerates markedly with
each successive age decade, especially in men.

Left Ventricular and Myocardial
Adaptations to Exercise Training

Regular exercise or exercise training promotes
beneficial adaptations in the cardiovascular
system which have cardioprotective effects
[78]. Moderate to vigorous endurance training
increases VO2peak and exercise capacity through
an increase in stroke volume or an increase in
arteriovenous oxygen difference or both in
humans. Depending on age and training duration,
men and women could have different cardiovas-
cular adaptations to exercise training even if they
achieve similar increases in VO2peak.

Previous studies have demonstrated that in
young women, increases in stroke volume, arte-
riovenous oxygen difference, and VO2peak with
endurance training are similar to those in young
men [12, 58, 59, 85, 95]. The increase in stroke
volume after endurance training could be the
result of left ventricular volume-overload hyper-
trophy leading to enhanced cardiac filling,
increased myocardial contractile function (e.g.,
enhanced contractile response to β-adrenergic
stimulation), reduced afterload, increased blood
volume, or a combination of these factors [37, 40,
44, 81, 82]. Although the absolute increase in
blood volume after exercise training was reported
to be greater in young men compared with young
women, the relative (percent) change did not dif-
fer between the sexes [58]. In addition, the
increase in stroke volume in young men and

young women appears to be independent of
afterload because it was found that diastolic
blood pressure remained unchanged in men but
increased in women after training [58]. Recent
research has shown that endurance training up to
3 months elicits similar increases in left ventricu-
lar mass and end-diastolic volume in initially
sedentary young men and young women [40].

Despite similar adaptations in young men
and young women reported in previous
investigations, cross-sectional studies in athletes
suggest that endurance training augments cardio-
vascular structure and function with apparently
different phenotypes in males and females. Spe-
cifically, female athletes have smaller left ventric-
ular dimensions and wall thickness compared
with male athletes [17, 102, 114]. One possible
explanation for this discrepancy may be the dura-
tion of training. In almost all previous training
studies comparing young men versus young
women, the intervention period is relatively
short (e.g., �3 months) which could have missed
or underestimated sex differences in cardiovascu-
lar adaptations. To support this notion, it was
found that 3 months of intense training in male
and female rowers caused similar cardiovascular
adaptations between the sexes [4]. In addition, the
alterations in cardiovascular function resulting
from 20 weeks of endurance training were very
similar across sex, age, and race with few
exceptions [117]. However after prolonged (e.g.,
1 year) intensive endurance training, initially sed-
entary young women were found to have a
blunted cardiovascular response compared with
young men [40].

Howden et al. [40] observed that previously
sedentary young men progressively increased
VO2peak, left ventricular mass, and mean wall
thickness before reaching a plateau from month
9 to 12 of training. In contrast, despite exactly the
same training, the response in young women was
markedly blunted, with VO2peak, left ventricular
mass, and mean wall thickness plateauing
after only 3 months of training (Fig. 21.4)
[40]. These results suggest that the development
of left ventricular hypertrophy, which is in paral-
lel with the increase in VO2peak, is significantly
blunted in young women. Interestingly, the
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response of left ventricular end-diastolic volume
was not influenced by sex (e.g., increased by 20%
in young men and 18% in young women after
1 year of training). However, young men had
greater augmentation of the Frank-Starling
mechanisms (the relationship between left ven-
tricular filling pressure and stroke volume) after
1 year of training compared with young women,
indicating a greater diastolic reserve in men
[40]. This adaptation to training is extremely ben-
eficial for performing exercise, allowing
individuals to generate a higher stroke volume
and cardiac output in response to an increase in
left ventricular filling pressure. Indeed, an
enhanced Frank-Starling mechanism has been
shown to be a hallmark characteristic of endur-
ance athletes [54].

The mechanisms underlying sex differences in
left ventricular hypertrophy following prolonged
endurance training in young individuals are
unclear, but endogenous sex hormones (e.g.,
androgen and estrogen) may be involved. Regular
exercise can increase circulating levels of testos-
terone, which promotes muscle growth through

protein synthesis and inhibits protein degradation
[108]. On the other hand, estrogen may attenuate
or prevent the development of left ventricular
hypertrophy with exercise training in premeno-
pausal women via estrogen receptor β [27, 35, 74,
91]. In addition, estrogen-mediated atrial natri-
uretic factor (ANF) may also prevent left ventric-
ular hypertrophy in young women [76]. Animal
studies showed that estrogen exerted profound
antihypertrophic effects on ventricular myocytes,
by transactivation of the ANF gene and activation
of the ANF receptor in an autocrine/paracrine
manner, which in turn evokes cytoplasmic cyclic
guanosine monophosphate signaling downstream
of the guanylyl cyclase-A receptor [3]. On the
other hand, male rats were found to exhibit higher
cardiac angiotensin I-converting enzyme (ACE)
and angiotensin-converting enzyme 2 (ACE2)
activity, as well as left ventricular hypertrophy
compared with female rats, while orchiectomy
decreased the activity of these enzymes and
hypertrophy, and ovariectomy increased hyper-
trophy and ACE2 but did not change ACE activ-
ity [18]. These results suggest that the interaction

Fig. 21.4 Sex differences in cardiovascular adaptations
to prolonged endurance training in initially sedentary
young individuals. A and B: effect of 1 year of endurance
training on maximal oxygen uptake (VO2max) indexed to
baseline body mass in males and females (left), significant
sex � time interaction P ¼ 0.084 and changes in left
ventricular (LV) mass measured by magnetic resonance

imaging (MRI) scaled to baseline fat-free mass, significant
sex � time interaction P ¼ 0.031 (right). Both measured
every 3 months during the training program. FFM, fat-free
mass. Post hoc comparison with baseline (*), with month
3 (Ɨ), and with month 6 (ǂ) for P < 0.05 from liner mixed
model. (Adapted with permission from Howden et al. [40])
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between sex hormones and the cardiac renin-
angiotensin system components is also essential
for left ventricular remodeling.

Healthy older individuals can respond to
prolonged endurance exercise training with
adaptations similar to those of younger indivi-
duals [34, 87]. However, older men and older
women have different cardiovascular adaptations
to training. For instance, Spina et al. found that in
older women, stroke volume during maximal
exercise did not increase after 9–12 months of
endurance training even though increases in
VO2peak were similar between the sexes
(increased by 22% in older women and 19% in
older men) [94]. The entire increase in VO2peak
after training in older women was accounted for
by a greater arteriovenous oxygen difference
during maximal exercise [94]. Conversely, older
men were found to increase stroke volume during
maximal exercise and improve left ventricular
systolic function with training [20, 88]. These
results indicate a difference in the mechanisms
for cardiovascular adaptations to endurance train-
ing in older men and older women.

A possible explanation for the lack of a
training-induced increase in stroke volume
during acute exercise in older women is that
they do not develop left ventricular hypertrophy,
and moreover, their myocardial function remains
unchanged. Using radionuclide ventriculography,
Spina et al. were unable to detect any left ventric-
ular enlargement or changes in left ventricular
ejection fraction in older women after training
[96]. It was also found that endurance training
had no effect on left ventricular function
(β-adrenergic-mediated contractile function), left
ventricular end-diastolic dimension, wall thick-
ness, or mass in older women [97]. In addition,
older women do not have any improvement in
left ventricular filling dynamics after training,
whereas older men do [93]. Furthermore, previ-
ous studies showed that older women were unable
to expand blood volume with endurance training
[98]. Estrogen deficiency might also explain
why stroke volume does not increase in older
women with exercise training [94]. In contrast,

it was found that in older men, left ventricular
end-diastolic dimension increased by 13% and
wall thickness increased by 14%, while the
thickness-to-radius ratio remained unchanged
after training, indicating physiological eccentric
hypertrophy [20]. Different from older women,
blood volume increased after training in older
men [69].

Collectively, there are sex differences in the
cardiovascular adaptations to endurance exercise
training. For young women, increases in stroke
volume, arteriovenous oxygen difference,
VO2peak, and left ventricular remodeling with
short-term (e.g., �3 months) endurance training
are similar to those in young men. However,
young women have blunted increases in VO2peak
and left ventricular hypertrophy after prolonged
(e.g., �1 year) training. For older women, stroke
volume during acute exercise does not increase
after endurance training even though increases in
VO2peak are similar between the sexes. Lack of
left ventricular remodeling and blood volume
expansion may be responsible for a blunted car-
diovascular response to exercise training in older
women.

Ventricular-Vascular Coupling
and the Role of Exercise

Structural and functional adaptations to exercise
training involve the left ventricle, as discussed
above, and the vasculature. With each myocardial
contraction and subsequent ejection of blood
from the ventricle, blood enters into the large
central arteries in a pulsatile (noncontinuous)
manner. Due to this high pulsatile flow, blood
pressure in the large central arteries fluctuates
with each myocardial contraction, with a typical
systolic blood pressure of 120 mmHg and dia-
stolic blood pressure of 80 mmHg in healthy
humans. Blood pressure falls dramatically
between the large central arteries and smaller
arterioles where blood flow becomes more con-
tinuous. As the left ventricle undergoes
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remodeling to adapt to the stress of exercise train-
ing, so do the large central arteries.

The large central arteries must accommodate
the pulsatile nature of blood flow from the left
ventricle and the variable stroke volume when
transitioning from rest to exercise. The large cen-
tral arteries (including the aorta and carotid
arteries) are distensible and compliant, and as
the arteries narrow throughout the arterial tree,
there are a gradual decrease in elastic compliance
and increase in stiffness of these blood vessels.

The compliance of the large proximal arteries
is reduced with advancing age, and similarly, arte-
rial stiffness increases with age [60]. Women have
a greater age-related decline in arterial compliance
and distensibility compared with men [14, 110]
and lower arterial compliance during the middle-
aged and older years compared with men
[107]. Importantly, the sex-specific differences
appear to be dependent on the method of measure-
ment and the sample size population [73, 107].
Large-scale studies like Framingham Heart Study
indicate a statistically significant effect of sex on
the age-related increase in aortic pulse wave
velocity (PWV), a measure of arterial stiffness,
in healthy adults although not all studies show
sex differences in aortic PWV [107]. The reported
sex differences in arterial compliance or
distensibility may be due to the issue of scaling
between men and women. Because men have a
larger stature and greater diameters of the large
central arteries, for a given change in pressure,
there is a greater volume of flow through the
vessel. Therefore, although there are sex differ-
ences in compliance or distensibility measure-
ments, it is unclear if these differences have
physiological or clinical implications.

Other factors may also influence sex
differences in central arterial structure and func-
tion. Differences in sex hormones, primarily
estrogen, may affect arterial structure and func-
tion, as menopause is associated with higher
arterial stiffness (measured by PWV) [99].
Along these lines, PWV was reduced following
12 months of menopausal hormone therapy in
postmenopausal women, suggesting a protective
effect of estrogen [46]. Testosterone has sex-
specific effects on PWV, with higher circulating

androgen levels associated with greater PWV in
postmenopausal women [16], yet higher total tes-
tosterone is correlated with lower PWV in men
[109]. Another factor that may affect men and
women differently is distribution of adipose tis-
sue. More abdominal adiposity is associated with
greater arterial stiffness, but this relationship is
steeper in women, such that small increases in
abdominal adiposity have more unfavorable
effects in women compared to men [86]. Abdomi-
nal adiposity often increases during the postmen-
opausal years and is associated with greater
cardiometabolic risk [71].

Regular aerobic (endurance) exercise is a com-
mon lifestyle intervention to prevent or reverse
obesity and affects central arterial structure and
function. In men, endurance training improved
carotid arterial compliance, and endurance-
trained men demonstrate more compliant arteries
compared with their sedentary middle-aged and
older counterparts [105]. Similarly, physically
active women did not experience the age-related
increases in aortic PWV when compared with
sedentary women [104]. Thus, these studies
suggest that habitual physical activity and/or
endurance training may prevent or slow the
age-associated increase in arterial stiffness.

Although there may be sex differences in
baseline arterial stiffness measurements, currently
there is little evidence to suggest that exercise-
induced arterial adaptations are different between
men and women. It should be noted that differ-
ences between men and women in response to
exercise training have not been systematically
tested or evaluated with different modes of
exercise.

Any increases in the rigidity or stiffness of the
central arteries will affect the central blood pres-
sure. The idea that elevated arterial stiffness
affects central and peripheral blood pressure has
been reviewed extensively elsewhere [64, 65].
Briefly, an increase in arterial stiffness results in
a faster velocity of wave travel (PWV) and an
earlier return of the reflected pulse wave. If the
reflected wave appears during the systolic phase
of myocardial contraction, it distorts the aortic
pressure waveform, which results in augmented
aortic systolic pressure. Thus, higher arterial
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stiffness is associated with shorter wave reflection
time and augmented aortic blood pressure.

Throughout the life span, there are sex
differences in central hemodynamics such that
women have shorter wave reflection time and
greater wave augmentation [14, 57, 90]. The aug-
mented pressure elevates aortic blood pressures to
a greater extent than brachial blood pressures and
can affect ventricular-vascular coupling [60,
106]. Often the sex differences in central hemo-
dynamics are attributed to the shorter height in
women (which means a shorter distance between
the ventricle and the reflection sites in the periph-
ery). However, even after correction for height,
sex differences in central hemodynamic variables
remain [57], suggesting that in women the central
arteries may be more susceptible to age-related
changes in arterial structure compared with men.

Importantly, the amount of pressure that the
left ventricle needs to produce is dependent on the
pressure in the proximal aorta. Ventricular pres-
sure needs to increase sufficiently to open aortic
valves allowing ejection of blood into the sys-
temic circulation. Thus, aortic stiffness and ele-
vated aortic blood pressure can limit left
ventricular ejection of blood or places additional
work on the left ventricle [65].

Throughout the systolic period of the cardiac
cycle, ventricular pressure and aortic pressure
values are similar. Yaginuma et al. [118] noted
that aortic pressure is augmented in late systole
due to wave reflection [118], which would require
a similar augmentation in ventricular pressure.
Aortic systolic pressure is related to left ventricu-
lar myocardial wall stress [55]. Indeed, there is an
association between augmented systolic pressure
due to wave reflection and impaired ventricular
diastolic relaxation. There is also a relationship
between the increase in aortic systolic pressure
and myocardial ischemia [47]. Thus, ventricular-
vascular coupling is a normal phenomenon where
the structure and the function of the arteries deter-
mine arterial load, and the overall arterial load, in
turn, affects the structure and function of the left
ventricle. Ventricular-vascular coupling is a
determinant of cardiac energetics, and pathophys-
iological changes in the left ventricular workload

contribute to some cardiovascular disease states
[9, 100].

The association between central hemodynamic
variables and left ventricular function appears to
be sex-dependent. Women with higher wave
reflection have worsening left ventricular dia-
stolic function, whereas, in men, there is no such
association [90]. Similarly, there are distinct
differences between ventricular-vascular cou-
pling characteristics in men and women and
how it changes with aging. Left ventricular per-
formance (ELV, left ventricular end-systolic
elastance) is higher in men than women, and the
increase with aging is more dramatic in women
when compared with men (Fig. 21.5)
[80]. The ratio of arterial load (EA) compared
with ELV (EA/ELV) indicates ventricular-vascular
coupling, which also shows differences between
men and women. Across the life span, EA/ELV

ratio is constant in men but reduced in women
[11, 80]. This difference is primarily driven by the
increases in ELV compared with EA with advanc-
ing age. Collectively, sex differences in the inter-
action between the left ventricle and the systemic
arteries may explain the elevated risk for heart
failure with preserved ejection fraction in women
[11, 13, 45, 90].

The majority of studies investigating the ven-
tricular or vascular response to exercise have been
conducted in young healthy men. As more studies
included women, it became apparent that sex
differences exist during exercise [22, 63]. At max-
imal exercise, young men had higher ELV and EA

values compared with young women [63]. These
sex differences may be amplified by age and/or
the presence of cardiovascular risk factors. For
example, older women who were hypertensive
have greater increase in EA during exercise com-
pared with older men with hypertension [72].

Interestingly, cardiorespiratory fitness
(VO2peak) is associated with ventricular-vascular
coupling such that those with higher VO2peak
have lower EA/ELV ratio [22, 28]. The slope
of the relationship between VO2peak and
ventricular-vascular coupling is different between
men and women, with women have a greater/
steeper slope compared with men. This suggests
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that higher cardiorespiratory fitness may have a
disproportionate effect on EA compared with ELV

[22]. This is consistent with the idea that endur-
ance training reduces central arterial stiffness and
wave reflection, which will lower the arterial load
that the ventricle is pumping against. It is unclear
what effect exercise training has on ventricular-
vascular coupling during exercise, although a
recent pilot study suggests that short-term exer-
cise training can improve EA/ELV ratio in patients
with metabolic syndrome [28]. Whether there are
additional sex differences in such training effects
during exercise is unknown [9].

Cardiorespiratory Fitness As
a Vital Sign

Regular physical activity has been recommended
as a primary means to improve overall health. In
the landmark study by Blair et al., the association
between VO2peak and all-cause mortality was
established [8]. Although physical activity is
important in determining cardiorespiratory fit-
ness, it is VO2peak that is preferred over leisure-
time physical activity for its ability to predict
cardiovascular events [103]. High VO2peak is

Fig. 21.5 Sex differences
in the association between
age and ventricular-
vascular coupling variables.
Arterial load (EA) was
indexed to body surface
area (EaI) in panel A. Left
ventricular performance or
elastance (ELV) was
indexed to body surface
area (shown as Ees) in
panel B. Women (dashed
line) had higher indexed
arterial load and indexed
left ventricular performance
compared with men (solid
line) at all ages.
Additionally, the increase
in left ventricular
performance was
significantly greater in
women. Data is adapted
from Redfield et al. [80],
and figure is used with
permission from Chantler
et al. [10]
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associated with reduced risk of cardiovascular
events and all-cause mortality [5, 50].

The American Heart Association 2016 Scien-
tific Statement suggests that cardiorespiratory fit-
ness should be considered a vital sign [83]. The
majority of studies investigating VO2peak and
mortality have focused on men, but a few studies
have included women [36]. Sex-specific analysis
suggests that the relationship between higher car-
diorespiratory fitness and lower mortality is simi-
lar between men and women [50]. A recent meta-
analysis quantitatively determined that increasing
cardiorespiratory fitness by 1 MET translated to a
13% decline in all-cause mortality and 15%
reduction in cardiovascular disease. When men
and women were independently examined, the
minimum METs associated with a reduction in
risk at age 60 was 7 METs in men and 5 METs in
women [50]. In one study, women who achieved
2.6 METs less than men during a stress test had a
comparable prognosis of all-cause mortality
(Fig. 21.6) [2]. Therefore in these few studies,
cardiorespiratory fitness appears equally protec-
tive for men and women, but the threshold values
for risk are different. Future studies should further
evaluate cardiorespiratory fitness in both men and
women to provide normative data to guide clini-
cal diagnosis and treatment.

Exercise Is Medicine

Despite the benefits of exercise, over the last
century, our technological improvements have
greatly reduced the required physical activity
in all facets of daily life. The World Health
Organization estimates that globally, 25% of
adults are not meeting the minimum physical
activity recommendations (http://www.who.int/
mediacentre/factsheets/fs385/en/). Thus, physical
inactivity has emerged as a significant risk factor
for chronic disease and morbidity.

In medicine and health care, exercise is an
important tool in the prevention and treatment of
many diseases, specifically cardiovascular
diseases. Engaging in habitual exercise, particu-
larly regular aerobic exercise, is associated with
many favorable physiological adaptations. Habit-
ual exercise is associated with lower risk of car-
diovascular disease, hypertension, stroke, and
reduced all-cause mortality [51]. In effort to
increase physical activity, interventions have
been designed for children, adults, and patient
populations. The efficacy of the exercise inter-
vention is somewhat dependent on sex differ-
ences in cardiovascular adaptations. For
example, Martinez-Vizcaino et al. reported that
school-based physical activity intervention
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Fig. 21.6 Metabolic
equivalent task (MET)
thresholds achieved during
maximal exercise test is
associated with mortality
rate (expressed as per 1000
person years). Women
(shown in blue) achieved
significantly lower MET
thresholds compared with
men (shown in orange).
Shading represents 95%
confidence interval. Used
with permission from
Al-Mallah et al. [2]
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reduced cardiometabolic risk factors in boys and
girls, but the magnitude of improvement was
greater in girls [56]. In adults over 60, an exercise
intervention lowered cardiovascular risk factors
(i.e., blood pressure) to a greater extent in women
compared with men [62]. In contrast, a multicom-
ponent intervention that included exercise train-
ing in patients after open-heart surgery reported a
lower risk of future cardiovascular event in men,
but this protection was not seen in women [43].

In addition, there may be sex differences in the
response to an acute bout of exercise. During
exercise, skeletal muscle manufactures numerous
products, and these biologically active factors are
secreted into the bloodstream during muscle

contraction. Specifically, a myokine is defined
as “a cytokine or peptide which is produced in
the skeletal muscle cells and subsequently
released into the circulation to exert endocrine
or paracrine effects in other cells, tissues, or
organs” [23]. These myokines are likely the
underlying mechanisms behind the widespread,
systemic effects of regular exercise (Fig. 21.7)
[25, 113]. Interleukin-6 (IL-6), a prototypical
myokine, is released during exercise, but the
response is sex-specific [70, 75]. Treadmill run-
ning induces inflammatory cytokines (i.e., IL-6),
and the cytokine expression was dependent on
sex and the phase of the menstrual cycle in
women. [66]. In another example, men

Fig. 21.7 Summary of the primary myokines, the signal-
ing pathways involved, and the assumed physiological
effects. AMPK, AMP-activated protein kinase; BDNF,
brain-derived neurotrophic factor; CREB, cAMP
response-element-binding protein; C-X-C R2, C-X-C
receptor 2; FFA, free-fatty acid; FGF21, fibroblast growth
factor 21; Fndc5, fibronectin type III domain-containing
5 protein; Fstl1, follistatin-like 1; IGF, insulin-like growth
factor; IL-1ra, IL-1 receptor antagonist; Insl6, insulin-like

6; LIF, leukemia inhibitory factor; NO�, nitric oxide; NOS,
nitric oxide synthase; PGC-1α, peroxisome proliferator-
activated receptor-γ coactivator 1α; PI3K, phosphatidy-
linositol 3-kinase; SIRT1, sirtuin 1; SPARC, secreted pro-
tein acidic and rich in cysteine; sTNF-R, soluble TNF
receptors; trkB, tropomyosin receptor kinase; UCP1,
uncoupling protein 1. Used with permission from Fiuza-
Luces et al. [25]
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demonstrated an increase in IL-6 after acute resis-
tance exercise; however there was no change in
IL-6 in women [6].

While IL-6 and other myokines are important
in the systemic benefits of exercise, they are
numerous. It takes decades of research to identify
all of the myokines and factors released by
contracting skeletal muscle. This is further com-
plicated by the technical difficulty in tracing the
physiological effects and determining the mecha-
nism of action of such myokines [113]. The
knowledge of these factors may have important
therapeutic implications, but it will likely be
impossible to synthesize a “polypill” product
that could replicate the multitude of physiological
effects of repeated muscle contraction.

The discovery of myokines has led to the pur-
suit of possible therapeutic implications of these
myokines for disease and obesity prevention. Still
others have suggested combining pharmacological
approaches, creating a polypill in attempt to mimic
the physiological effects of exercise. Fiuza-Luces
et al. [25] compared this polypill approach with
different modes of acute exercise on traditional
cardiovascular risk factors [25]. While a combina-
tion of antihypertensive and statin medications did
result in modest reductions in cardiovascular dis-
ease risk factors, this polypill combination was not
superior to an endurance exercise intervention.
Furthermore, there were no other beneficial
changes that are typically seen with exercise
interventions such as increases in cardiorespiratory
fitness and decreases in adiposity.

A limited number of the beneficial effects of
regular exercise can be replicated by acute phar-
macological manipulation; yet, there is not yet a
single low-cost regimen that mimics all of the
physiological effects of repeated skeletal muscle
contraction. Further, these pharmacological
approaches are unable to mimic the favorable
effects on psychological function, neuromuscular
coordination, and well-being [25].

Summary

The cardiovascular response and adaptation to
endurance exercise is well-characterized; how-
ever, much of this work has been conducted on

only male subjects or a small sample of men and
women combined. Thus, the sex differences dur-
ing exercise, after exercise, and in response to
exercise training are not completely known.
Furthermore, sex differences in skeletal muscle
adaptations to exercise and how these differences
influence cardiovascular function are less known.
Identifying potential differences and the mecha-
nisms behind such exercise-induced adaptations
is important for the optimization of exercise
interventions between men and women across
the life span.
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Abstract

The size, hemodynamics, and function of car-
diovascular structures change dramatically
from the early fetal life to late adolescence.
The principal determinants of cardiovascular
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dimensions are related to the blood flow
needed to meet metabolic demands. This
demand is in turn tightly related to body size
and body composition, keeping in mind that
various tissues may have different metabolic
rates. There is no simple model that links car-
diac dimensions with a single body size mea-
surement. Consequently, despite abundant
scientific literature, few studies have proposed
pediatric reference values that efficiently and
completely account for the effect of body size.
Other factors influence cardiovascular size and
function in children, including sex. The influ-
ence of sex is multifactorial and not fully
understood, but differences in body size and
body composition play an important role. We
will first review the determinants of cardiovas-
cular size and function in children. We then
explore the evaluation and normalization of
cardiovascular size and function in pediatric
cardiology in relation to the growth of cardio-
vascular structures during childhood, with a
particular focus on sex differences.

Keywords
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Introduction

It is common knowledge that cardiovascular
dimensions are related to body size throughout
the life span. There are numerous early obser-
vations that heart mass is proportional to body
mass in several animal species [1]. In humans, the
early work of Graham and collaborators put
forward the notion that heart size was directly
related to body surface area (BSA) in children
[2, 3]. This notion was reinforced by several
other studies showing a linear relationship
between basal metabolic rate, cardiac output,

and BSA (reviewed by Nevill et al. [4]). Despite
the advantageous simplicity of a somewhat linear
relationship between cardiovascular dimensions
and body size, we now know that there is no
simple scaling method that can explain the com-
plex interaction of body size and cardiovascular
size, especially in children (reviewed by Nevill
et al. [4] and Batterham et al. [5]). Furthermore, it
has been shown that the relation between body
size and cardiovascular size may be different in
healthy boys and girls [6–9]. Here, we review the
determinants of cardiovascular size and function
in children. We then discuss the implications of
the growth of cardiovascular structures in the
evaluation of cardiovascular size and function in
pediatric cardiology, with a particular focus on
sex differences.

Determinants of Cardiovascular
Dimensions in the Healthy Child

Under the principle of minimal work, the optimal
diameter of a vessel will be one that minimizes
the energy needed to propel a given amount of
blood flow (reviewed by Sluysmans and Colan
[10]). Nature tends to find a compromise between
the energy needed to overcome shear stress
(inversely proportional to vessel diameter) and
the energy needed to surmount blood inertia (pro-
portional to vessel diameter). The blood flow
required to support life varies greatly according
to metabolic demands. It has been shown that
under the principle of minimum work, the cardio-
vascular size in children is optimized to accom-
modate a flow that is two to four times greater
than the resting cardiac output [10].

One can hypothesize that cardiovascular
dimensions are likely related to the area under
the curve of cardiac output over time, although
this would be difficult to prove. On any given
day, the total cardiac output will change
according to many hemodynamic factors, but, in
general, it should be closely related to the total
amount of body mass that has been metabolically
active during that day. Indeed, it has been
observed many times that both cardiovascular
dimensions and basal metabolic rates are closely
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related to body dimensions, with an even tighter
correlation with surrogate metrics of metaboli-
cally active mass, such as lean body mass
(reviewed by Batterham et al. [5]).

Many biological and morphological factors are
associated with heart size, but their contributions
are usually greatly reduced after adequate adjust-
ment for body size and body composition. An
interesting example of this is the demonstration
by Blimkie and collaborators that the tight rela-
tion between peak oxygen consumption and heart
size is mainly due to the close relationship
between both these parameters and body size
[11]. For the same height and weight, athletes
have a different body composition compared
with nonathletes, and this variation in muscle
and fat mass explains a great proportion of the
difference in peak VO2 [12, 13]. There is also
evidence that BSA – but not age – is a strong
determinant of both arterial lumen and wall thick-
ness during rapid growth in early childhood [14],
although arterial wall thickening is also
influenced by gender differences in blood pres-
sure (and wall stress) later on in adolescence [15].

Between sexes, there are clear differences in
heart size and aerobic fitness, despite adjustment
for body size [6–9, 16]. This may in part be due to
differences in body composition. Nevill and
collaborators have shown that during puberty, at
the peak of growth spurt, the proportion of muscle
mass over total body mass increased in boys but
not in girls [12]. This increase in muscle mass
raises the resting basal metabolic rate which, in
turn, impacts on cardiovascular growth. Interest-
ingly, arterial lumen and wall thickness are larger
in males compared with females in the upper
body, including conduit arteries of the arms and
head, but not in arteries of the legs [14], which
could be explained by sex differences in upper
versus lower body proportions or composition.
Whether a precise determination of body compo-
sition could explain the entire variation in cardio-
vascular dimension between males and females is
not known. Nevertheless, because measuring
body composition precisely is not convenient,
many studies reporting relation between body
size and cardiovascular dimensions have right-
fully stratified their results by sex.

Prenatal Growth of Cardiovascular
Dimensions

It comes as no surprise that the main determinants
of cardiovascular dimensions prior to birth are
related to gestational age and fetal body size. It
has also been known for decades that maternal
height and weight, parity, ethnicity, and fetal sex
influence fetal body growth overall [17–19]. How-
ever, the magnitude of the absolute sex difference
in fetal body size seems relatively small and is not
equally distributed in the fetal body [20]. Cur-
rently, prediction models to assess fetal cardio-
vascular dimensions in clinical settings are
adjusted for gestational age or fetal biometry
only [21–23].

It has also become apparent that disturbed fetal
growth is inevitably linked with disturbed cardio-
vascular growth as well. Both the constitutional
small fetal body size (traditional symmetric small
for gestational age infant) and progressive intra-
uterine growth restriction (asymmetric and sym-
metric intrauterine growth restriction or fetal
growth restriction) are linked with smaller cardio-
vascular dimensions. Although cardiovascular
dimensions tend to follow body size in fetuses
with abnormal growth, differences in fetal right
and left ventricular shapes have been reported in
intrauterine growth restriction [24, 25]. At the
other end of the disturbed fetal growth spectrum,
excessive fetal body growth may also present as
constitutional or be progressive (maternal diabe-
tes), which is reflected as a higher proportion of
fat mass and cardiac hypertrophy in the latter
form. In newborns and infants, cardiovascular
dimensions have been adjusted for BSA, with
little influence from sex and prematurity [26]. In
premature infants, weight has also been used due
to the relatively small variability in the weight
range and the technical variability in the body
length measurement [27]. Body surface area and
weight do not, however, fully account for
variability in body composition in the setting of
disturbed fetal growth.

Much less is known about peripheral arterial
morphology during the prenatal stage, which may
be due to the technical challenges related to
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limited image resolution. So far, most studies
have focused on the great arteries. More lately,
predictors for peripheral conduit arteries have
been reported for premature infants (surrogate
for fetus) following abnormal intrauterine growth.
In these studies, the dimensions of the arteries
were strongly predicted by infant BSA and/or
arterial end-organ size [28]. In asymmetric intra-
uterine growth restriction with brain sparing, neck
arterial dimensions seem best predicted by head
circumference.

Body Size Adjustment and Reference
Values

Challenges in Cardiovascular
Adjustment for Body Size in Pediatric
Cardiology

The identification of an abnormal size in any
cardiovascular structure is essential in pediatric
and fetal cardiac imaging. In the growing child,
clinicians must disentangle the physiologic effect
of body size from the pathological effect of dis-
ease. Reference values and body size-adjusted
measurements are thus a direct and important
clinical application of allometry. The use of
adjusted measurements, often in the form of Z
scores, is now the norm in cardiovascular imaging
[29, 30].

As mentioned above, there is no simple scaling
method that allows easy adjustment of cardiovas-
cular size with a single body size variable in
children. There are several methods to determine
reference values for cardiovascular size and func-
tion in children (review by Blais et al. [16] and
Mawad et al. [31]). Briefly, among important
aspects to be considered, one can name popula-
tion selection, choice of regression models,
parametric versus nonparametric approaches,
choice of scaling variable, evaluation of residual
values, and conformation to adequate distribution
of residuals. Although several prediction
equations and methods of adjustment have been
proposed and published in pediatric cardiology,
they are of variable quality and often prone to bias
[32, 33, 31]. The method of indexing (dividing a

parameter by a measure of body size) represents
an interesting example of a clearly biased method
of adjustment that is still consistently used despite
decades of warning in the scientific literature
[34, 35, 5, 4, 36, 37, 6, 38–43].

The choice of a body size variable to adjust
measurements in children is a critically important
aspect – and one that is much debated – in the
determination of reference values. Estimation of
BSA has often been viewed as the “best” variable
to normalize cardiovascular structure dimensions,
and most recent Z score equations are based on
BSA [31, 32, 44]. However, variation in body
composition that is not accounted for by estima-
tion of BSA may represent a significant limitation
of BSA-adjusted Z scores. In predicting cardio-
vascular structure size, it has been shown that
multivariable models are often superior to models
that incorporate only one body size variable such
as BSA [45–47]. It is logical that a parameter
adjusted for body size should become completely
independent of body size. Ideally, this should also
be true in populations with abnormal body habi-
tus. The approach used to derive predicting
equations in pediatric cardiology has improved,
and the importance of careful validation to ensure
absence of residual associations of Z scores with
body size has gained attention [31, 45, 32]. How-
ever, with the growing population of overweight
and obese children, Z score equations accounting
for variability in body composition are still
needed.

Cardiac and Vascular Normal
Dimensions and Reference Values

The vast majority of recent reference values for
cardiovascular dimensions in children are for
echocardiographic measurements. In their recent
review, Cantinotti and collaborators cite more
than 50 articles reporting reference values in pedi-
atric echocardiography [32]. The table lists stud-
ies reporting reference values for cardiovascular
dimensions in pediatric echocardiography since
the year 2000. Only studies including 400 subjects
or more are listed. As previously reported, over-
all, there is a lack of validation of most of these
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prediction models to ensure that the adjusted
measurement is completely independent of body
size. Some authors analyzed residual associations
to ensure that the adjusted measurement was
independent of the body size parameter for
which it was adjusted [26, 48, 45, 49, 37, 9, 6,
50, 51]. However, except for a few exceptions
[45, 49, 37], residual associations with other body
size parameters such as height, age, or body mass
index are rarely reported.

As stated in the table, most authors proposing
reference values for cardiovascular dimensions
have assessed potential sex differences for the
body size-adjusted parameter. About half of the
studies present values stratified by sex, while
others report values for both sexes combined due
to nonsignificant sex difference or to sex difference
considered negligible and clinically irrelevant.

In fetal echocardiography, Z score equations
for different cardiovascular dimensions have
mainly been adjusted for either gestational age
or a parameter of fetal body size [52–54, 21,
22]. To our knowledge, other factors known to
influence fetal body growth (maternal body size,
parity, ethnicity, and fetal sex) have not been
included in prediction models. However, using a
parameter of fetal body size rather than gesta-
tional age in the adjustment should at least partly
account for the sex difference. In the setting of
congenital heart disease, obstruction of right or
left heart flow may significantly impact on fetal
cardiovascular growth with hypoplasia of cardiac
structures and arteries. Detecting fetal cardio-
vascular dimensions that fall outside the normal
range and a deterioration in the longitudinal
growth of these structures is key in the attempt
to predict the early postnatal course, treatments,
and management needed. Lately, Z scores
adjusted for fetal size have been used in defining
thresholds scores for fetal interventions [55, 56]
with the intention to improve the intrauterine
growth of underdeveloped cardiovascular
structures and, eventually, postnatal outcomes.

Recent and well-executed studies proposing
pediatric reference values for other cardiac diag-
nostic modalities are scarce. For cardiac magnetic
resonance imaging, there are few small

single-center studies, and none have proposed Z
score equations based on sound and complete
parametric modelization [38, 57–59]. The largest
was done on 114 prospectively recruited children
and young adults (8–20 years of age) and used the
very robust lambda mu sigma (LMS) modeling
technique but on volumes already indexed for
BSA or weight [60]. The study provided percen-
tile limits but did not allow for the calculation of
Z scores. However, it did show that indexed right
ventricular volumes vary with age, thus casting
doubts on their use to monitor ventricular dilata-
tion over time. The only pediatric study on car-
diac magnetic resonance imaging that did not rely
on indexing was that of Buechel et al., which
included only 52 patients [38].

Hemodynamics Parameters

Cardiovascular dimensions, cardiac output,
compliance of heart chambers, preload, afterload,
conduction properties, and heart rate change
tremendously with growth from the fetal stage to
young adulthood. All of these impact on cardio-
vascular hemodynamics such as filling properties,
blood velocities, stroke volumes, myocardial per-
formance, and time intervals of the cardiac cycle.
Evaluating the independent contribution of each
factor is complex as they are usually interrelated.

In the evaluation of diastolic function in chil-
dren, it has been observed that body size, age,
and heart rate influence filling properties [61–
67]. Because body size and heart rate change
concomitantly with age, evaluating their relative
contribution has been challenging. Two recent
reviews evaluated the variation and reference
values of diastolic indices in children [32, 68].
The somewhat weak and nonlinear association of
most diastolic function parameters with body size
has impelled many authors to report mean values
or centiles stratified for age [69, 63, 62], although
some have attempted parametric modeling to
produce Z score equations [70, 65]. To our
knowledge, sex differences in diastolic function
are negligible [70, 69, 62], and there are currently
no sex-specific reference values available.
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Myocardial strain and strain rate have gained
popularity to assist in the assessment of myo-
cardial function. The influence of body size and
age on strain has been inconsistently reported.
Some have suggested that longitudinal and cir-
cumferential strains vary with age [71–75], but
this has not been confirmed by others [76–
79]. Studies proposing reference values for strain
have been recently reviewed [80, 81]. Most stud-
ies report mean and standard deviations stratified
by age groups, except one that proposes Z scores
adjusted for BSA [82]. No sex differences have
been reported after adjustments for age or body
size [72, 79, 82].

Electrocardiography

It is common knowledge that most ECG
parameters change during infancy and childhood.
Reference values for infant and children are how-
ever surprisingly scarce. The initial work of
Davignon et al. [83] has been and is still used
today although two more contemporary studies
specifically proposing reference value in children
are available [84, 85]. Eyeballing scatter plots
reported for age in the Rijnbeek et al. study
[85], one can appreciate that ECG parameters do
not seem to follow longitudinal changes in body
size and, consequently, cardiac size does not
seem to fully explain ECG variations with age.
Determinants of ECG changes are multifactorial
and complex. A study of close to 1.5 million
Brazilian pediatric and adult subjects showed
that some ECG parameters remain stable through-
out life (P-wave frontal axis), some change during
childhood and stabilize in adolescence and adult-
hood (heart rate, QRS duration, and QT interval),
and some display a constant change throughout
life (QRS frontal axis, P-wave duration, and QTc
interval) [86].

Sex differences in ECG parameters have been
documented by several authors, especially for the
QTc interval [85, 84, 87, 88, 86, 89, 90]. Interest-
ingly, in Brazilian subjects [86], curves of ECG
parameter mean values stratified by sex overlap in
young children but then diverge during early

adolescence. However, the study by Rijnbeek
et al. [85] reports sex differences for several
parameters prior to adolescence. Fortunately,
they do report sex-specific reference values.

Cardiopulmonary Exercise Testing

Cardiopulmonary exercise testing is an important
noninvasive method to assess cardiopulmonary
fitness, which has diagnostic and prognostic
value in the assessment of chronic disease in
children. Peak aerobic performance and the way
the body responds to exercise dramatically
change during childhood [91–95].

In addition to the influence of body size on
cardiovascular fitness, sex differences have been
repeatedly observed in exercise parameters
[16]. The fact that muscle mass is an important
determinant of aerobic fitness may in part explain
the sex differences found [12, 13, 96]. It is likely
that other factors related to sex also play a role in
the higher peak oxygen consumption found in
males. As an example, Fig. 22.1 shows the rela-
tion between fat-free mass and peak VO2 in
233 healthy children aged 12–17 years stratified
by sex (unpublished results from our institution).
For the same fat-free mass, boys consistently
display higher VO2 compared with girls. Simi-
larly, as shown in Fig. 22.2, when peak VO2 is
adjusted for height, fat-free mass, and habitual
physical activity, males still show higher mean
values compared with females.

These differences between sexes are important
enough to consider males and females separately
when prediction models are constructed. Blais
and collaborators recently reviewed 34 published
studies proposing pediatric reference values for
cardiopulmonary exercise testing [16]. They
report that most studies show results stratified by
sex and propose sex-specific sets of reference
values. They also conclude that, unfortunately,
high-quality non-biased reference values for chil-
dren are limited [16]. Consequently, the data from
the important but dated work of Cooper in the
1980s is often still used to estimate predicted
values in children [97, 93, 94].
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Blood Pressure

Blood pressure is an easily available and com-
monly used parameter to assess hemodynamics in
children, both in the setting of disease and for the
assessment of cardiovascular risk. Resting blood
pressure increases with age and body size to reach
adult levels in adolescence. The heredity of blood
pressure is known to be moderate with genetics
explaining a substantial part of the variability
(reviewed by Wang et al. [98]).

The most commonly used reference for outpa-
tient blood pressure measurements is the Ameri-
can fourth report on the diagnosis, evaluation, and

treatment of high blood pressure in children and
adolescents [99]. It provides the normal range
stratified for gender, age, and height. More
recently, international blood pressure references
for non-overweight children aged 6–17 years
have been proposed with pooled data from
seven nations [100]. Compared with the US
Fourth Report, systolic pressures were lower but
diastolic pressures higher. Higher pressure for
males vs females were observed from >14 years
of age, which is likely multifactorial but related to
pubertal maturation. Currently, the definition of
hypertension is based on the 95th percentile limit
of the distribution of blood pressure in the

Fig. 22.2 Mean peak
oxygen consumption after
adjustment for height and
fat-free mass and stratified
by habitual physical
activity and sex
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population. Amore appropriate approachwould be
to define pediatric hypertension based on the occur-
rence of target organ damage in the pediatric age or
cardiovascular disease events in adult age. Refer-
ence values for 24-hour ambulatory blood pressure
have been determined from different European
populations for children aged 5–20 years
[101]. They are reported separately for day and
night periods and stratified for sex, age, and height.

Blood pressure impacts on arterial wall thick-
ness and left ventricular mass. In later adoles-
cence, differences in systolic blood pressure
(and pulse pressure) explain gender differences
in wall thickness [15]. Ethnic differences in
carotid arterial layer thickness have also been
reported with slightly thicker intima-media thick-
ness in the healthy black pediatric population
compared with the white [102]. This difference
has at least partly been attributed to differences in
lean body mass [103].

Impact of Disease and Treatment
on Cardiovascular Growth
and Maturation

An abnormal cardiovascular dimension is a major
component in many forms of congenital heart
malformations, and it is beyond the scope of this
chapter to discuss in detail. The epidemiology of
congenital heart diseases in relation to gender is
addressed elsewhere [104].

Noncardiac disease, treatments, and inter-
ventions leading to long-term alterations in body
growth and blood pressure and flow during child-
hood impact on cardiovascular growth as well.
Examples include children with chronic kidney

disease [105], obesity and type II diabetes [106],
and childhood cancer survivors treated with
radiotherapy [107]. The common feature in
these populations is the negative impact of
adverse body growth and composition, blood
pressure, and disturbed flow on vessel growth
including lumen dimension and wall thickness.
Attenuation in the slope of wall thickening with
age has also been reported when blood pressures
and lipids have been lowered with an intervention
[108, 109].

Summary

Body size changes tremendously from the early
fetal life until the end of adolescence. There is a
concomitant change in metabolic demands, car-
diovascular size, and hemodynamics. The strong
relation between body size and cardiovascular
dimensions is however not linear, and predicting
heart and vessel dimensions according to simple
parameters of body size (height, weight, or BSA)
has been challenging. This complexity may not
have been sufficiently recognized in the scientific
literature. Consequently, despite the large number
of published reference values in pediatric cardiol-
ogy, many are fraught with potential biases due to
incomplete adjustment for body size. The effect
of sex on cardiovascular size is well recognized,
but there are areas of uncertainties regarding the
contribution of body composition in explaining
sex differences. In future studies, a careful exam-
ination of residual associations with potentially
confounding variables (obesity, body composi-
tion, sex, and race) will greatly contribute to our
understanding of cardiovascular growth.
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Abstract

Cardiac function is best described by investi-
gating the pressure-volume relationships. This
information permits description in terms of
the ventricular volume regulation graph
(VRG), estimation of systolic elastance, evalu-
ation of lusitropic properties, and assessment of
ventriculo-arterial coupling. Current techniques
yield noninvasive determination of cardiac
compartmental volumes, along with systolic/
diastolic arterial pressure, while ventricu-
lar end-diastolic pressure can be inferred from
an echocardiography-based surrogate measure.
Ventricular volume is known to vary with age,
as well as to be affected by intrinsic cardiac
disease and abnormalities of the vascular
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system. Moreover, 35 years ago it has been
shown in healthy adults that left ventricular
volume is significantly smaller in women com-
pared to men. This important observation has
serious implications for several metrics which
are routinely used in clinical practice, e.g., ejec-
tion fraction. The remarkable difference
between ventricular size in men and women is
also a powerful starting point for the study of
aging and the investigation of interventions
such as exercise. In this review we evaluate
sex-specific characteristics of the VRG and the
implications for various cardiac patient
populations, during basal conditions and inter-
vention such as exercise.

Keywords

Volume regulation graph · Ventricular
function · Ejection fraction · Strain analysis ·
Torsion · Remodeling · Ventricular geometry ·
Cardiophysiology · Exercise and cardiac
pump · Ventricular mass · Aging and the heart ·
Cardiac dimensions · Right ventricle · LAVI ·
Sex-specific analysis · Heart failure · Diabetes
mellitus · Review

Die Figur ist etwas geändert worden,
da die in der früheren Arbeit S.9 gegebene
Berechnung
eine kleine Berichtiging erfahren musste.

Otto Frank, in: Die Grundform des
arteriellen Pulses. Z. Biol. 37 (1898)
483–526

Introduction

Thousands of publications are devoted to the mea-
surement of the size of the heart which determina-
tion is found to be clinically important [12]. More
specifically the volume of each of the four
compartments has been estimated. Measurement
techniques have evolved from the use of beeswax
[19] to X-ray, MRI, and 3D echocardiography.
The rationale for such efforts is clear: the heart is

a pump, and to characterize the performance of any
pump, both the pressure levels and volume
displacements need to be known.While a technical
pump is defined by certain “specifications”, the
biological pump displays an enormous range of
plasticity, mainly depending on age and history
(in terms of training state and pathologic events).
Interestingly, significant differences in size have
been observed in adults, both for healthy hearts
[5, 54] and in patients with some type of cardiac
(co)morbidity, as in heart failure (HF)
[28]. Data collected by Kuznetsova et al. [38] are
summarized in Table 23.1, illustrating typical
differences between healthy men and women,
notably regarding average ventricular volume at
end-systole, indexed to body surface area (BSA).

Studying 1155 individuals without known cor-
onary or structural heart disease, and free from
hypertension and diabetes mellitus (DM), while
using cardiac computed tomography, Gebhard
et al. [14] found that left ventricular
(LV) remodeling is a process which continues
throughout life. Ejection fraction (EF) in females
was significantly higher than in males but mostly
at ages above 70 years. The findings about chang-
ing LV shape are confirmed, e.g., in a longitudi-
nal community study which suggests that
dynamic changes in LV geometric pattern over
time are common. Higher blood pressure and
greater body mass index (BMI) were found to
be modifiable factors associated with the devel-
opment of abnormal LV geometry, and such pro-
gression portends an adverse prognosis [39].

Cardiac dimension differences vary with
aging, while among sexes these disparities are
larger than those observed for arterial pressure
and heart rate differences, both in healthy
individuals (Table 23.1 and Fig. 23.1) and cardiac
patients. Therefore, a dimensional comparison is
attractive to pursue, and we primarily concentrate
on the comparative study of ventricular size and
related metrics in men and women.

LV remodeling may be intrinsically related to
the senescence process, and in part driven by
age-related comorbidities, such as long-standing
hypertension and increased vascular stiffness.
Initially they lead to asymptomatic alterations in
diastolic function (i.e., LV stiffness) and
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longitudinal systolic function (as reflected by
strain). It has been postulated that myocardial
twist may increase as a response to the loss of
longitudinal function that occurs with aging and

that this compensation may help preserve EF
[21]. Furthermore, these alterations have been
noted to differ between men and women because
a greater degree of cardiac torsion has been

Table 23.1 Hemodynamic variables in healthy adults (N ¼ 410)

Variable Women % M vs F Men P-value Unit

Persons involved 215 195 Number

Age 43.4 �1.6% 42.7 0.62 Years

Systolic blood pressure 116.5 +4.5% 121.8 <0.0001 mmHg

Diastolic blood pressure 74.6 +4.3% 77.8 <0.0001 mmHg

Mean arterial pressure 88.6 +4.4% 92.5 <0.0001 mmHg

End-systolic volume index 17.7 +27.1% 22.5 <0.0001 mL/m2

End-diastolic volume index 48.7 +21.7% 59.3 <0.0001 mL/m2

Stroke volume index 31.0 +18.7% 36.8 <0.0001 mL/m2

Cardiac output index 1.93 +10.4% 2.13 <0.0001 L/min.m2

Ejection fraction 63.7 �2.8% 61.9 0.0026 %

Heart rate 62.5 �6.2% 58.6 <0.0001 Beats/min

Volume data obtained by 2D echocardiography and brachial pressure by cuff and Riva-Rocci method. Note that average
values for all variables (with the exception of age) are significantly different in females (F) when compared to males (M).
Based on data by Kuznetsova [38] and reported in Kerkhof et al. [33]

Fig. 23.1 Associations among age, measurement of left
ventricular (LV) mechanics, or torsion in healthy elderly
of both sexes. Graded reduction of longitudinal systolic
shortening, including lower longitudinal strain (LS), lower
mitral annulus relaxation velocity E0, and modest increase
of circumferential fiber shortening (GCS) were shown by

age quintiles, which were accompanied by larger LV tor-
sion indices. All strain data and torsion to circumferential
ratio are negative and presented as absolute values. Linear
trend of P for all <0.05. TDI tissue Doppler imaging.
(From Hung et al. [21]. Reproduced with permission)
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observed in women [22]. Alterations in LV struc-
ture also may occur with cardiac disease. In par-
ticular the development of HF is accompanied by
LV remodeling.

Three-dimensional echocardiography (3DE)
currently allows a comprehensive characteriza-
tion of cardiac kinematics, enabling simultaneous
assessment of various myocardial systolic
components and torsion mechanics using speckle
tracking. Using these methods, Hung et al. [21]
investigated sex-related differences in cardiac
mechanics in an elderly population without
known HF, including 1105 participants. For
both the left atrium (LA) and the LV,
end-diastolic volume (EDV), end-systolic volume
(ESV), LV stroke volume (SV), and EF were
measured by the biplane modified Simpson
method using apical 4- and 2-chamber views.
The LV mass was assessed from LV linear
dimensions and indexed to BSA. Right ventricu-
lar (RV) function was measured by fractional area
change expressed as percentage of changes in
cavity area from apical 4-chamber view. LV
twist and torsion (twist per length, degree/cm or
�/cm) were also estimated. Less negative global
longitudinal strain (GLS) and global circumferen-
tial strain (GCS) indicate a functional decline in
global myocardial deformation assessment, with
more positive twist/torsion values representing
better torque mechanics. The torsion to circum-
ferential ratio (TCR) was also calculated. Fig-
ure 23.1 shows the results for five age groups,
stratified for males and females, as well as for
combined data. Women have smaller LV cavity

size, greater concentricity, though demonstrated
greater global longitudinal strain, global cir-
cumferential strain, and torsion than men (all
P < 0.05). Overall, older age was associated
with smaller LV EDV and ESV, lower SV,
greater wall thicknesses, and larger LV mass
index, resulting in greater LV concentricity in
terms of higher mass to volume ratio. Increasing
age was also associated with larger BSA-indexed
LA volume, though unchanged RV area, RV
fractional area change, or global LV EF. In gen-
eral, women showed significantly smaller LV
EDV and SV and higher EF than men (all
P < 0.001). Conversely, men had greater LV
wall thickness and larger LV mass index than
women (both P < 0.001). Thus, in this asymptom-
atic, senescent population, a distinct, sex-specific
pattern of cardiac remodeling was observed,
while a significant increase of torsion was more
pronounced in women [21].

Ventricular Volume Regulation
in Children

During childhood and adolescence, the size of the
heart in healthy individuals mainly relates to
body mass (BM) or BSA. After indexation for
BM or BSA, there is no real difference between
boys and girls when LV dimensions are com-
pared. Absence of a distinction is also observed
for systolic and diastolic blood pressure in chil-
dren up to 16 years [7]. Figure 23.2 illustrates the
volume regulation graph (VRG) for boys and

Fig. 23.2 Left ventricular
end-systolic volume index
(ESVi) and end-diastolic
volume index (EDVi) in
children (26 healthy and
13 with “intrinsic”
myocardial disease). Age
ranges from 1 month to
16 years. Average ESVi
and EF are not significantly
(P > 0.15) different for boys
and girls (in contrast to
findings in adults). (Data
from Graham et al. [17])
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girls (from neonates to 16 years), both healthy
and those with cardiac disease. In these children
the regression lines are not different for the two
sexes. The usefulness of the VRG and the
implications have been explained elsewhere [34].

Comparing Volumetric Characteristics
of Adult Males and Females

Volume-related data are best represented in a
diagram which relates ESV(i) to EDV(i) [4].
This choice applies to all four cardiac
compartments [27], both in healthy individuals
and patients with cardiac disease. An example
regarding the LV in patients with anginal
complaints is shown in Fig. 23.3. Data were
obtained by gated SPECT. The linear regression
lines for males and females are almost
superimposed. However, average values for EF
are significantly (P < 0.0001) higher in women.

The Heart and Other Pumps

Ziman [56] posed the question: Which came first:
science or technology? The latter term implies
“knowing how to do.” We address this question
in relation to the development of a pumping sys-
tem, including the biological muscular pump
known as the heart. It must be added that other
biological pumps do exist: spiders, for example,
use no muscles to extend their legs, sticking them
out hydraulically instead, with pressures which
may exceed 450 mmHg [52]. The physician
Willem Kolff devoted most of his life to the
development of an artificial kidney, extending
his work to the development of an artificial
heart [15]. An alternative route is based on assist
devices [37]. Interestingly, Moscato et al. [43]
were able to construct the ESV vs EDV relation-
ship (i.e., the VRG representation), yielding high
correlations in acute animal experiments using
cardiac assist devices in sheep. Going back to
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Fig. 23.3 Left ventricular (LV) volume regulation in
males and females, showing the higher average ejection
fraction in women. Distribution of end-systolic (ESVi) and
end-diastolic (EDVi) volumes for 276 patients evaluated
for chest pain and dyspnea, as determined by gated
SPECT, presented in the LV volume domain. Regression

lines for males and females are similar, but their average
(ave) values (yellow triangle and circle, respectively) are
significantly different, resulting in a substantially higher
(P < 0.0001) average value for ejection fraction (EF) in
females (see solid lines with arrowhead). (Data described
by Peace et al. [44])
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Ziman’s question, we may ask if the concept of a
cardiac pump promoted similar technical
inventions, if mechanical insights helped to
understand the biological pump, or rather if both
ideas matured in parallel. Further details on tech-
nical and biological pumps are summarized
elsewhere [35].

Ejection Fraction and Ventricular
Volume

An earlier variant of the metric EF was introduced
around 1955 to quantify indicator dilution curves.
During steady-state conditions, it was observed
that the washout fraction of tracer material
(injected during diastole) which remained in the
ventricle was rather constant [20]. This informa-
tion yields residual volume (as it was called at that
time), which is the same as our present end-sys-
tolic volume (ESV). The fraction was referred to
as residual fraction and equals (1-EF). Subse-
quently, the EF gained popularity because of its
ease of use and the impression that it reflects
efficiency of forward pumping. The relationship
between EF and ESV has intrigued investigators.
Using a linear description, it was found that the

correlation between EF and ESV is significantly
less in patients using beta-blockers when com-
pared to those not using this pharmaceutical
[23]. Next, the relationship was described more
accurately by using a universal nonlinear analyti-
cal description [23]. Effects of age and sex on the
relationship between EF and ESV were studied
applying a logarithmic approximation [44], which
has been shown to work remarkably well
[32]. The initial linear EF vs ESV approach
[23] was further analyzed [51] to derive a perfor-
mance index, while a few investigators have
employed the slope as an indicator of survival
by comparing various groups of cardiac patients
[26, 31]. It must be emphasized that EF
also depends on the imaging method employed
to measure volumes [53].

Stroke Volume (SV), Heart Rate (HR),
and Ejection Fraction (EF)

SV equals EDV minus ESV. HR multiplied by SV
yields CO; both components are shown in
Fig. 23.4 in the case of heart failure patients,
where EF is reflected by the size of the bubbles.
Low values for EF tend to be associated with low

Fig. 23.4 Cardiac output
index is obtained by
multiplying stroke volume
index (SVi) and heart rate
(HR). This diagram also
shows ejection fraction
(EF) as reflected by the
bubble size in 179 heart
failure patients. Patients
with low EF values tend to
have low SVi and high
HR. In this study group, the
female and male patients
have values for SVi and HR
which are not significantly
different, as described
elsewhere [28]
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levels of SV, but a wide variation can be seen.
Although SV is (mathematically seen) an impor-
tant component of EF, there is no clear correlation
between SV and EF. Interestingly, in general there
is no significant correlation between EF and EDV
either [32]. However, EF is strongly associated
with ESV, as we will see later (Fig. 23.7).

Left Ventricular Dimensions During
Singleton Pregnancy

Pregnancy offers a physiological model to evalu-
ate the adaptation of the healthy heart of the
mother to transient preload and afterload changes
[47]. Ideally, the performance and remodeling of
the LV should be described during the uncompli-
cated singleton pregnancy while also explicitly
considering shape changes. We used published
data [16] and constructed a diagram showing
average LV volume for five points in time during
gestation in 34 women and one additional mea-
surement at 48 weeks (Fig. 23.5). Remarkably,
EF remains rather constant, while changes of
EDV were most pronounced. Further details on
hemodynamic adaptation can be found in Fu [13].

Ventricular-Arterial Coupling
and Ejection Fraction

In an attempt to describe the efficiency of energy
transfer from the ventricular pump to the adjacent
vascular bed, a formalism has been introduced
based on the elastance concept [26]. Ventricular
end-systolic elastance (Emax) is derived from
the pressure-volume loop [34], while effective
arterial elastance (Ea) is defined by the ratio of
end-systolic pressure and SV. Since Emax is the
tangent to successive loops under constant
conditions of contractility, this tangent has a
slope and an intercept, assuming linearity which
is reasonable when considering a sufficiently
small range [34]. If this intercept is chosen
along the abscissa, it is termed Vo (i.e., the vol-
ume where the Emax line intersects with the
theoretical point where pressure would be zero).
Hemodynamic coupling (k) between ventricle
and afterload is then defined by the ratio Emax/
Ea. Since pressure cancels out, k ¼ SV/
(ESV�Vo). Figure 23.6 shows k versus EF
based on the classical study by Grossman et al.
[18], covering the complete spectrum of EF
values. Two scenarios are depicted: one with the

Fig. 23.5 Average values
(N ¼ 34) for end-diastolic
volume (EDV) and end-
systolic volume (ESV) for
the left ventricle (LV) in
healthy women with
uncomplicated singleton
pregnancy (Based on data
published by Geva et al.
[16])
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“real” values for Vo and the other assuming that
for simplicity Vo can be neglected. In the latter
case, the connection between k and EF is nearly
perfect, meaning that both metrics are telling the
same story. Surprisingly, the outcome is not much
different if the actual value of Vo is considered,
yielding a high correlation even for a not very
sophisticated exponential approximation. In con-
clusion, the coupling index has not much more
informational value than whatever may be
revealed in the EF.

The Right Ventricle

Holt [20] was the first investigator to report
values for ESV and EDV as measured in the
RV, using a dilution method in dogs. Using data
on both LV and RV as collected by Rominger
et al. [46], we created a diagram showing EF
versus ESV for both compartments (Fig. 23.7).
Note that the range for ESV is much smaller for
the RV, as expected. The two logarithmic regres-
sion lines almost coincide for the groups consid-
ered which span the spectrum from healthy
volunteers to severe heart disease. In contrast,
we found two distinct regression curves for LV
and RV in post-Fallot repair patients [30], likely

expressing consequences of the transformation
following surgical intervention. Using data from
Maffessanti et al. [41], we found for the (age
group-based) average data available that the
regression lines in the VRG representation were
very close for men and women, with women
having a significantly (P ¼ 0.01) higher EF, sim-
ilar as we have observed elsewhere for the LV
[32]. This data set will be discussed later in more
detail when describing age dependency.

In 18 patients with sepsis, while employing
thermodilution to estimate RV size, Dhainaut
et al. [9] found that SV is poorly correlated with
EDV (R¼ 0.32) during military antishock trouser
(MAST) inflation to manipulate preload. How-
ever, they found a high correlation (R ¼ 0.93)
for ESV vs EDV, which is in support of our VRG
approach.

Left Atrium

The left atrium (LA) has an important reservoir
function and may during late (ventricular)
diastole actively assist LV filling (by the
so-called atrial kick). The same study by Graham
et al. [17] showing LV volumes in children
(Fig. 23.2) also estimated LA size. Figure 23.8

Fig. 23.6 Arterial-ventricular (AV) coupling is strongly
related to ejection fraction (EF), simply based on their
definitions. Data from patients described by Grossman
et al. [18] are shown, to illustrate the effect of neglecting
the volume intercept (Vo) which refers to the end-systolic

pressure-volume relationship. Clearly, the coupling index
is tightly connected to EF if the real value of Vo is omitted
(circles) and even if this simplification is not considered
(squares)
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illustrates the findings for the healthy subgroup
(N ¼ 20). Although the regression lines seem to
differ, the numbers of participants involved are
too limited for a meaningful statistical compari-
son of boys and girls. However, there is no sig-
nificant sex-based difference between average
minimum and maximum volumes, and this obser-
vation was also the case when the cardiac patients
were included (not shown). These findings in

children contrast to findings often seen in healthy
adults. For example, Yu et al. [55] found in
women a greater (P < 0.001) LA volume index
(LAVI) than in their male counterparts in the risk
factor (according to their CHA2DS2-VASc
scores) �2 group.

In an editorial Di Tullio and Homma [10] note
that LA minimum volume is strongly associated
with LA EF in the entire population studied (1142

Fig. 23.7 Ejection fraction (EF) versus end-systolic vol-
ume index (ESVi) for left ventricle (LV) and right ventri-
cle (RV), measured by fast cine MRI. The study included
52 healthy volunteers and 325 cardiac patients subdivided
into 22 diagnostic groups without attention to possible

sex differences (Based on diagnostic-group averaged
data (with specified sex ratios of individual groups), as
published by Rominger et al. [46]. Note that group sizes
are unequal, ranging from 4 to 52 individuals)

Fig. 23.8 Left atrium
(LA) minimum volume
index versus maximum
volume index in 20 healthy
children (9 girls). Age
ranges from 3 months to
16 years. Average
minimum and maximum
(BSA indexed) volumes are
not significantly different
for boys and girls. (Data
from Graham et al. [17])
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healthy elderly). Furthermore, LA minimum vol-
ume is the strongest correlate of LA EF in every
diagnostic subgroup they analyzed. This finding
is to be expected, as it is essentially based on a
mathematical triviality, which applies to all four
cardiac compartments. A proof based on Monte
Carlo simulation (i.e., employing random num-
bers) has been published elsewhere [29].

Right Atrium

Relatively few studies concern the right atrium
(RA), and among those the majority concentrates
on diameter or area. Actual RA volume (mean
value and 95% confidence interval) was reported
in healthy adults free of hypertension and obesity
as determined by using 64-multidetector row
computed tomography [40], yielding reference
values. Figure 23.9 shows in a heterogeneous
group of adult cardiac patients the MRI-based
RA diameters, along with LA diameters and LV
volumes (scaled so as to visually cover the diam-
eter ranges for the atria) and stratified for sex.

Ventricular Dimensions Change
with Aging

There has been some debate about the variation of
LV EF in men and women during the aging

process. An inevitable problem resides in the fact
that physiological aging is difficult to delineate and
separate from subclinical deterioration. In a
gated SPECT study, Peace et al. [44] found
in 127 patients with suspected coronary artery
disease (CAD) for the LV that ESVi slightly
decreases with age, while EF remained unchanged.
A study in 442 dogs (280 male) with various types
of cardiac disease [25] revealed that fractional
shortening (FS), based on echocardiographically
determined LV diameters, did not change with
age (range a few months up to 15 years), while
the slope in the diameter domain equivalent of the
VRG tends to increase with age, when three
groups are considered (with cutoff at 2 and
6 years).

Relatively few investigators have extended
their studies to include the RV. Age-related
findings obtained for RV ESV and EDV
estimated by 3D echo in healthy adult men and
women are illustrated in Fig. 23.10, based on data
collected by Maffessanti et al. [41].

Another investigation compared LV volumes
in both sexes for three age groups (Fig. 23.11) and
confirmed larger ESVi and EDVi in males
(N ¼ 43), compared to females (N ¼ 59) based
on a gated SPECT study concerning individuals
with a low likelihood of CAD [8]. The different
volumes as observed in both sexes have
implications for the values of EF, as illustrated
in the VRG, where trajectories for constant EF

Fig. 23.9 Right atrial
(RA), left atrial (LA), and
left ventricular (LV) data
shown in a combined
volume regulation graph,
where LV volumes are
scaled so as to visually
display a similar space as
the atrial diameters (Data
refer to 51 adult cardiac
patients, including 33 males
(M) and 18 females
(F) investigated by cardiac
MRI at VU University
Medical Center,
Amsterdam, the
Netherlands)
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values of 60% and 70% are shown. In this study
average EF increased with aging, notably in
women.

The VRG During Exercise in Men
and Women with Heart Disease

Apart from polypill considerations [36], it is now
generally accepted that age-dependent appropri-
ate levels and types of exercise constitute a natu-
ral and powerful means to maintain health. The

impact of physical activity on the functioning and
adaptability of the heart has been studied in
humans and animal models. Data published by
Rerych et al. [45] permit the analysis of effects of
exercise in healthy volunteers (N ¼ 30) and
individuals with ischemic heart disease
(N ¼ 30), 10 with single coronary artery disease
and 20 patients with multiple-vessel coronary
disease. Radionuclide angiocardiograms were
performed at rest and during exercise, with all
individuals studied in the erect posture on a bicy-
cle ergometer. In the controls, the mean HR

Fig. 23.10 Right ventricular (RV) end-systolic volume
(ESV) and end-diastolic volume (EDV) as a function of
age groups in healthy adults, estimated by 3D echo. Note
that volumes are not indexed for body surface area. Ejec-
tion fraction was rather independent of age (not shown).

Average values for six age groups with range 18–90 years
(N ¼ 507); first group <30 and last group >70 years. Thus,
also in the RV, a larger EF (64.0 vs 61.7 %) is found in
healthy women. (Based on data from Maffessanti et al.
[41])

Fig. 23.11 The volume
regulation graph for the left
ventricle (healthy
individuals N ¼ 102), with
group averages referring to
ages < 45 and > 65 years
and intermediate ages,
stratified for sex. The lines
with arrowhead indicate
direction of increasing age
for each sex. Note that the
highest ejection fraction
(EF) occurs in the youngest
group of women. This value
is considerably higher
compared to the equivalent
point in males. (Data from
De Bondt et al. [8])
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doubled and the cardiac output tripled during
exercise. Their findings indicate that patients
with ischemic myocardial disease respond to the
stress of exercise by cardiac dilatation to maintain
or increase SV at increased HR. Figure 23.12
illustrates the findings in terms of the EF vs
ESVi relationship, subdivided for sex, and
shows that the inverse nonlinear relationship
applies to all groups, both at rest and during
exercise. Only at higher ESVi values the curves
seem to diverge for men and women. However, in
that region (where ESVi > 50 mL/m2), there are
no data points for women, suggesting that the
larger ESVi values often seen in men are respon-
sible for this difference.

Cardiac Function in Patients
with Diabetes Mellitus

The heart progressively remodels over the life
course, and the impact of DM has been investi-
gated. Over a 16-year period in 4062 Framingham
Heart Study participants (mean age 45 years, 54%
women; 11,485 person-observations), LV wall

thickness, LV systolic and diastolic dimensions,
and FS were studied in relation to age, sex, body
mass index, blood pressure, smoking, and
DM. With advancing age, LV dimensions
decreased, whereas FS and LV wall thickness
increased concomitantly. Female sex, greater
blood pressure load, and presence of DM were
found to attenuate the remodeling pattern,
suggesting a mechanism for the preponderance of
women with hypertension and individuals with
DM among patients with diastolic HF [6]. We
investigated LV volume in men and women with
DM and found that average EF is significantly
higher in women (Fig. 23.13), as also observed in
healthy individuals [5] and in patients [44] with
suspected CAD.

The VRG and Heart Failure

Heart failure (HF) can be manifest as different
phenotypes [26], which are readily discerned in
the VRG representation based on the selected
cutoff value for EF. Figure 23.14 illustrates the
three most common types with reduced (r),

Fig. 23.12 Ejection fraction (EF) as determined by end-
systolic volume index (ESVi) during rest and exercise in
patients with coronary artery disease (N ¼ 30) and healthy
controls (N ¼ 30). Regression curves show an excellent
correlation between EF and ESVi and appear in the higher
ESVi region to be elevated for women (N ¼ 16), both at

rest and during exercise, but this finding is not supported
by presence of actual data points. Instead, the regression
curves for ESVi < 50 mL/m2 suggest a similar pattern for
men and women, indicating on average comparable EF
values at identical ESVi. (Data from Rerych et al. [45])
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midrange (m), and preserved (p) values for EF,
respectively. They correspond to precisely
defined areas which can clearly be identified in
the LV volume domain [27]. In the past a border-
line zone was introduced for EF values between
40% and 50%, where frequent transitions
between HFpEF and HFrEF (in both directions)
might occur. Currently, this zone is recognized as
a separate phenotype, called midrange. However,
since average EF is significantly higher in healthy

adult women [5] and in cardiac patients [44] and
is likely also the case in HF [28], establishing the
same cutoff values for men and women is inap-
propriate, and thus the HF phenotypes should
require separate analysis. Several studies have
proposed to define a cutoff level at 55% for
women with HFpEF, as reviewed elsewhere [27]
and as also proposed by the Cardiac Review and
Evaluation Committee reviewing trastuzumab
(see below). Moreover, there are strong

Fig. 23.13 Volume
regulation graph for cardiac
patients (N ¼ 180) with
diabetes mellitus (DM),
stratified for males (M) and
females (F). The regression
lines for M and F (N ¼ 69)
almost coincide, but
average ESVi and EDVi are
significantly (P ¼ 0.032)
smaller in females.
Although higher in women,
no significant difference for
ejection fraction (EF) was
found. (Data from patients
as described elsewhere
[35])

Fig. 23.14 In the volume domain, the three proposed
phenotypes of heart failure (HF) can be easily recognized.
The HFrEF type is confined to the upper area between the
black identity line and the green line indicating that
EF < 40%, whereas the HFpEF syndrome is located in
the lower triangular region (yellow area). The gray wedge-
shaped area is reserved for midrange HF. As a

consequence of this separation, we find that the resulting
regression lines are clearly different for the three groups,
and thus their volume regulation differs, i.e., in HFpEF it is
more “Starling-like,” implying that SVi clearly increases
as filling volume (EDVi) becomes larger. The fact that
average EF for women is higher for most patient groups
may imply that the cutoff levels for women are higher
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indications to not rely only on a vague metric
such as EF, which has limited meaning as it is
just a dimensionless ratio. In fact, many decades
ago the potential weakness of EF has been
emphasized [2, 24]. Another obvious shortcom-
ing of the current guidelines resides in the appli-
cation of plain linear borders between HF
phenotypes as seen on the VRG presentation
(Fig. 23.14), as suggested by the committee
(s) responsible for formulating such rules, without
justification or any thoughts on reconsideration.
The application of machine learning could be of
substantial importance to resolve the distinctions
between HF groups, as shown elsewhere when
addressing these issues [1].

Need for Sex-Specific EF Cutoff
in Phenotyping and Treatment
Considerations

There are concerns about using EF as a marker in
studies of cardiotoxicity. HF may be induced by
chemotherapy or treatments for breast cancer with
radiation to the chest wall area [49, 50]. Therefore,
it is important to predict and detect the develop-
ment of cardiac dysfunction in these patients, e.g.,
by using imaging techniques and the determina-
tion of biomarkers. Cardiotoxicity, as defined by
the guidelines of the Cardiac Review and Evalu-
ation Committee reviewing trastuzumab, refers to
a reduction of the EF of �5% to <55% with
symptoms of HF or an asymptomatic reduction
of the EF of�10% to <55% [48]. Other EF-based
criteria have been applied, as reviewed elsewhere
[42]. In one report, assessment of the EF fails
to detect subtle alterations in LV function due
to cardiotoxicity associated with chemothera-
peutic regimens (such as anthracyclines and
trastuzumab) administered to women with breast
cancer [48]. Also, in that study parameters of
diastolic function (i.e., mitral valve A and E
wave filling velocities) and N-terminal pro-B-
type natriuretic peptide did not predict
cardiotoxicity. However, cardiac troponin plasma
concentrations and longitudinal strain were found
to predict the development of cardiotoxicity in
those patients [48]. Furthermore, Bergamini

et al. [3] found that a cutoff of 58 mL/m2 for
EDVi (rather than EF changes) may act as an
early indicator of trastuzumab-related
cardiotoxicity in human epidermal growth factor
receptor II (HER2+) breast cancer patients. These
observations highlight the current confusion
about the metric EF. While traditional HF (i.e.,
with reduced EF) is often defined as EF < 50%, it
appears that the threshold for women is higher
[27] and that EF is not always a sensitive predic-
tor [48]. The metric EF apparently cannot be
reliably used as a single marker of cardiotoxicity,
as cardiac damage seems to be more complicated
than what the EF ratio can capture.

Apart from the discussion about sex-specific
cutoff values for EF, there is also increasing
attention for sex-specific treatment of cardiovas-
cular diseases. The goal of the Multi-Ethnic Study
of Atherosclerosis (MESA) cohort was to exam-
ine correlates and progression of subclinical car-
diovascular disease. This means that by design
the MESA cohort included participants with
conditions known as risk factors for cardiovascu-
lar disease, such as diabetes and hypertension. In
patients with hypertension, cardiac myocyte
sarcomeres are added in parallel, causing
myocardial wall thickness to increase out of pro-
portion to the volume of the LV cavity. Thus, a
relative decrease in LV volume might be
explained by an increase in LV mass. However,
it was observed that in women, LV volume
decreased with age even though there was no
corresponding increase in LV mass. This finding
suggests that some other mechanism may be
diminishing LV volume in women or that the
causal relationship between mass and volume in
women may be different than that in men. One
possible hypothesis is that these results reflect
sex-specific variations in diffuse myocardial
fibrosis, which may inhibit LV volume changes
during remodeling. In the MESA cohort, there is
evidence that diffuse myocardial fibrosis is
greater in women. However, the fibrosis is
associated with a greater age-related increase in
men. The sex-specific LV mass and volume
differences observed in the MESA study may
also signal the need for sex-specific treatment
approaches for the adverse effects of myocardial
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remodeling, such as in HF. In summary, in a
cohort of individuals who were free of clinical
cardiovascular disease at baseline, a longitudinal
LV mass increase in men and a slight decrease in
women are observed, while EDV decreased and
mass-to-volume ratio increases with aging for
both men and women. The longitudinal trends
are congruent with previous cross-sectional
observations in this cohort. These results suggest
sex-specific differences in age-related cardiac
remodeling [11].

Conclusions

Cardiac function can in detail be described by
pressure-volume relationships. A reduced
approach, not explicitly including information
on pressure, employs the VRG description,
which has been shown to be applicable to all
four cardiac compartments. Examples have been
presented regarding the LV in healthy children
and those with myocardial disease (Fig. 23.2),
with for the linear regression coefficients no dif-
ference between boys and girls. Similar regres-
sion results were found for the LV in adults with
anginal complaints, indicating that average EF in
women is higher (P < 0.0001) than in men
(Fig. 23.3), and also for cardiac patients with
DM (Fig. 23.13), but now without a sex-related
difference in EF. The VRG concept was extended
to LA and RA diameters (Fig. 23.9), yielding
similar linear relationships for a heterogeneous
group of cardiac patients. Interestingly, a high
correlation was found for the inverse relationship
between EF and ESVi in a combination of healthy
individuals and cardiac patients (Fig. 23.7) for
both LV and RV. This finding indicates that EF
is closely connected to the actual value of ESVi,
which observation is further supported by analy-
sis of CAD patients at rest and during exercise
(Fig. 23.12). The traditional subdivision of HF in
three phenotypes (Fig. 23.14) becomes readily
recognizable in the VRG representation and
illustrates that the current HF paradigm may be
based on an oversimplification, especially if EF
cutoff values are considered identical for both
sexes. ESVi seems to play a key role in various

types of analysis, and, interestingly, this metric
also refers to the largest percentwise difference
between (healthy) men and women (Table 23.1).
Not only is ESVi the primary determinant of EF
but also of the ventriculo-arterial coupling index
(k), which fact readily explains the almost trivial
connection between k and EF (Fig. 23.7).

In retrospect, it is amazing to learn about the
seemingly parallel developmental patterns
regarding insight and design of mechanical and
biological pump systems. Originating in Italy, the
epicenter moved to England while also attracting
engineers from France and Germany. During the
past decades, both lines came to a synthesis with
the introduction of artificial hearts and cardiac
assist devices. The technical product is not yet
as reliable and energy-efficient as the average
biological pump and also requires maintenance.
Despite the sophisticated measurement of pres-
sure, volume, Doppler-derived velocities, strain
(rate), and torsion, it is evident that our current
understanding of the natural pump is far behind
the technical insight concerning the simple tech-
nical imitations created thus far. Failure of a
mechanical system is relatively easy to detect,
and spare parts are usually available. In sharp
contrast, in cases of a failing heart, we often
must admit that defining the problem is not
always precise and occasionally still a riddle.
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Abstract

Orthotopic heart transplantation (OHT) is the
“gold standard” treatment for patients with
end-stage heart failure, with approximately
5000 transplants performed each year world-
wide. Heart transplantation survival rates have
progressively improved at all time points,
despite an increase in donor and recipient age
and comorbidity and greater recipient urgency;
according to the registry of the International
Society of Heart and Lung Transplantation
(ISHLT), the median survival of patients
posttransplantation is currently 12.2 years.

Long-term survival is sub-optimal, and
outcomes after OHT remain constrained by
the development of acute rejection and cardiac
allograft vasculopathy (CAV). Moreover,
donor organs are in short supply, making opti-
mal organ utilization an ongoing priority. For
these reasons, substantial interest continues to
exist in identifying factors portending increased
survival and improved organ utilization.

Keywords

Cardiac transplantation · Allograft
vasculopathy · Sex mismatch · Donor organ ·
Microvasculopathy · Premenopausal female
donor · Posttransplant mortality ·
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Historical Introduction

Christiaan Neethling Barnard (Beauford West
1922–2001 Coral Bay, Cyprus) performed the
first human heart transplant at the Groote Schuur
Hospital, Cape Town, on 3 December 1967.
Louis Washkansky, a 53-year-old man, received
the heart of a 25-year-old woman (Denise Darvall
who was involved in a traffic accident), and he
lived for 18 days after the operation. At the same
time, this was the first case of sex mismatch
between donor and recipient. Surgeons world-
wide followed Barnard’s lead and, by October

1971, recorded heart transplants numbered 178.
Twenty-seven patients had survived, but only five
of these had lived longer than 3 years. Forty-year-
old Mrs. Dorothy Fischer was given a new heart
in 1969 and became by then the longest surviving
patient. Shortly after performing his historic
operations, Barnard made it known that he was
suffering from arthritis; his hands were becoming
crippled at the joints. By 1997, there had been
about 25,000 heart transplants and a survival rate,
usually with good quality of life, of 65% at
5 years and 50% at 10 years [5, 7] (Fig. 24.1).

Sex Mismatch Regarding Donor
and Recipient

For many years, investigators have remained
unsure to what extent donor and recipient sex
influence outcomes in OHT [26]. Several early
studies identified female donor sex to be an inde-
pendent predictor of recipient mortality after
OHT (e.g., Solomon et al. [33], Taylor et al.
[36], Tsai et al. [37], Prendergast et al. [30]).
The major limitation of these studies was that
they failed to stratify patients by both donor and
recipient sexes [6]. Given the fact that >75% of
heart transplant recipients have traditionally
been male, the investigation of the effect of
donor sex on survival should have included sepa-
rate examinations for male and female recipients.

This issue was addressed by further investi-
gations which stratified both male and female
recipients by the sex of the donor heart and
highlighted that the sex matching or mismatching
between donor and recipient (rather than the sex of

Fig. 24.1 Postal stamp issued in 1969 by the Republic of
South Africa (RSA), honoring Dr. Barnard
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the donor or recipient individually) is what
influences outcomes. Multiple small, single-center
studies [1, 18] and three large registry studies
[19, 38, 39] all showed that adult male recipients
(MR) receiving hearts from female donors (FD)
had reduced survival when compared to male
recipients receiving hearts from male donors.

Review of the Literature on Sex
Mismatch in Cardiac Transplants

The study conducted by Al-Khaldi et al. [1]
further stratified their cohort of 869 consecutive
OHTs by recipient age. Sex mismatching
(FD/MR), in agreement with other studies men-
tioned above, was associated with a reduced sur-
vival rate at 1, 5, and 10 years compared with the

group of male donors/male recipients (MD/MR)
in the >45 years of age sub-cohort (69%, 49%,
and 27% vs 87%, 72%, and 45%, respectively).
Instead, donor sex showed no effect on the long-
term survival of male recipients <45 years of age.
The absence of a survival difference in the group
of MD/MR based on recipient age cutoff of
45 years suggests that the difference seen in the
FD/MR group is likely due to factors associated
with female donor gender rather than a direct
effect of the recipient age. Moreover, female
donor age did not appear to modulate survival of
older male recipients, who had an equally bad
prognosis whether the female donor age was
above or below 45 years. Figure 24.2a shows
short-term survival in males and females
depending on sex (mis)match, while Fig. 24.2b
illustrates long-term survival.
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Fig. 24.2a Unadjusted Kaplan-Meier graphs of survival
in the first year. (a) Survival according to donor sex in
female recipients (hazard ratio [HR], 1.00; 95% confi-
dence interval [CI], 0.88–1.14; p ¼ 1.0). (b) Survival
according to donor sex in male recipients (HR, 1.32;

95% CI, 1.22–1.43; p ¼ 0.001). (c) Survival according
to recipient sex (HR, 1.09; 95% CI, 1.01–1.18; p ¼ 0.02).
(d) Survival according to categories of sex matching
(Reproduced from Reed et al. [], with permission)
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The analysis of the United Network for Organ
Sharing (UNOS) database by Weiss et al. [38]
further stratified recipients by UNOS status (that
served as a surrogate for clinical acuity) and
demonstrated that men listed for transplant as
UNOS status 1a or 1b (or older UNOS status 1)
receiving organs from female donors continued to
show decreased survival, but interestingly this
association did not persist when examining
those male recipients listed as UNOS status 2.

While these studies seem to unanimously
agree that female donor sex is a significant risk
factor for posttransplant mortality in male
recipients, data for female recipients are
conflicting. The study conducted by Al-Khaldi
et al. [1] found no association between donor
sex and outcomes for the 213 female recipients
in the series, independent of their age. The analy-
sis of the UNOS database by Weiss et al. [38]
showed that female recipients had a 3.6% lower

overall survival at 5 years posttransplant, but no
differences in mortality were observed based on
donor sex; further stratification by UNOS status
did not alter the primary findings.

However more recent studies with longer
follow up found that adult female recipients
had better survival when they received a heart
from a female donor. Khush et al. [18] studied
the outcomes of 60,584 adult recipients of
OHT from the ISHLT Registry and demonstrated
that female recipients of female allografts had a
10% decrease in adjusted mortality relative to
female recipients of male allografts; these
findings were similar for death-censored allograft
survival.

The study by Kittleson et al. [19] showed that
the10-year actuarial survival was significantly
lower not only in the FD/MR group but also in
the MD/FR group, compared to the MR/MD
group (59% and 58% respectively, compared to

Fig. 24.2b Adult heart transplants Kaplan-Meier sur-
vival by donor/recipient gender. Survival was calculated
using the Kaplan-Meier method, which incorporates infor-
mation from all transplants for whom any follow-up has
been provided. Since many patients are still alive and
some patients have been lost to follow-up, the survival
rates are estimates rather than exact rates because the
time of death is not known for all patients. The median

survival is the estimated time point at which 50% of all of
the recipients have died. Survival rates were compared
using the log-rank test statistic. Adjustments for multiple
comparisons were done using Scheffe’s method (From
Lund et al. [] and http://www.ishlt.org/registries/slides.
asp?slides¼heartLungRegistry, reproduced with
permission)
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69%). Interestingly, this study also found that the
survival curve of the FD/MR group separated
from the other three groups (MD/MR, FD/FR,
and MD/FR) within the first year posttransplant
and continued with a lower survival over the
10-year follow-up period. For the MD/FR
group, however, the survival curve did not
diverge from that of the sex-matched groups
until 4 years posttransplant, at which point it
dropped and then paralleled the survival curve
of the FD/MR group. This could explain why
previous studies with a shorter follow-up (up to
5 years) found no differences in mortality based
on donor sex for female recipients.

Although at this point it is the general view
that male recipients receiving hearts from female
donors have reduced survival and there is evi-
dence suggesting that sex mismatch is undesir-
able in female recipients as well, none of the
previously mentioned studies could definitively
address the question of why sex mismatch leads
to decreased survival.

Indeed, there are several potential mechanisms
by which donor/recipient sex mismatch might
affect outcomes in OHT patients [23]. Proposed
hypotheses include:

– Size mismatch. Unique to the heart is the
importance of physical size both for provision
of adequate perfusion and to ensure adequate
functional reserve [8]. It is known that female
hearts are generally smaller relative to males
[3]; the smaller mass of the female heart may
not have the functional reserve required to
supply the male body. It is common practice
in numerous institutions to have size matching
strategies that take into account donor-to-
recipient body surface area (BSA) and/or
body mass index (BMI) ratios in the organ
allocating process; as a consequence many
series report similar donor-to-recipient BSA
and BMI ratios in all four of their donor/recip-
ient sex strata (MD/MR, FD/FR, MD/FR,
FD/MR). Some studies though hypothesized
that the relatively smaller organ mass in the
female donor compared with the male donor,
even when corrected for BSA, might result in
fewer functioning units and increased

workload per individual unit; this could be
one of the causes of reduced survival rates in
male recipients of female donors.

– Immunologic factors. Immunological
differences between men and women are obvi-
ous candidates [21]. It has been reported that
female heart transplant recipients have higher
risk of rejection and of hemodynamically sig-
nificant issues [25] and require greater immu-
nosuppression; this could be explained by an
increased pretransplant immunoreactivity in
females (as manifested by higher prevalence
of HLA-B8 and DR3 haplotypes and antinu-
clear antibodies) and an earlier production of
anti-HLA antibodies posttransplant [24].
Another possible explanation is that female T
cells are more reactive than male T cells in
their response to self-antigens and mismatched
antigens, as demonstrated by a study
performed with the Australian Bone Marrow
Donor Registry [4].

– Genetic and hormonal factors. The influence
of the Y chromosome on posttransplant out-
come is currently under investigation. Studies
in renal transplantation repeatedly showed
worse outcomes in sex-mismatched transplants;
a study by Tan et al. [35] demonstrated a strong
association between the development of H-Y
antibodies (46%) and the development of acute
rejection (AR) in female recipients of
male kidneys. Thus, it is possible that the devel-
opment of H-Y antibodies could partially
explain the poorer outcomes in female cardiac
transplant recipients of male donor organs. Fur-
ther study on the association between donor-
recipient sex and cellular and antibody-mediated
rejection is necessary to explore this hypothesis.

The relationship between sex hormones
and immunological processes has been exten-
sively documented but is not well understood;
for example, estrogen levels in women receiving
oral contraceptives are linked to a higher
immunoglobulin M level, suggesting a role for
estrogen in immunoglobulin production. Data
from the Berlin Heart Center highlighted that
endothelial allograft dysfunction and stenotic
microvasculopathy occurred more frequently in
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allografts from premenopausal female to male
transplants vs premenopausal female donor to
female receiver, raising the question of hormonal
influences on transplant immunoreactivity [12].

Olivetti et al. [27], in a study on the effect of
aging in human hearts in males and females,
showed that the male heart has a progressive
myocardium loss of nearly 1 g/year, resulting in
the loss of approximately 64 million cells, with
increased myocyte cell volume in the remaining
cells. In contrast, aging in the female heart was
associated with preservation of ventricular
myocardial mass and cell volume. If these effects
are hormone-dependent, it is possible to hypothe-
size that, after transplanting a female heart in a
male recipient, there will be a progressive loss of
myocardial mass at a rate similar to that of the
male heart (or even at a higher rate due to with-
drawal of the female protective hormones and
introduction of the male hormones) in the female
donor heart that already has a smaller baseline
ventricular mass. Sex differences in susceptibility
to ischemia-reperfusion injury have also been
proposed.

All of these theories, however, remain more or
less speculative and require further investigation.

Evaluation of Cardiac Transplant
Patients Using Imaging of Cardiac
Chamber Dimensions

Ultimately, all transplantation-related effects due
to the immunological, genetic, and hormonal
factors involved, as well as aspects of size-
associated (mis)match concerning cardiac dimen-
sion and coronary artery caliber, will likely trans-
late into modification of ventricular size. Cardiac
pump performance (“systolic function”) is often
evaluated by considering ejection fraction (EF).
While this metric is relatively easy to determine,
the interpretation has recently again been
questioned [14, 20]. Therefore, we propose the
combined study of the constituent components
regarding EF [16], namely, end-systolic volume
(ESV) and end-diastolic volume (EDV). An
example is presented involving 101 cardiac trans-
plant patients (age 4–67 years, 33 female

recipients) carried out at the Freeman Hospital,
Newcastle upon Tyne, UK. Left ventricular
(LV) volumes were obtained by CT and images
processed on a Siemens Syngo Via workstation.
While at the time of Dr. Barnard and his
colleagues names of donors and recipients were
often disclosed for inclusion on the front page in
newspapers, we nowadays have committee
members who decide on how to carefully deal
with these matters.

The key variables ESV and EDV are
determinants of ventricular volume regulation as
demonstrated in various diagnostic patient groups
[14, 15]. Here we demonstrate that in cardiac
transplant patients, these variables are clearly
correlated (Fig. 24.3), with no significant correla-
tion for FD to either FR or MR due to the limited
number of participants in these subgroups and the
relatively small volume ranges. For the whole
group (Fig. 24.3 without stratification), we
found ESV ¼ 0.379 EDV - 3.25, R2 ¼ 0.466,
N ¼ 94. This finding is similar to what we found
by calculating ESV vs EDV for data available in
the literature. One longitudinal study concen-
trated on EF and EDV in 71 patients (87%
males) during on average 5 years of follow-up
and found no difference compared to a control
group, unless rejection became manifest [34]. For
their published data, we found ESV¼ 0.384 EDV
- 11.38, with R2 ¼ 0.347 for N¼ 11 (time-related
group averages).

Furthermore, EF is in general strongly
associated with ESV in a (slightly) nonlinear
and inverse manner, for both LV and right ventri-
cle (RV). This notion has been documented using
a logarithmic approach [28], as well as a robust
description based on theoretical grounds
[14]. The findings have been confirmed by study-
ing various patient groups, including the LV and
RV in post-Fallot repair patients [15]. Figure 24.4
shows the relationship between EF and ESV in
the 101 heart transplant patients studied, yielding
a high correlation for both the linear regression
line and the logarithmic fit. In contrast, there is no
significant association between EF and EDV in
this group.

When stratified for the sex of the recipient,
we see (Fig. 24.5) a similar pattern for the
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two groups. Remarkably, ESV is smaller
(P ¼ 0.0005) for the female recipients, regardless
of the sex of the donor. This finding resembles the
observations in numerous non-transplant studies
[3, 16] and possibly suggests a sex-specific adap-
tation process regarding ventricular volume
[17]. Future longitudinal studies are required to
elucidate if this type of adaptation to the recipient
can be confirmed. Interestingly, coronary artery
size is also smaller in women compared to their
matched male counterparts, independent of body
size [13, 32], while this characteristic also seems
to adjust following cardiac transplantation [11].

Traditionally, survival diagrams have been
constructed to evaluate the outcome of
sex-specific aspects of donor-recipient interac-
tion. Prognosis has typically been associated
with the use of the EF. However, values for EF
may theoretically remain the same, while ESV
and EDV change in unison and yield the same
ratio. In contrast, analysis of the combination of
ESV and EDV is more specific (Fig. 24.3). The
observation that hearts in females are significantly
smaller compared to males offers a fascinating
starting point for further studies. Furthermore, in
women there is more remodeling of coronary

Fig. 24.4 Left ventricular
ejection fraction
(EF) versus either
end-systolic volume (ESV)
or end-diastolic volume
(EDV) for cardiac
transplant (HTX) patients.
The relationship for EF vs
ESV is intrinsically
nonlinear, although in this
case logarithmic fit shows
only a small improvement
compared to the linear
approach. There is no
significant correlation
between EF and EDV

Fig. 24.3 Left ventricular
volume regulation graph,
showing end-systolic
volume (ESV) versus end-
diastolic volume (EDV) for
cardiac transplant patients,
stratified for donor and
recipients sex. Participants
shown (N ¼ 94) are those
for whom sex of donor and
recipient was retrieved
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arteries [32] which has been confirmed after car-
diac transplant [11].

In summary, cardiac transplantation offers a
unique window to the study of age- and
sex-dependent adaptation in terms of LV
remodeling and interactionwith vascular properties.
Therefore, available longitudinal data [10, 29]
require detailed analysis, not only as a means of
posttransplant follow-up for individual patients but
also to enhance insight into sex-specific factors
affecting remodeling and ventriculo-arterial adapta-
tion as a function of time [9]. Furthermore, the
impact of reinnervation [2] requires detailed study,
particularly with attention to sex-specific aspects.

Conclusions

With the premises surveyed before, shall we redi-
rect organ allocation avoiding sex mismatches?
The available evidence supports the conclusion
that donor-recipient sex matching should be
performed whenever feasible, bearing in mind
the complex nature of the matching process that
must account for recipient acuity (waiting list
status), donor and recipient blood type, and the
presence of preformed antihuman leukocyte anti-
gen antibodies in the transplant recipient. It is also

important to remember that the amount of
increased risk from sex mismatching has to be
weighed against the underlying mortality risk of
withholding transplant to find a more suitable
donor.

It is important to keep in mind that sex
mismatching is only one among many risk factors
(e.g., ischemic heart failure etiology, prior trans-
fusion history, receipt of a compatible but non-
identical ABO group heart, etc.) associated with
reduced survival after heart transplantation, many
of which exert effects of a magnitude as large or
larger.

Therefore, given the multiple donor and recip-
ient factors that influence posttransplant
outcomes, a rational response to a single donor
or recipient factor should be made in the context
for each specific case to provide the recipient with
the optimum chance of successful long-standing
heart transplant.
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Abstract

Cardiovascular diseases increase dramatically
with age in both men and women. While it is
clear that advanced age allows more time for
individuals to be exposed to risk factors in
general, there is strong evidence that age itself
is a major independent risk factor for cardio-
vascular disease. Indeed, there are distinct
age-dependent cellular, structural, and func-
tional changes in both the heart and blood
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vessels, even in individuals with no clinical
evidence of cardiovascular disease. Studies in
older humans and in animal models of aging
indicate that this age-related remodeling is
maladaptive. An emerging view is that the
heart and blood vessels accumulate cellular
and subcellular deficits with age and these
deficits increase susceptibility to disease in
older individuals. Aspects of this
age-dependent remodeling of the heart and
blood vessels differ between the sexes. There
is also new evidence that these maladaptive
changes are more prominent in older animals
and humans with a high degree of frailty.
These observations may help explain why
men and women are susceptible to different
cardiovascular diseases as they age and why
frail older adults are most often affected by
these diseases.
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Introduction

The risk of cardiovascular disease (CVD) devel-
opment grows with old age in both sexes. There is
evidence that this increase in risk is due to
age-related changes to the structure and function
of the cardiovascular system. There are clear
changes that occur with advancing age at both
the microscopic and macroscopic levels in the
vasculature and the heart, and there is growing
evidence that this maladaptive remodeling of the
cardiovascular system with age is responsible for
the higher prevalence of CVD in the older popu-
lation. Additionally, there are clear male-female
differences in the changes to the cardiovascular
system with old age that may influence sex
differences in CVD progression and outcomes.
This review summarizes the main age-related
structural and functional changes of the heart

and vasculature. The implications of these
changes in the development of CVD in aging
are also discussed. Sex differences in cardiovas-
cular changes with aging are highlighted, and the
potential effect of these changes on CVD presen-
tation is outlined. Finally, the association of
frailty and CVD is discussed, and recent evidence
for the association of frailty with age-related
structural and functional cardiac changes is
presented.

Impact of Age on the Gross
Morphological Structure of the Heart
and Vasculature

Advanced age is associated with distinct
changes in the gross morphological structure
of the heart and vasculature (Figs. 25.1 and
25.2). Atrial dilation and hypertrophy are com-
mon in older adults of both sexes even in the
absence of CVD [16, 137]. This is likely as a
result of adaptation to increased diastolic filling
pressure and left ventricular (LV) diastolic dys-
function in old age. A recent observational
study in humans found that age was associated
with a greater risk of bigger atrial volume, but
that male sex was protective [178]. However,
another recent study using 3D echocardiography
found an association between increased left
atrial volume and age, but no effect of sex
[6]. Interestingly, there appears to be a male-
female difference in left atrial function with
increasing age [121]. Studies in aged mice and
rats have also shown evidence for increased
atrial dilatation in old age, although sex
differences have not yet been investigated
[31, 98, 117]. Atrial fibrosis and ventricular
fibrosis have a higher prevalence in older
humans [40, 95, 105, 123], rodents [76, 98,
104], and sheep [72] compared to young. Most
studies have not shown any evidence for
differences in the prevalence of fibrosis between
males and females, although a recent study of
cardiac extracellular matrix proteins found that
older women had a greater amount of collagen
and other extracellular matrix proteins in the LV
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than older men, which may contribute to fibro-
sis development [39].

Recent studies suggest that LV hypertrophy,
as evidenced by both thicker LV walls and greater
LV mass, is more common with old age in
humans [21, 42, 57]. The mechanism for this
change is likely multifactorial and due to cellular
changes in both the heart and vasculature, as well
as the increase in fibrosis with old age. Several
observational studies have shown evidence that
greater LV wall thickness is more prominent in
older women than men [21, 70]. Sex differences
in LV mass changes with age are less clear, with
some studies suggesting a greater increase in LV
mass in men [42, 75] and some suggesting a
greater increase in women [21, 57]. Some studies
have actually found a decrease in LV mass in
aged men without CVD, as a result of increased
LV wall thickness but a decline in LV volume in
both systole and diastole [70, 159]. This suggests

a rise in LV concentric hypertrophy in old age,
but perhaps no overall effect on LV mass
[158]. Normalization of heart mass to body sur-
face area (BSA) may provide important
clarification of age-related changes in LV mass.
Kaess et al. [79] in a large longitudinal study
found an increase in unadjusted LV mass with
age for men, but adjusting for BSA resulted in no
age-related change. Interestingly this study saw a
decline in LV mass with age for women, even
when adjusting for BSA [79]. Animal studies
have found thicker LV walls and greater LV
mass with old age in mice and rats [31, 44, 48,
104, 117, 155], although sex differences were not
investigated. More studies in this area would
clarify age- and sex-related changes in LV hyper-
trophy. Studies of the right ventricle (RV) have
found a reduction in RV mass and volume with
age [84, 111]. Males appear to have greater RV
mass and volume than females at all ages

A. Adult heart

B. Aged heart

Fig. 25.1 Age-related
changes to the
macroscopic and
microscopic structure of
the heart. (a) A healthy
young adult heart. (b) An
aged heart, demonstrating
changes at the macroscopic
level from the young adult
heart, including atrial
dilatation, aortic valve
calcification, and increased
left ventricular (LV) wall
thickness. At the
microscopic level, the aged
heart, compared to the
young heart, shows
increased fibrosis, an
increase in the number of
fibroblasts, a decrease in
myocyte number, and
myocyte hypertrophy
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[111, 131], although males may have a greater
loss of mass with age than females [84].

The aortic valve, located at the junction
between the LV and the aorta, exhibits marked,
macroscopic changes with advancing age, includ-
ing thickening of the leaflets, lipid accumulation,
and calcification [26, 135, 148]. There is also
significant age-dependent remodeling of the
arteries, even in individuals without overt signs
of CVD. Some of these vascular changes are
evident at the macroscopic level. Indeed,
advanced age is associated with marked dilation
of centrally located large elastic arteries, such as
the aorta and carotid arteries [26, 53, 94]. Arterial
wall thickness and lumen size also increase with
age in both men and women [94]. This can be
seen with the naked eye in postmortem speci-
mens, as well as in radiography and echocardiog-
raphy studies in older humans and in various
animal models of aging [26, 53, 94]. Pronounced
age-related changes in the heart and vasculature
can also be seen at the microscopic level, as
discussed below.

Age-Dependent Remodeling
of the Heart and Vasculature
at the Cellular Level

Microscopic Changes in the Heart

In combination with the macroscopic changes
seen in the aging heart, there are corresponding
changes in the ventricular myocytes and the ven-
tricular and atrial fibroblasts (Fig. 25.1). Both
human and animal studies have shown a reduc-
tion in the number of ventricular myocytes with
old age [138, 139, 179], likely as a result of
decreased regenerative ability of stem cells and
increased apoptosis, necrosis, and autophagy
[32, 68, 101, 154]. This loss of myocytes in the
heart with old age results in both ventricular
myocyte hypertrophy of the surviving myocytes
and an elevated number of fibroblasts in older
hearts from humans and animals. Olivetti and
colleagues found an increase in ventricular
myocyte volume with morphometric studies of

AgedAdult

Intima

Lumen

Lumen

Media

Adventitia

Fig. 25.2 The central
elastic arteries exhibit
remodeling with age. The
three layers of the arterial
wall are labeled as
indicated. The lumen
diameter of the large central
elastic arteries such as the
aorta increases with age.
There is a marked increase
in the intima plus media
(IM) thickness, primarily as
a result of an increase in the
thickness of the intima.
Enhanced collagen
deposition and elastin
degradation and
fragmentation contribute to
intimal remodeling in aging
arteries. The number of
vascular smooth muscle
cells in the media declines
with age, while the
remaining cells
hypertrophy and some cells
migrate to the intima.
Endothelial cell
hypertrophy also increase
with age
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human hearts [138, 139]. Animal studies have
also shown greater myocyte size in aged rodents,
rabbits, and monkeys (reviewed by [46, 85]).
Proliferation of fibroblasts results in interstitial
fibrosis and collagen accumulation in old age
[40, 123]. Evidence of fibroblast proliferation
and collagen accumulation is seen in animal stud-
ies using aged rodents and sheep [71, 72].

Interestingly, although human studies suggest
more ventricular hypertrophy in whole female
hearts than male hearts [21, 57, 70], the loss of
ventricular myocytes, and subsequent myocyte
hypertrophy and fibroblast proliferation, appears
to be more prominent in males than females
[106, 138, 139, 179]. This cellular-level sex differ-
ence was also seen in a study of nonhuman
primates, where aged male monkeys had more
myocyte loss and more myocyte hypertrophy
than aged female monkeys [179]. Whether there
is a sex difference in myocyte hypertrophy in other
animal models is less clear, as few studies have
included females. In those that did, some studies
saw hypertrophy in female myocytes [35, 73],
while others did not [65, 118]. Animal studies
have not yet investigated whether there is a sex
difference in fibroblast proliferation with aging.

Old age is also associated with a reduction in
the number of pacemaker cells in the sinoatrial
node (SAN) of the heart in humans [92, 123]. Ani-
mal studies in aged rats have also shown an
age-related decline in the expression of genes
involved in sinoatrial function [162]. Potential
sex differences in pacemaker cell number
and function with old age have not yet been
explored.

Overall, increasing age is associated with
changes to the myocytes, fibroblasts, and pace-
maker cells as outlined in Fig. 25.1, and there
may be some important sex differences in these
microscopic changes, although more research is
required.

Microscopic Remodeling in the Aging
Vasculature

In addition to the readily visible modifications in
arterial structure apparent at the macroscopic

level, age-related remodeling can be seen at the
microscopic level [26, 53, 94, 159, 171].
Age-associated changes occur in all three layers
that make up the walls of the large elastic arteries.
The innermost layer or tunica intima consists of
connective tissue and an inner endothelial mono-
layer on a basement membrane [26, 52]. The
tunica media, or middle layer, is composed of
smooth muscle, separated by elastic lamellae, as
well as collagen; it functions to allow the aorta to
expand and contract with the flow of blood [26,
52]. The outermost tunica adventitia contains
collagen fibers plus fibroblasts to provide the
vessel with tensile strength [26, 52].
Age-dependent changes in structure and compo-
sition of these different layers can have marked
effects on vascular function.

The most prominent changes in vascular struc-
ture in aging men and women are dilation of large
elastic arteries and thickening of the vessel walls
[53, 93, 159]. These alterations appear to be
closely linked to the aging process, as similar
changes occur in large elastic arteries from aged
rodents, rabbits, and nonhuman primates
[94]. Thickening of the arterial wall in humans
has been quantified as an increase in the carotid
wall intima plus media thickness (IMT). Studies
have shown that carotid IMT increases by
between two- and threefold by 90 years of age
in men and women with no difference between
the sexes [53, 69, 159]. One study did report that
carotid artery IMT thickens with age more in men
than in women, although this sex difference was
eliminated after adjustment for cardiovascular
risk factors [78]. A similar increase in IMT is
seen in rodent models of aging and in older non-
human primates [94]. The greater IMT with age is
potentially important in terms of susceptibility to
CVD in older adults, as an increase in IMT is a
key risk factor for the development of atheroscle-
rosis at any age [7].

Thickening of the arterial wall with age
appears to result primarily from an increase in
the thickness of the intima [26]. The levels of
collagen Types I and III in the intima increase
with age in humans and animal models, while the
elastin content declines, and elastin fraying and
fragmentation occur [63, 94, 132, 165,
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171]. In addition, vascular smooth muscle cells
migrate from the media to the intima [26, 69,
94]. Whether thickening of the media occurs
with age is controversial, but the number of vas-
cular smooth muscle cells in the media declines,
and collagen production increases [26, 94,
132]. Interestingly, the elastic lamellae in the
media become thicker and fracture with age
[26, 140] and the media becomes calcified
[69]. Collagen deposition in the adventitia also
occurs with advancing age [52]. Repeated cycles
of distention followed by elastic recoil over a
lifetime have been proposed to promote collagen
deposition and disrupt elastic fibers in aging
arteries [132, 141]. Changes in collagen and elas-
tin content, along with vascular calcification, are
believed to have important effects on the
distensibility (stiffness) of aging arteries.

In contrast to the intima and media, there are
fewer studies of effects of age on the outer, tunica
adventitia. As the function of adventitial collagen
is to provide tensile strength to the aorta, deficits
in adventitial collagen structure may promote
aortic diseases in older adults. However, there is
evidence that aging actually increases collagen I
expression in the adventitial layer of the aorta in
humans and animals [52, 165]. One quantitative
assessment of collagen structure in human
abdominal aortas showed that adventitial collagen
structure was maintained in aging men, although
whether adventitial collagen is also maintained in
older women was not investigated [166]. Addi-
tional studies in this area would be of interest.

In addition to smooth muscle infiltration and
an increase in connective tissues in the aging
intima, there is evidence that the aging process
modifies the structure of the endothelial cells
themselves. Studies in human arteries have
shown that endothelial cells hypertrophy with
age and their shape becomes irregular
[26, 94]. There is also a decline in the number
of overlapping connections between endothelial
cells with age, which may compromise the barrier
function of this cell layer and render the endo-
thelium more permeable [94, 124]. Vascular
smooth muscle cells may actually infiltrate the
subendothelial space [94]. There also is strong
evidence that substances released by the

endothelium can be modified in aging in both
humans and in animal models [94, 163]. These
age-associated alterations in endothelial cell
structure affect vascular function, and this may
differ between the sexes, as discussed in more
detail in the next section.

In summary, there is growing evidence for
age-dependent changes in the vasculature at
both the macroscopic and microscopic levels.
Key changes are illustrated in the diagram in
Fig. 25.2. This age-related arterial remodeling
is important. For example, the structural changes
characteristic of arteries from normotensive older
humans described here also occur in hypertensive
patients at much younger ages [94, 171]. Thus,
the aging heart and blood vessels may provide an
ideal setting in which CVD can flourish, an idea
that will be explored further below.

Functional Consequences of Age-
Dependent Cardiovascular
Remodeling in Healthy Males
and Females

Changes to Myocardial Function
in Aging

The microscopic and macroscopic changes in the
heart and vasculature with aging, described in the
previous sections, can lead to changes in both
electrical and contractile cardiac function with
old age. These include slowing of electrical con-
duction in the heart, a reduction in maximal heart
rate, plus systolic and diastolic dysfunction.
There is also evidence for some important sex
differences in age-related functional changes as
discussed further below.

Effects of Aging on Pacemaker Function,
Cardiac Conduction, and Heart Rate
Old age is associated with changes in the electri-
cal function of the heart. Studies in both humans
and animal models have shown a slowing of
conduction through the ventricles in old age [15,
123]. Recent studies have also found that aging is
associated with increased P wave duration, and
longer PR interval, indicating slowed conduction
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through the atria and AV node [76]. Bonda et al.
[15] suggest that this slowing in conduction may
be due to reduced expression of connexion-43
which is involved in myocyte cell connections.
Dun and Boyden [37] suggest that there are
changes to the electrophysiological properties of
the atrial myocytes, which could also contribute
to this change in function. Several animal studies
have shown that aging is associated with longer
action potentials in atrial myocytes, as a result of
changes in the underlying ion currents [37]. A
recent mouse study, however, found that old age
was associated with reduced atrial action potential
duration [76], which is consistent with studies
finding reduced calcium currents in old atrial
myocytes from dogs [36]. Sex differences in
changes to electrical conduction in the heart
have not yet been investigated, and more studies
are needed.

Although aging does not appear to effect rest-
ing heart rate [44, 89, 93, 117], old age is
associated with a reduction in maximal heart
rate in response to stimulation such as exercise
[93, 134]. The mechanisms for this age-related
change appear to be both reduced pacemaker
activity of the SAN [97] and a reduced
responsiveness of the heart to ß-adrenergic stim-
ulation [49]. SAN cells are reduced in number in
old age [123], have lower ion channel expression
[162], and have reduced spontaneous activity
[97]. These mechanisms contribute to a reduction
in the maximal heart rate that can be initiated by
the SAN. Human and animal studies have also
demonstrated a reduction in the responsiveness of
the heart to β-adrenergic receptor activation when
the sympathetic nervous system is stimulated
[17, 45, 49, 172]. In healthy younger adults, stim-
ulation of the sympathetic nervous system by
exercise or stress, for example, results in an
increase in heart rate via norepinephrine activa-
tion of β-adrenergic receptors. In old age, this
reduced responsiveness of the β-adrenergic
receptors may contribute to the reduction in max-
imal heart rate. Few studies have investigated sex
differences in changes to maximal heart rate with
age or the associated mechanisms. One animal
study found that there was an age-related decrease
in β-adrenergic receptor sensitivity in old male

monkeys, but not females [161], but more
research is needed.

Effects of Aging on Systolic Function
Systolic function appears to decline in old age in
in vivo studies in humans and animals [31, 33, 42,
44, 89, 155]. In support of this, there is evidence
that the ability of ventricular myocytes to contract
declines with age in rodent models [65, 73]. On
the other hand, systolic function has been com-
monly measured using ejection fraction (EF), but
the validity of EF as a measure of systolic func-
tion has recently been challenged in the literature
[4, 43, 86, 90]. Although systolic function is
generally thought to decline with age, not all
studies have found this, especially when using
EF as their primary outcome. Indeed, some stud-
ies observed improved LV EF with old age,
associated with a decrease in end-systolic and
end-diastolic volumes with age [58, 59]. Interest-
ingly these studies found a greater increase in
systolic function with age in women compared
to men [58, 59]. In an observational MRI study of
patients without CVD, De Bondt and colleagues
found an increase in EF in females aged 65 and
over, but not in males [34]. This effect was largely
due to a decrease in end-systolic volume for older
females that was not seen for older males [34], as
shown in Fig. 25.3. Another study in a much
older cohort, however, found a similar decline in
stroke volume in both older males and females
[42], suggesting that perhaps the decline in sys-
tolic function occurs at a later age in women
than men.

Cardiac torsion, or twisting of the heart,
increases with aging in response to reduced lon-
gitudinal systolic function [9, 24], and this adap-
tation may help to maintain overall systolic
function and EF [75]. Interestingly, cardiac tor-
sion is greater in women than men at all ages
[174], which may contribute to the potential pro-
tection against declining systolic function seen in
women compared to men [75]. Studies of RV
systolic function have found an increase in RV
EF with age, but no clear effect of sex [51, 84,
111]. One study investigating RV longitudinal
strain as a potential measure of RV dysfunction
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found women had higher measures of RV longi-
tudinal strain than men [131].

Animal studies in old rats and mice have
shown reduced EF and stroke volume with
aging in males but not females [31, 33, 44, 89,
155]. Studies of isolated myocytes from rodents
have also found that myocytes from older animals
have both smaller and slower contractions, com-
pared to those from young animals, and that this
decline in contractility is more prominent in cells
from aging males than females [65, 73]. Cells
isolated from aged male mice also display lower
peak calcium transients, and peak calcium
currents, which may provide a mechanism for
this reduced contractility in aged male myocytes
[46, 65, 73, 85]. Aged female myocytes from
mice showed no change in these measures [46,
85], and studies in myocytes isolated from aged
female sheep showed an increase in peak calcium
currents or transients, compared to younger
female sheep [35]. Animal studies that further
explain the potential sex difference in declining
systolic function with old age would be of inter-
est. More studies in aging animals and humans,
using additional methods of assessing systolic
function rather than EF, will clarify the effects
of age and sex on this outcome.

Age-Associated Diastolic Dysfunction
and Atrial Remodeling
Diastolic dysfunction is commonly seen in the
aging hearts of both men and women [16, 53,
93, 159], as well as in both male and female
animal models of aging [31, 33, 44, 89, 117,
155]. Diastolic dysfunction is characterized by
the impairment of relaxation of the LV, which
results in slower and delayed LV filling [32, 93,
109]. Mechanisms for this impaired ventricular
relaxation in aging include enhanced LV fibrosis
[71], myocyte stiffness [67], and slower calcium
transient decay in myocytes [46, 47]. Impairment
of the relaxation of the LV can also result in
maladaptive changes to the atria. Normal diastolic
filling of the LV involves the early phase of
passive filling during LV relaxation, followed by
the late phase of active filling during atrial con-
traction. Delayed early filling of the LV, due to
impaired ability of the LV to relax, results in a
greater contribution of the atria to late diastolic
filling [159]. This increased atrial contribution is
accompanied by greater force of atrial contrac-
tion, as well as atrial dilation and hypertrophy as a
result of increased diastolic filling pressure
[53, 159]. Another study in an aged population
investigated left atrial emptying fraction, as a
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Fig. 25.3 Age- and sex-dependent changes in ejection
fraction and end-systolic volume index. (a) Ejection
fraction (EF) increases with age in women more than
men. (b) End-systolic volume index (ESVi) declines with
age in both sexes, and this decrease is particularly marked
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measure of left atrial function, and found no effect
of sex on this outcome [60].

Although diastolic dysfunction appears to
occur with aging in both men and women, it is a
major factor in the development of heart failure
with preserved EF, which is more prevalent in
women than in men, as discussed further below.

Vascular Function in Aging

It is clear that changes in arterial structure occur at
both the macroscopic and microscopic levels with
advancing age. This age-dependent remodeling of
the large, central elastic arteries has a profound
impact on cardiovascular function [29]. In some
cases, these functional changes in the vasculature
differ between the sexes. This may predispose
men and women to different CVD as they age.

The Influence of Age on Blood Vessel
Stiffness
One of the hallmarks of arterial aging is arterial
“stiffening,” which is described as an increase in
the resistance of the arterial wall to expansion
[53, 56]. The structural changes in the arterial
wall described above are implicated in the
age-related rise in arterial stiffness. Higher colla-
gen content and calcification of the arteries are
believed to increase arterial stiffness in older
adults [20, 94, 132]. Other factors, including
elastin degradation and fragmentation, also are
thought to be key determinants of age-dependent
atrial stiffening [20, 94, 132]. There is emerging
evidence for differences in arterial stiffness
between the sexes [27, 120]. Arterial stiffness is
lower in premenopausal women than in
age-matched men but it increases markedly after
the onset of menopause [27, 99, 120]. Indeed,
postmenopausal women may have stiffer central
elastic arteries than men [27, 120], which
suggests that female sex hormones such as estro-
gen may modulate arterial stiffness. In support of
this, estrogen has been shown to increase the
production of elastin and reduce collagen deposi-
tion in human arteries [27]. Changes in endo-
thelial regulation of vascular tone and changes
in other aspects of the vascular function also

may contribute to the age-associated increase in
arterial stiffness, although whether this differs
between the sexes is unclear [132].

Arterial stiffness is thought to be responsible
for the characteristic changes in blood pressure
seen in older adults [3, 56]. In young individuals,
the elasticity of the central arteries allows the
aorta to store a large fraction of the ejected
blood volume following each heartbeat, and aortic
recoil during diastole then pushes the stored blood
into circulation [56, 152]. By contrast in older
individuals with stiff central arteries, the aorta
and its major branches do not distend in response
to the ejection of blood [56, 152]. This loss of
elasticity with age means that blood flow is trans-
mitted during systole, which leads to high systolic
blood pressure [56]. As blood flow is transmitted
in systole, the elastic recoil does not dissipate in
diastole so that diastolic blood pressure decreases
with age [56]. Thus, arterial stiffness causes an
increase in systolic blood pressure, a decrease in
diastolic blood pressure, and marked widening of
the pulse pressure, as shown diagrammatically in
Fig. 25.4. The lack of deflection of blood flow by
the large central arteries augments the velocity at
which the pulse wave travels in older adults [103,
141, 152]. There is strong evidence that a greater
pulse wave velocity in older adults is an important
risk factor for future adverse cardiovascular
events [103, 141, 152].

In summary, the age-related increase in the
stiffness of large elastic arteries helps explain
characteristic changes in blood pressure with age
and may contribute to sex differences in CVD
expression in older adults.

Endothelial Dysfunction in Aging
The vascular endothelium is a monolayer of squa-
mous epithelial cells that forms a semipermeable
barrier between the blood and the vascular
smooth muscle and plays a major role in the
maintenance and regulation of blood flow
[151]. The endothelium synthesizes and releases
a variety of biologically active molecules, includ-
ing nitric oxide, prostacyclin, endothelins,
interleukins, endothelial growth factors, adhesion
molecules, plasminogen inhibitors, and von
Willebrand factor, in response to chemical and
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mechanical stimuli [150, 151]. These substances
regulate many diverse functions such as arterial
tone, angiogenesis, coagulation, and fibrinolysis
[150]. Endothelial dysfunction is an early sign of
vascular aging and it can appear in advance of
obvious signs of CVD [55]. There is also
emerging evidence for sex differences in endothe-
lial dysfunction with age, as discussed in detail
below.

Endothelial dysfunction in aging can be
measured as a disruption in endothelium-
dependent relaxation, which is mediated by nitric
oxide. Nitric oxide is released from the endothe-
lium by mechanical stimuli, including increased
blood flow (shear stress), and by chemical
stimuli, such as acetylcholine, bradykinin, or
ATP [151]. When nitric oxide is released, it
promotes vascular smooth muscle relaxation via
an increase in intracellular cGMP, thereby
preventing the interaction of the contractile
filaments actin and myosin [83]. The aging endo-
thelium is characterized by progressively
impaired vasodilation in response to stimuli
such as increased blood flow or vasodilatory
compounds [55]. This diminished vasodilatory

response is primarily attributable to reduced bio-
availability of nitric oxide [55]. This leads to
impairment in blood vessel relaxation with age,
as well as a decrease in the vasoprotective,
cardioprotective, and antiatherogenic effects of
nitric oxide in older adults [55].

Nitric oxide is synthesized in endothelial cells
by a constitutive enzyme called endothelial nitric
oxide synthase (eNOS or NOS III; [83]). There is
some evidence that the levels of eNOS are
reduced in aging, which could help reduce nitric
oxide bioavailability [53, 94]. Still, the primary
mechanism responsible for the reduced bio-
availability of nitric oxide in the aging vascula-
ture is thought to involve the interaction of nitric
oxide with reactive oxygen species to form
peroxynitrate [69]. Peroxynitrate, in turn,
oxidizes tetrahydrobiopterin (BH4), which is an
essential cofactor for the synthesis of nitric oxide
by eNOS [55, 70]. There is also evidence that
age-dependent endothelial dysfunction occurs
earlier in men than in women, although after
menopause no sex difference is observed
[169]. This suggests that estrogen exerts a protec-
tive role on endothelial function, potentially by

DiastoleSystole DiastoleSystole

a bNormal central arteries Stif f central arteries

Central aortic
pressure (mm Hg)

Systolic BP

Diastolic BP

Pulse
pressure

Systolic BP

Diastolic BP

Aorta

Fig. 25.4 The age-related increase in central artery
stiffness affects peripheral pressure. (a) In younger
adults, the central elastic arteries expand with each heart-
beat, so that a portion of the stroke volume is transmitted in
systole and the remainder is transmitted in diastole. (b) In

older adults, the central elastic arteries stiffen and therefore
do not expand with each contraction, so the majority of the
stroke volume is transmitted in systole. This increases
systolic blood pressure, decreases diastolic blood pressure,
and widens pulse pressure in older adults
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preserving nitric oxide availability through
activating its synthesis pathway and/or reduced
production of reactive oxygen species
[170]. Whether testosterone exerts beneficial or
detrimental effects on endothelial function is not
yet clear [170], and additional studies of the
effects of age on endothelial function in both
sexes are warranted.

There is strong evidence that endothelial dys-
function is an important cause of CVD, indepen-
dent of age [53, 83]. Therefore age-dependent rise
in endothelial dysfunction is likely to have a
major impact on the risk of CVD in older adults.

Age-Dependent Alterations in Vascular
Contractility and Reactivity
Age-dependent modifications in blood vessels
may vary between vascular beds. The structural
changes that lead to increased arterial stiffness are
noticeable in large, elastic arteries, such as the
aorta and carotid arteries, rather than in smaller,
muscular arteries such as the brachial artery
[132]. Still, stiffening of the central elastic arteries
in aging can lead to high pulsations in the micro-
vasculature and cause damage in vital organs
such as the brain and kidney [141]. In addition,
there is emerging evidence, in particular from
animal studies, that the microvasculature
undergoes functional and structural changes
with age, although little is known about underly-
ing mechanisms [102]. Whether this differs
between the sexes is also unclear, although evi-
dence suggests that microvascular dysfunction in
the coronary arteries is more common in women
than in men [120, 143]. Indeed, coronary micro-
vascular dysfunction is thought to play a major
role in the pathogenesis of ischemic heart disease
in older women, whereas obstructive coronary
artery disease is implicated in aging men
[143]. Additional studies of the mechanisms
responsible for male-female differences in the
microvasculature would be of interest.

As discussed above, reduced bioavailability of
nitric oxide released from the endothelial cells
impairs blood vessel relaxation in aging
[55]. However, the ability of blood vessels to
dilate is mediated not only by the endothelium
but also by the function of the vascular smooth

muscle cells themselves. Whether age affects vas-
cular smooth muscle function, however, is
unclear. Some, but not all, studies in animal
models suggest that the vasodilatory responses
of vascular smooth muscle cells decline with age
[129, 149]. This may depend on the vascular bed
evaluated [149]. There is also variability in the
results of studies in humans, potentially as a result
of different vascular beds and small sample sizes
in most studies [129, 149]. A recent systematic
review and meta-analysis of human studies
investigated the impact of age on vascular smooth
muscle function measured as the endothelium-
independent vasodilator responses to exogenous
nitric oxide donors [129]. Results showed clearly
that vascular smooth muscle function declined
with age in two different types of vasculature,
the central elastic arteries and the resistance
arteries [129]. Interestingly, this age-associated
decline in vascular smooth muscle function was
more pronounced in women than in
men [129]. Taken together, these observations
suggest that endothelial-dependent and endothe-
lial-independent vasodilatory responses are
compromised in older adults, in particular
females.

There is some evidence that vascular
responsiveness to vasoconstrictors and vaso-
dilators changes with age, although more work
in this area is needed. Vasodilatory responsive-
ness to prostaglandins declines with age in human
studies [149]. Vasoconstrictor responses to nor-
adrenaline, endothelin, and potassium chloride
have been reported to increase with age in
some studies and not change in others, at least
in animal models [149]. These variable results
may be due to factors such as differences in the
strain of animal and vascular bed investigated
[149]. Whether arterial responsiveness to angio-
tensin receptor agonists is modified by age is
not yet clear, although this has not been exten-
sively investigated [130, 149]. Few studies have
investigated the impact of age on vascular
responsiveness in veins, but most studies report
that age has little impact on the responsiveness of
veins to a variety of pharmacologic agents
[130]. Investigation of age-dependent alterations
in vascular reactivity is an important area of
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inquiry that could reveal differences in res-
ponsiveness of the aging vasculature to drugs
that target blood vessels in humans. Investi-
gations of potential sex differences in vascular
reactivity in aging are also required.

Age-Related Changes Promote
Cardiovascular Diseases: Differences
Between the Sexes

The age-related cardiovascular structural and
functional changes outlined above promote
CVD in aging men and women. Advancing age
is associated with an increased risk of bradycardia
and pacemaker implantation, atrial fibrillation
(AF), both heart failure with reduced ejection
fraction (HFrEF) and heart failure with preserved
ejection fraction (HFpEF), aortic stenosis,
aneurysms, isolated systolic hypertension, athero-
sclerosis, and ischemic heart disease (Table 25.1).
There are some clear sex differences in the risk of
developing these diseases as well as the risk of
poor outcomes, and these will be discussed fur-
ther below.

Bradycardia, Pacemaker Implantation,
and Left Bundle Branch Block

There is higher risk of bradycardia and require-
ment for the implantation of pacemakers with old
age in both men and women [2, 123, 167]. This is
associated with age-related changes to the SAN
including reduced numbers of SAN cells, reduced
expression of ion channels in SAN cells, and the
accompanying reduction in the speed of electrical
conductivity in the heart. Several studies have
shown higher rates of pacemaker implantation in
men compared to women [119, 157, 167]. Two of
these studies explored outcomes, including mor-
tality, post-pacemaker implantation and did not
see any clear sex difference [119, 157]. One study
of patients with syncope (transient loss of con-
sciousness often associated with bradycardia)
showed that female sex was a significant risk
factor for pacemaker implantation in this popula-
tion [2]. Age-related sex differences in the risk of

development of bradycardia, or of pacemaker
implantation, as well as potential sex differences
in outcomes post-pacemaker implantation require
more investigation.

Aging is also associated with an increased
prevalence of left bundle branch block (LBBB),
as classified by a slowed QRS interval (� 120 ms)
[66, 77, 107, 180]. LBBB is associated with poor
outcomes and other CVD, including heart failure
[77, 177]. Risk factors for LBBB may include
hypertension and reduced heart volume
[77, 180]. There is no clear sex difference in the
incidence of LBBB, with some studies showing
greater prevalence in women [77, 107] and some
showing greater prevalence in men [66]. Interest-
ingly, women appear to benefit more than men
from the main intervention to treat LBBB, cardiac
resynchronization therapy, especially among
those with shorter QRS intervals [180].

Atrial Fibrillation

AF is the most common sustained arrhythmia
and is characterized by structural and electrical
remodeling of the atria [176]. AF is a common
risk factor for thromboembolic stroke and heart
failure [115]. The risk of developing AF grows
with advancing age [115]. Maladaptive
remodeling of the atria including hypertrophy
and fibrosis, as well as changes to the atrial
myocytes, is associated with the greater risk of
atrial fibrillation in old age. This increased risk of
AF with old age appears to be particularly appar-
ent in men [10, 153], although not all studies have
seen a sex difference [127, 176]. Interestingly,
Magnani and colleagues found that lower testos-
terone was associated with increased risk of AF in
men aged over 80 years, suggesting a potential
role of sex hormones and AF risk [112]. Although
older men may be at a greater risk of developing
atrial fibrillation, it is associated with worse
outcomes in women including stroke [5, 30,
176], development of heart failure [108, 115],
and increased mortality [11]. Yoshida and
colleagues suggest that the higher risk of stroke
in women with AF compared to men may be as a
result of more left atrial remodeling resulting in
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Table 25.1 Clinical consequences of cardiac and vascular aging in men and women

Age-related changea Clinical outcome Sex difference Reference

# Expression of SAN
node channels, SAN
dysfunction

" Risk of
bradycardia and
pacemaker
implantation

Not clear Mizra et al. (2012), Ahmed et al. [2],
and Uslan et al. [167]

Atrial hypertrophy and
fibrosis

" Risk of atrial
fibrillation

May be more prevalent in
men but associated with
worse outcomes in women

McManus et al. [115], Sherman et al.
[153], Yoshida et al. [176], and
Benjamin et al. [11]Remodeling of ion

channels in atrial
myocytes

# Electrical conduction " Risk of left
bundle branch
block

Women benefit from
interventions (CRT) more
than men

Zusterzeel et al. [180], Haataja et al.
[66], Liu et al. [107], and Jeong et al.
[77]

Hypertension

# ESV

# Numbers of ventricular
myocytes and myocyte
hypertrophy

" Risk of HFrEF Risk is higher and
outcomes are worse in men
than in women

Dunlay and Roger [38], Nakada et al.
[133], and Martínez-Sellés et al. [114]

# Myocyte contraction
and # Ca2+ transients

# Systolic function
(#ESV, #EDV)
Slow passive LV filling,
diastolic dysfunction

" Risk of HFpEF More prevalent in women
but associated with worse
outcomes in men

Dunlay and Roger [38], Loffredo et al.
[109], Greiten et al. [64], Kosmidou
et al. [91], Nakada et al. [133], Lam
et al. [95], and Martínez-Sellés et al.
[114]

" Left ventricular fibrosis,
stiffness, and wall
thickness

# Ca2+ removal, "
diastolic Ca2+, and "
myocyte stiffness (titin
changes)

Atrial remodeling

" Vascular stiffness

" or ↔ EF

Aortic valve calcification,
LV outflow obstruction

" Risk of aortic
stenosis

May be more prevalent in
men and associated with
worse outcomes in men

Milin et al. [122], Cramariuc et al. [28],
and Carroll et al. [19]

# aortic diameter

Elastin degradation and
fragmentation plus
changes in collagen in the
aorta

" Abdominal
aortic aneurysms

More common in men, "
rupture plus worse
outcomes in women

Boese et al. [14] and Garcia et al. [54]

" Vascular stiffness " Isolated
systolic
hypertension

" In postmenopausal
women more than men

Lee and Oh [98], Coutinho [27], and
Merz and Cheng [120]

" Intima-medial thickness " Risk of
atherosclerosis

Occurs in men and women Bauer et al. [7]

Coronary microvascular
dysfunction

" Ischemic heart
disease

More important
contribution to ischemia in
women

Merz and Cheng [120], Elias-Smale
et al. [41], Park and Merz [143], and
Virdis and Taddei [170]Endothelial dysfunction

Hypertension
aAbbreviations: HFrEF heart failure with reduced ejection fraction,HFpEF heart failure with preserved ejection fraction,
LV left ventricle, SAN sinoatrial node, ESVi end-systolic volume, EDVi end-diastolic function, CRT cardiac resynchro-
nization therapy, EF ejection fraction
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reduced atrial function in women [176]. Pancholy
and colleagues found that in a study of AF
patients, women taking warfarin were at a greater
risk of stroke than men taking warfarin, or women
taking novel oral anticoagulants, suggesting that
perhaps the higher risk of stroke in women may
be a result of traditional anticoagulants being less
effective in women [142]. Further studies are
needed to understand the mechanisms behind
the increased risk of poor outcomes, including
stroke, in women with AF [5].

Heart Failure with Reduced Ejection
Fraction (HFrEF)

There is an elevated risk of HFrEF, or systolic
heart failure, with old age [38]. This is likely a
result of the decline in systolic function at both
the cellular and whole heart level that occurs in
old age. The risk of developing HFrEF in old age
appears to be higher for men than women
[38, 133]. Heart failure commonly develops as a
result of ischemic heart disease and the related
cardiac remodeling. The severity of cardiac
remodeling associated with ischemic heart dis-
ease appears to be higher in men compared to
women [38, 41], and this may contribute to the
higher risk of HFrEF in men. Evidence from
animal studies supports this, with studies showing
a greater prevalence in males of structural and
functional changes in the heart such as reduced
cellular contractility and decreased stroke volume
and EF [31, 33, 44, 46, 73, 155, 181]. Outcomes
after the development of HFrEF also appear to be
worse in men than in women [38]. A meta-
analysis of 31 studies found that overall there
was a 23% increased risk of mortality in men
with HFrEF compared to women [114]. Interest-
ingly, other studies have found that although
women with HFrEF have reduced mortality risk,
they have a poorer quality of life [62, 145].

Interestingly, some studies have suggested
that, as women have higher EF than men at all
ages, there should be different cutoff values used
in the definition of reduced EF for men and
women [23, 80]. It is possible, then, that the
higher prevalence of HFrEF in men with old age

compared to women may be because of under-
classification of reduced EF in women. In addi-
tion, whether EF is a good measure of myocardial
contractility has recently been questioned [4, 12,
43, 86, 87], so whether distinctions between heart
failure subtypes should be made based on EF is
controversial [90]. More work in this area will
clarify whether classification of heart failure by
EF will continue to be the standard [64] and help
clarify differences in risk for aging men and
women.

Heart Failure with Preserved Ejection
Fraction (HFpEF)

Old age is also associated with a greater risk of
HFpEF, or diastolic heart failure [80, 109]. The
increased risk of HFpEF in old age is associated
with the age-related functional and structural car-
diac changes of slow LV filling, diastolic dys-
function, atrial remodeling, thicker LV wall and
fibrosis, and the corresponding cellular changes.
Furthermore, age-related changes to the vascula-
ture including increased aortic stiffness may also
contribute to the development of HFpEF. Unlike
HFrEF, the risk of developing HFpEF appears to
be higher in women [13, 38, 64, 91, 133]. One
contribution to this may be sex differences in risk
factors, with a greater prevalence of older women
than men having hypertension, which is a signifi-
cant risk factor for HFpEF [64]. Additionally, sex
differences in the underlying age-related struc-
tural and functional changes of the heart may
contribute to this sex difference in HFpEF risk.
Females are at a lower risk of developing systolic
dysfunction in old age [34] due to increased prev-
alence of changes such as more LV wall thickness
[21] and more cardiac torsion [75] which appear
to maintain systolic function in aging women.
This may then predispose women to developing
HFpEF, rather than HFrEF [96]. As discussed
above, the change in prevalence of HFpEF
between males and females may also be due to
the need for different definitions of reduced EF in
women compared to men [23, 80]. Despite having
less risk of developing HFpEF, many studies
have shown that men have higher risk of poor
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outcomes as a result of HFpEF, compared to
women [95, 114, 133]. Not all studies have
found this, however, with several studies finding
no sex difference in mortality risk for HFpEF
patients [96, 164, 181]. Lam and colleagues sug-
gest that one reason for this finding may be that in
their study women had lower use of potentially
beneficial medications such as angiotensin-
converting enzyme inhibitors compared to men,
which reduced the female survival advantage
[96]. On the other hand, Zsilinszka and
colleagues found no sex differences in manage-
ment of heart failure in hospital, including medi-
cation use [181]. Further research into the sex
differences in mechanisms leading to the devel-
opment of heart failure and the risk of poor
outcomes with heart failure in old age could be
informative.

Aortic Stenosis

Age-related calcification of the aortic valve can
lead to the development of aortic stenosis. This
results in narrowing of the aortic valve, which
obstructs LV outflow and increases the required
effort of the heart [122]. Ultimately this can result
in remodeling of the LV and the development of
heart failure [135]. Cross-sectional studies have
shown that the risk of aortic stenosis appears to be
higher in men than in women [19, 122]. A recent
longitudinal study of aortic stenosis patients
found that although the progression of aortic ste-
nosis was similar in men and women, women had
lower risk of reduced EF, ischemic CV events,
and all-cause mortality [28].

Aneurysms

Abdominal aortic aneurysms are balloon-like
formations in the aorta that arise due to local
weaknesses in the arterial wall. The occurrence
of aortic diseases including aneurysms increases
with age, and there is evidence for male-female
differences [14, 54]. Although aneurysms are
more common in men than in women, women

are more likely to suffer from rupture, and they
have worse outcomes after aneurysms are repaired
[14, 54]. Abdominal aortic aneurysms are thought
to develop, in part, as a result of changes in the
structure and/or content of connective tissues (e.g.,
elastin and collagen) in the vessel wall [165].
Thus, the age-dependent changes in the structure
of the aorta described earlier could contribute to
the development of aneurysms in older adults.

There is evidence that that age-related disrup-
tion of elastin, including elastin degradation and
fracture of the elastic lamellae in the media
[26, 140], facilitates the development of abdomi-
nal aortic aneurysms [165]. Relatively little is
known about sex differences in the effects of
age on elastin, although the elasticity of central
elastic arteries, including the carotid and the
aorta, is similar in both sexes in humans and in
animal models [50, 78]. Thus, differences in elas-
tin are unlikely to explain male-female
differences in aneurysms in aging. In theory, a
decrease in adventitial collagen would compro-
mise vessel integrity and could contribute to sex
differences in aneurysms. However, collagen
deposition actually increases with age in the
adventitia of male rodents [52], although others
report that adventitial collagen is unchanged, at
least in older men [166]. Whether adventitial col-
lagen changes with age in females is unclear. This
could be important to investigate as women are at
increased risk of rupture and experience poor
outcomes after aneurysms are repaired [14, 54].

Isolated Systolic Hypertension

Isolated systolic hypertension can be defined as
systolic blood pressure greater than 140 mm Hg
with diastolic blood pressure less than 90 mm Hg
[8]. This form of hypertension rises markedly
with age and is the most common form of hyper-
tension in older adults [3]. It is thought to be
due, in part, to the age-associated increase in
collagen, enhanced arterial calcification, and elas-
tin degradation plus fragmentation that increase
the stiffness of central elastic arteries [20, 94,
132]. Long-term exposure to modifiable risk
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factors for CVD also may contribute to isolated
systolic hypertension in older adults [8].

Premenopausal women are less likely to have
all forms of hypertension than men of a similar
age, but rates rise in women after menopause, and
by the age of 65 years, women are more likely to
have hypertension than men [27, 99, 120].
Isolated systolic hypertension also is more com-
mon in older women than in older men, likely
because of increased aortic stiffness in women
[27, 99]. This is important, as isolated systolic
hypertension is independently associated with
all-cause mortality as well as with fatal and non-
fatal cardiovascular events [8, 113]. As current
antihypertensive therapies have limited effects on
arterial stiffness [113], new therapies that target
the age-related increase in central elastic artery
stiffness could be beneficial for the treatment of
this isolated systolic hypertension in older adults,
especially women.

Ischemic Heart Disease

The incidence of ischemic heart disease rises with
age in both sexes [143]. This may occur, at least
in part, because the age-related increase in IMT
itself increases the risk of developing atheroscle-
rosis [7]. Still, there are important differences in
the clinical presentation of ischemic heart disease
in older men and women [41]. While older men
typically develop obstructive, calcified athero-
sclerotic plaques, women initially present with
more diffuse, less obstructive plaques [41]. None-
theless, women do develop ischemic heart disease
as they age and their prognosis is similar to that of
men at the same age [143]. One explanation is
that women develop more microvascular dys-
function in the coronary arteries than men
[120, 143]. Indeed, there is evidence that coro-
nary microvascular dysfunction makes a major
contribution to ischemic heart disease in older
women, while atherosclerosis plays a major role
in aging men [143]. A better understanding of the
mechanisms responsible for sex differences in the
microvasculature would be revealing.

Vascular endothelial dysfunction is an early
manifestation of vascular aging [41]. It impairs

vasodilatory mechanisms and therefore can pro-
mote signs of ischemic heart disease in older
adults, including dyspnea and chest pain
[41]. The structural and functional changes in
the aging endothelium are thought to contribute
to endothelial dysfunction in both sexes. Men
show signs of age-associated endothelial dysfunc-
tion earlier than women, so this may contribute to
ischemic heart disease in men at all ages. As
endothelial dysfunction rises markedly after men-
opause, it is likely to help promote ischemia in
older women [170]. High blood pressure, which
increases shear stress on the arterial wall and
exacerbates endothelial dysfunction, also may
contribute to ischemic heart disease in older
individuals. This is especially true in women,
who are more likely to develop hypertension as
they age than men [27, 41, 120].

Frailty Influences Cardiovascular
Aging and Disease Expression

Evidence that Frailty Affects
Cardiovascular Disease Risk
and Expression from Clinical Studies

Frailty is an age-related condition of increased
risk of adverse health outcomes compared to
others of the same chronological age
[25, 74]. Frailty gives an indication of the overall
health status of a person and can capture some of
the unexplained heterogeneity in risk for people
of the same age [168]. Clinically, frailty is com-
monly assessed using a frailty index (FI). The FI
measures the number of health-related deficits a
person has accumulated over their lifetime
[125, 126, 146]. The number of deficits a person
has are counted and divided by the number of
deficits assessed to give an FI score between
0 and 1. The closer the score to 1, the more frail
a person is considered to be [146]. Clinical stud-
ies have shown clear sex differences in the devel-
opment of frailty, with women having higher FI
scores than males at all ages [61]. Paradoxically,
men also have a higher risk of mortality than
women at all ages, a phenomenon that is not
fully understood, but hypotheses include higher
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rates of self-reported deficits, more diseases that
affect quality of life rather than mortality, and
higher physiological reserve in women compared
to men [61].

Frailty is related to a greater risk of CVD and
an increased risk of cardiovascular mortality
[1, 22, 156]. In particular, frailty appears to pre-
dispose patients to heart failure
[87, 116]. Veronese and colleagues completed a
recent meta-analysis of CVD morbidity and mor-
tality in frailty. They analyzed results from
18 cohorts of older adults and found that frailty
is associated with more risk of developing
any-type CVD in both cross-sectional and longi-
tudinal studies [169]. Furthermore frailty was
associated with a clear increase in risk of cardio-
vascular mortality, as well as the specific risk of
developing coronary heart disease or heart failure
[169]. Interestingly, studies have also found
associations between frailty and subclinical car-
diovascular changes including LV hypertrophy,
prehypertension, and undiagnosed injury to the
myocardium [136]. Additionally, frail patients
who have CVD have worse outcomes than
non-frail patients, including hospitalization, insti-
tutionalization, and mortality [1, 156]. In particu-
lar, frail heart failure patients have much worse
outcomes, including greater mortality risk, than
non-frail heart failure patients [18, 110]. Frail
patients are also at an increased risk of rehabilita-
tion and further care requirements following
cardiac surgery, as well as having greater postop-
erative mortality and morbidity risks [100, 156,
160]. More research is needed to understand the
effect of sex differences in frailty on risks
associated with CVD in frail men and women.

Although there is clinical evidence that frailty
effects CVD risk and expression, the mechanisms
of this effect have not been explored in humans.
The development of tools to assess frailty in ani-
mal models of aging has resulted in vital work
exploring the effect of frailty on the structure and
function of the heart.

Emerging Work on Frailty and Cardiac
Aging

FI tools for the assessment of frailty in aging
animal models have been recently developed
and validated [144, 173, 175]. These tools allow
the quantification of health-related deficits in
aging rodents and the calculation of FI scores
for each animal. The mouse clinical FI contains
31 noninvasively assessed deficits [173] and has
been shown to have good inter-rater reliability
[46, 47, 81] and to be sensitive to interventions
[82]. Importantly, the mouse clinical FI was
recently shown to predict mortality risk
[147]. This tool has been used in several recent
studies to show that frailty is closely associated
with many of the age-related changes in cardiac
structure and function discussed in this review.

The first of these studies showed that
cardiomyocyte hypertrophy in aged male and
female mice was closely graded by FI score
[144]. This was confirmed in a larger study of
young and old male mice, which found that both
cardiomyocyte hypertrophy and cardiac hyper-
trophy were correlated with and graded by FI
score [48]. Additionally, measures of reduced
ventricular contractility including lower LV
developed pressure, and reduced rates of pres-
sure development and decay were also correlated
with and graded by FI score. Impaired contrac-
tility was similarly correlated with frailty at the
cellular level, with a greater reduction in con-
traction velocity and size in cells from mice with
higher FI scores. Interestingly, frailty was even
related to changes at the subcellular level, with
reductions in calcium currents, reduced peak
calcium transients, and reduced protein expres-
sion of L-type calcium channels (CaV1.2) all
correlated with and graded by FI score
[48]. Each of these changes with frailty was
also found to be greater in old mice compared
to the young but with a large degree of hetero-
geneity and overlap, so that, for example, some
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of the older mice had myocyte contractions that
were larger than many of the younger mice.
Frailty was able to grade and explain some of
this heterogeneity [48]. The close association of
mouse cardiac hypertrophy and LV contractile
dysfunction with frailty suggests that these mal-
adaptive changes may also be associated with
frailty in humans and may contribute to the
higher susceptibility of frail older adults to
diseases such as heart failure.

The association of frailty with the structure
and function of the SAN and the atria has also
been explored in young and old mice using the
mouse clinical FI [76, 128]. Aged mice display,
on average, reductions in electrical conduction
time through the atria as shown by increased P
wave duration, longer PR intervals, reduced
atrial conduction velocity, and reduced atrial
action potential durations. Each of these factors
shows considerable variability within mice of
the same age group but is correlated with and
graded by FI score [76]. Similar findings were
also seen in studies of the SAN from young and
aged mice. Increasing frailty is correlated with
reduced heart rate, decreased SAN recovery time
and conduction velocity, and reduced SAN
action potential duration [128]. Frailty is also
associated with increasing atrial and SAN fibro-
sis and changes to extracellular matrix proteins
in the atria and SAN [76, 128]. These changes to
the structure and function of the atria and SAN
can increase the likelihood of developing atrial
fibrillation [76], as well as SAN dysfunction,
which is the most common reason for pace-
maker implantation [128]. Thus, there seems to
be an association of frailty with maladaptive
changes in the atria and SAN as well as in the
ventricle. This has important implications for con-
sidering frailty in the assessment of CVD risk and
in treatment strategies for the older frail popula-
tion. The effect of frailty on the vasculature and
on sex differences in age-related changes to the
heart remains to be clarified. Initial animal studies
have not seen any clear evidence of sex
differences in frailty in mice [144, 173], although
the larger studies have so far only used male mice
[48, 76, 128]. More research is needed in
this area.

With advanced age there is increased hetero-
geneity in health outcomes in both humans and
animal models. As discussed in the sections
above, there are changes to the cardiovascular
system that have an increased risk of occurrence
in the older population, on average, such as
diastolic dysfunction. However, in the popula-
tion as a whole, there is extensive heterogeneity
in these outcomes. In fact, someone who is
70 years old may well have better diastolic func-
tion than someone who is 30 years old, or they
may have worse diastolic function than someone
who is 90 years old. Investigation of changes in
the cardiovascular system within the context of
the overall health of the patient is important in
order to understand this heterogeneity in
outcomes with aging. Frailty allows us to do
this in both humans and now in animal models
of aging [146, 173]. The use of animal FI tools
to explore cardiac changes with aging has led to
growing evidence that frailty is more closely
associated with many of the structural and func-
tional cardiac changes traditionally associated
with aging, than chronological age itself. This
has important implications for estimating risk of
CVD and optimizing interventions for these
diseases in the older and frail population.

Summary

There are major structural and functional
changes to the cardiovascular system that occur
in old age. These changes result in increased risk
of CVD, as well as poor cardiovascular outcomes
with increasing age. There is growing evidence
for important sex differences in both the under-
lying age-related changes and the development of
CVD in the older population. Additionally, frail
older adults are at even greater risk of developing
CVD, and there is emerging evidence that
frailty is closely related to the structural and func-
tional changes of the cardiovascular system that
are commonly seen with aging. This has impor-
tant implications for the assessment, prevention,
and treatment of CVD in older, frail women
and men.
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nervous system as well as the renin-
angiotensin-aldosterone system. Vascular
function changes to help accommodate an
increase in intravascular volume due to blood
volume expansion associated with pregnancy
while maintaining the efficiency of
ventricular-arterial coupling and diastolic per-
fusion pressure. The heart undergoes physio-
logical (eccentric) hypertrophy due to
increased volume load and cardiac stroke
work, whereas the functional change of the
left ventricle remains controversial. There are
changes in cardiac electrical activity during
pregnancy which can be detected in the electro-
cardiogram that are not related to disease. Sym-
pathetic activation is a common phenomenon
during uncomplicated pregnancy and may be a
compensatory mechanism induced by profound
systemic vasodilation and a decrease in mean
arterial pressure. Despite marked sympathetic
activation, vasoconstrictor responsiveness is
blunted during uncomplicated pregnancy.
There are race and ethnic differences in mater-
nal hemodynamic adaptations to uncomplicated
pregnancy, which may be attributed to diff-
erences in socioeconomic status or in preva-
lence rates of cardiovascular risk factors.

Keywords

Gestation · Hemodynamic adaptations ·
Hormones · Autonomic circulatory control ·
Cardiac-vascular function · Pregnancy

Introduction

In humans, pregnancy elicits dramatic changes in
maternal hemodynamics, which begin as early as
4–5 weeks of gestation [34, 77, 112] and reach a
plateau in the second trimester [29, 38, 47, 120,
121]. These changes are required to meet the
increased metabolic demands of the mother, as
well as to ensure adequate uteroplacental circula-
tion for fetal development and growth
[100, 125]. Inadequate hemodynamic adaptations
during pregnancy can lead to the development of

maternal cardiovascular complications (e.g., gesta-
tional hypertension, preeclampsia, eclampsia, etc.)
and/or poor fetal outcomes (e.g., intrauterine
growth restriction, preterm birth, low birth weight,
etc.). Maternal hemodynamic adaptations during
pregnancy have been proposed to occur through
the autonomic nervous system, in particular, the
sympathetic division [49, 58]. Additionally,
pregnancy-induced blood volume expansion,
alterations in hormonal factors (e.g., estrogen, pro-
gesterone, relaxin, etc.), and cardiac-vascular
remodeling also contribute importantly to the ade-
quate adaptations of maternal hemodynamics.

In this chapter, we review the hemodynamic
and electrocardiographic aspects of uncomplicated
singleton pregnancy in young healthy women. The
possible underlying mechanisms for these changes
are discussed. Finally, the effects of race and eth-
nicity on maternal hemodynamic adaptations dur-
ing pregnancy are also discussed. Understanding
the physiological mechanisms of uncomplicated
pregnancy provides a basis for identifying inade-
quate or compromised hemodynamic responses in
the first or second trimester, which may offer
opportunities of prediction, prevention, and/or
early treatment for adverse maternal and fetal
outcomes.

Time Course of Changes in Maternal
Hemodynamics and Plasma Volume

Figure 26.1 shows the time course of changes in
maternal hemodynamics during uncomplicated
singleton pregnancy. There is no significant differ-
ence in hemodynamic adaptations to pregnancy
between nulliparous and multiparous women
[99]. However, maternal hemodynamics can be
affected by age and physical characteristics, such
as height, weight, and fitness [156]. Specifically,
cardiac output and stroke volume are smaller,
while total peripheral resistance and blood pressure
are greater in older women compared with
younger women during pregnancy. Moreover,
total peripheral resistance is smaller in taller than
shorter women, resulting in an increase in stroke
volume.
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There is a rapid reduction in mean arterial pres-
sure of about 6–8 mmHg from preconception to
early pregnancy (e.g., �8 weeks of gestation),
driven predominantly by a decrease in diastolic
pressure with minor to no change in systolic pres-
sure [34, 77, 99, 112]. The blood pressure reduc-
tion reaches a nadir (by about 10%) in the second
trimester [99] and, thereafter, gradually returns to
the pre-pregnancy level or even increases in the
third trimester due to an increase in cardiac output
[34, 69, 99, 109, 112]. Mean arterial pressure
decreases by about 5 mmHg shortly after delivery
[112] and returns to the pre-pregnancy level by
6 months of postpartum [99].

Heart rate progressively increases during preg-
nancy and reaches the peak in the third trimester
[92, 99, 112]. Compared to pre-pregnancy, the
percent increase in heart rate at term is 15–20%
[38, 69, 99, 112]. Heart rate decreases after deliv-
ery and is about 5–10 beats per minute lower
during postpartum compared with the
pre-pregnancy level [112].

Cardiac output starts to increase from the fifth
week of gestation and reaches the peak by the

second to third trimester of pregnancy. The
increase in cardiac output is driven by a decrease
in total peripheral resistance [34] and an increase in
stroke volume in the first trimester, and by both
increases in heart rate and stroke volume in the
second and third trimesters [29, 44, 64, 74,
107]. Cardiac output increases by about 40% dur-
ing uncomplicated singleton pregnancy [29, 64, 74,
96, 107, 126, 155] and returns to the pre-pregnancy
level as early as 2 weeks of postpartum [74].

Stroke volume gradually increases during
pregnancy, reaches the peak in the second trimes-
ter by about 8–10%, and remains constant in the
third trimester. The increase in stroke volume
during pregnancy is a combination of increased
preload (due to blood volume expansion and
increased cardiac filling) and decreased afterload
(due to systemic vasodilation), while myocardial
contractility does not seem to change during
uncomplicated pregnancy [117] or even decreases
progressively and modestly throughout gestation
[107]. Stroke volume decreases quickly by about
10% after delivery due to a decrease in preload
(blood loss during labor) and an increase in
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afterload, and it returns to the pre-pregnancy level
after 2 weeks of postpartum [74].

Total peripheral resistance decreases rapidly
by 30–40% during the first trimester, remains
low throughout gestation [29, 64, 126], and
returns to the pre-pregnancy level 3–6 months of
postpartum (by �2%) [64, 126].

Plasma volume starts to increase as early as the
first week of gestation even before placental
implantation, with the steepest increase occurring
during the second trimester (Fig. 26.2)
[43, 75]. Plasma volume continues to increase in
the third trimester with a pooled maximum
increase of 1.13 l (95% CI, 1.07–1.19), an
increase of about 45% in uncomplicated singleton
pregnancy compared with nonpregnant
conditions [43]. Blood volume also increases by
approximately 30% during pregnancy (Fig. 26.1),
driven primarily by the increase in plasma volume
rather than an increase in red blood cell volume,
and it returns to the nonpregnant level after

6 weeks of postpartum [43]. Red blood cell
mass increases up to 40% via erythropoiesis dur-
ing uncomplicated pregnancy, which is less com-
pared with the increase in plasma volume, leading
to a “physiological anemia” from hemodilution
[125]. It has been proposed that pregnancy
“resets” both volume and osmoreceptors to a
new steady state [46, 147], facilitating salt and
water retention to expand blood volume.

Mechanisms for Hemodynamic
Adaptations During Pregnancy

Figure 26.3 depicts a schematic overview of the
possible mechanisms underlying maternal hemo-
dynamic adaptations during uncomplicated preg-
nancy. A decrease in total peripheral resistance
has been considered as a trigger for changes in
maternal hemodynamics during pregnancy
[29, 47]. Mean arterial pressure falls due to the

Fig. 26.2 Absolute plasma volume increase during preg-
nancy (left) and postpartum (PP; right). Size of individual
plots indicates sample size of point estimate and their color
indicates quality assigned to the study: red, low quality;

green, moderate quality; blue, high quality. Curve fit is
weighted by inverse variance and plotted against weighted
5th and 95th percentiles. (Reproduced with permission
from [43])
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decrease in total peripheral resistance, which
activates the sympathetic nervous system and
the renin-angiotensin-aldosterone system
(RAAS) through unloading of the arterial
baroreceptors [32, 33, 147]. There are several
explanations for the decrease in total peripheral
resistance during pregnancy, which include
(1) primary systemic vasodilation, (2) develop-
ment of a new uteroplacental vascular circuit
likened to an arteriovenous fistula, and

(3) retention of fluids leading to expansion of
blood volume and loading of the cardiopulmo-
nary baroreceptors [58].

Primary systemic vasodilation is supported by
the early onset of the decrease in total peripheral
resistance, beginning in the first 2 weeks after
conception, and therefore, mean arterial pressure
decreases early during pregnancy [34]. These
changes precede activation of the RAAS and
blood volume expansion [116]. The mechanisms
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Fig. 26.3 A schematic overview of the possible
mechanisms underlying maternal hemodynamic
adaptations during uncomplicated pregnancy in humans.

RAAS the renin-angiotensin-aldosterone system, MSNA
muscle sympathetic nerve activity
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responsible for primary system vasodilation in
early pregnancy are unclear, but the endothelial
release of nitric oxide has been proposed as one
major determining factor. Estrogen upregulates
nitric oxide synthesis [163], and thus, an increase
in circulating estradiol concentration during early
pregnancy [77, 112, 148] could stimulate an
increase in nitric oxide synthesis [164]. Both
estrogen and nitric oxide have profound vasodila-
tor effects, which can decrease total peripheral
resistance [5, 71, 132]. Besides estrogen, relaxin
also increases during pregnancy [145] (Fig. 26.4
left panel). Relaxin is a 6 kDa peptide hormone
produced by the corpus luteum and secreted into
maternal blood during pregnancy, and its
circulating level is higher in the first than in either
succeeding trimester [145]. Evidence indicates
that relaxin has a vasodilatory effect, which is
mediated by its major receptor, the relaxin/insu-
lin-like family peptide 1 receptor in the arteries
[39, 111]. In addition, activation of endothelial
nitric oxide synthase is also involved in the rapid
vasodilatory responses of relaxin [39].

Development of the new uteroplacental vascu-
lar circuit is not sufficient to explain the decrease
in total peripheral resistance, as much of the
decrease occurs outside the uteroplacental circu-
lation [42]. Furthermore, women demonstrate
hemodynamic changes qualitatively similar to
early pregnancy in the mid-luteal phase of the
menstrual cycle when both estrogen and proges-
terone levels are high [35] and in an exaggerated
form during ovarian hyperstimulation [11]. These
results suggest that the initial hemodynamic
changes of pregnancy could occur early before
the development of an intact maternal-fetal-pla-
cental unit [58].

Blood volume expansion is attributed to acti-
vation of the RAAS [8, 34, 43, 130, 166] via the
baroreflex mechanism, which increases the circu-
latory volume and restores relative vascular
under-filling due to profound systemic vasodila-
tion [43]. Additionally, products of conception
are thought to be a prerequisite for the expansion
of blood volume [34]. Previous studies using oral
estradiol and progesterone supplement in post-
menopausal women found that both hormones
activated the RAAS [70, 78]. In contrast, it was

demonstrated that progesterone activated while
estrogen inhibited the RAAS [131]. Blood vol-
ume expansion causes systemic vasodilation via
loading of cardiopulmonary baroreceptors [28].

Hormonal Changes and Renal
Function During Pregnancy

Plasma renin activity and aldosterone concentra-
tion increase early on during pregnancy [34, 77,
112] (Fig. 26.4 right panel), which contribute
importantly to salt and water retention and blood
volume expansion. Though estrogen increases
angiotensinogen or renin substrate, which also
activates the RAAS through non-hemodynamic
mechanisms [166], plasma renin activity and
aldosterone concentration are increased during
pregnancy out of proportion to the enhanced sub-
strate availability [8, 34, 130, 166]. Aldosterone
concentration continues to rise during the third
trimester independent of a change in plasma renin
activity [34, 112], suggesting that factors other
than hemodynamic activation of the RAAS, such
as markedly increased progesterone levels, may
be important in the later stages of pregnancy [34].

Hormonal changes associated with pregnancy,
especially estrogen and relaxin, have specific
renal vasodilating effects presumably mediated
by nitric oxide, overriding secondary activation
of other renal vasoconstricting systems such as
the RAAS [34, 35, 40]. Renal vasodilation results
in increases in renal plasma flow and glomerular
filtration and a decrease in renal vascular resis-
tance during pregnancy [34, 39, 137]. Serial renal
function studies by Sims and Krantz [137]
showed that the estimated renal plasma flow was
approximately 25% higher than control (nonpreg-
nant) values throughout the first and second
trimesters, declined to control values during the
third trimester, and then decreased to values sig-
nificantly below the control values for many
months during the postpartum (Fig. 26.1). The
glomerular filtration rate was increased progres-
sively by about 50% throughout gestation,
returning to the range of control values early in
the postpartum (Fig. 26.1) [137]. As a result of the
increase in filtration rate, the concentration of

418 Q. Fu



urea and creatinine in the plasma was reduced to
approximately one-half and two-thirds, respec-
tively, of the concentrations in the control
values [137].

Alterations in Vascular Function

Arterial Compliance

Global (systemic) arterial compliance was
reported to increase by about 30% in the first
trimester and remain high thereafter throughout
gestation in previous studies [117]. Both conduit
and resistant vessels contribute to the increase in
global arterial compliance during uncomplicated
pregnancy [117]. These changes are adaptive in
that they help accommodate the increased intra-
vascular volume while maintaining the efficiency
of ventricular-arterial coupling and diastolic per-
fusion pressure. Reduced smooth muscle tone
may be responsible for the increased arterial

compliance in pregnancy. It is also possible that
vascular remodeling associated with pregnancy
accounts for the increase in arterial compliance.
Hormonal effects, in particular, estrogen, may be
the cause of vascular remodeling. Estrogen
receptors have been found in the vascular smooth
muscle and endothelium. Increased circulating
levels of estrogen during pregnancy causes vaso-
dilation through endothelium-dependent (related
to acetylcholine) and endothelium-independent
(nitride-responsive) pathways [63, 165]. In addi-
tion, increased aortic blood velocities noted early
in pregnancy could enhance shear stress, which
induces release of endothelial relaxing factors
such as nitric oxide and prostaglandin I2
[117]. However, pulse wave analysis in normal
pregnancy showed that augmentation pressure
and index, a measure of systemic arterial stiff-
ness, significantly decreased from the first to the
second trimester and then rose again in the third
trimester [60, 85]. These findings are inconsistent
with those reported by Poppas et al.

Fig. 26.4 Changes in sex hormones (left) and renal-
adrenal hormones (right) during uncomplicated singleton
pregnancy. PRA plasma renin activity, Aldo aldosterone,

ANP atrial natriuretic peptide. (Adapted and reproduced
with permissions from [17, 34])
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[117]. Interestingly, all carotid artery elastic
parameters indicate significant stiffening from
the first trimester to the third trimester, which is
reversed after delivery [103]. The carotid artery
exhibits regionally specific stiffening during
uncomplicated pregnancy, which appears to rep-
resent a qualitatively different change in arterial
elastic behavior.

Endothelial Function

The peripheral arterial vasculature is maintained in
a state of active vasodilation by continuous syn-
thesis of endothelium-derived nitric oxide from
L-arginine [153]. An increase in nitric oxide-
mediated dilation in the cardiovascular adaptation
topregnancywas reported in rats [37, 41].Although
an enhanced nitric oxide-mediated vasodilation
was observed in the hand during uncomplicated
pregnancy in humans [164], whether other vascu-
lar beds respond in the same way as the hand
remains unknown. Flow-mediated dilation, a non-
invasive method using high-resolution Doppler
ultrasound, is an established approach to assess
endothelial function and is highly dependent on
the capacity of endothelial cells to release nitric
oxide [3]. Cross-sectional studies in healthy young
women showed that flow-mediated dilation
increased in the third trimester [45, 127, 128,
133]. Only one longitudinal study with a very
small sample size (n ¼ 5) has been conducted in
healthy women, showing that there was a tendency
toward a progressive increase in flow-mediated
dilation from the first to the third trimester
[45]. Thus, longitudinal studies with more
women are needed to determine the time course
of changes in endothelium-dependent vasodilation
during uncomplicated pregnancy in humans.

Venous Capacitance and Compliance

In addition to profound arterial vasodilation,
uncomplicated pregnancy is also characterized
by venous dilation and increased intravascular
volume [124]. Maternal venous system is impor-
tant in the regulation of intravascular volume and

blood pressure. Decreases in venous distensibility
shift the intravascular volume from the peripheral
to central circulation [124], which could impact
maternal hemodynamics. Venous capacitance
was found to increase in the second and third
trimester of pregnancy [65]. Previous studies
showed that venous capacitance in the forearm
and leg was similar in pregnant women in the
third trimester, while in nonpregnant women
venous capacitance was greater in the leg than
in the forearm [102]. Furthermore, it was found
that venous distensibility or compliance
increased, greater in the calf than in the forearm,
as pregnancy progressed in healthy young
women, and reached maximal values in the third
trimester [14, 124, 139, 140]. It is suggested that
the increase in limb venous distensibility during
uncomplicated pregnancy reflects adaptation to
the changes in circulation, such as an increase in
plasma and blood volume [124]. In addition, hor-
monal changes associated with pregnancy may be
also responsible for the increase in venous
distensibility.

Structural and Functional
Adaptations of the Heart

Changes in hemodynamics and hormones during
pregnancy can influence the structure and func-
tion of the maternal heart [126, 135, 143,
152]. For instance, the increase in cardiac output
starting from the first trimester places a volume
load on the heart; in addition, hormonal changes,
in particular, estrogen and relaxin, may directly or
indirectly affect the heart [135]. Pregnancy-
induced structural and functional changes of the
heart are usually reversed by 3–6 months of post-
partum [52, 126, 135, 143].

Physiological Remodeling of the Heart

There are important morphological adaptations of
the heart during pregnancy. For example, atrial
enlargement begins in the first trimester [122] and
reaches the peak in the third trimester around
30 weeks of gestation [126, 152], which is
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associated with blood volume expansion and an
increase in preload. The maximum increase in left
atrial dimension is about 14% during uncompli-
cated singleton pregnancy [84]. Left ventricular
end-diastolic volume increases by 5–10% during
the second trimester [126], while left ventricular
mass increases by 30–50% and peaks around the
third trimester [114, 117, 120, 121, 126,
169]. Left ventricular wall thickness also
increases with a mean increase of 20–30% during
pregnancy [62, 96, 120, 121, 135]. There is no
significant change in the ratio of left ventricular
wall thickness to chamber dimension during
uncomplicated pregnancy, which is consistent
with eccentric hypertrophy in response to
increased preload and cardiac stroke work
[107, 123, 135, 143] (Fig. 26.5). The heart
undergoes remodeling similar to that observed
after aerobic exercise training or in athletes [94],
and it changes from an ellipsoid to a more spheri-
cal shape during uncomplicated pregnancy
[10, 101]. Hypertrophy of the left ventricle may
cause a decrease in diastolic compliance [104],
whereas hormonal changes, such as estrogen- and
relaxin-induced increases in nitric oxide bioavail-
ability, may have an opposite effect [115]. These

structural adaptations could be reversed by 3–-
6 months of postpartum [52, 126, 135, 143]. Ani-
mal studies demonstrated that pregnancy-induced
left ventricular hypertrophy was associated with
increased cardiac angiogenesis, lack of fibrosis,
and decreased expression of remodeling enzymes
that were reversed postpartum [150]. The myo-
cardium can rapidly reserve hypertrophy and
remodeling, and there does not appear to be any
long-term consequence of uncomplicated
pregnancy [135].

Changes in Left Ventricular Function

Changes in geometry and loading of the heart
during pregnancy may affect functional evalua-
tion of the left ventricle. Surprisingly, results
regarding left ventricular diastolic function in
uncomplicated pregnancy are controversial;
some studies found worsened diastolic function
in the third trimester, while others reported no
change or even improved diastolic function
[12, 52, 80, 104, 152, 169]. These discrepancies
could be explained by the different methodology
used, differences in experimental design (e.g.,

Extensive fibrosis
Cardiac dysfunction
Myocyte death

LV

Pregnancy
Exercise training

Chronic hypertension
Aortic valve stenosis

Myocardial infarction
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Physiological Pathological
eccentric hypertrophy                concentric hypertrophy                   cardiac dilation
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No cardiac dysfunction

Fibrosis
Possible cardiac dysfunction
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Fig. 26.5 Left ventricular remodeling in the physiological and pathophysiological conditions. LV left ventricle, DCM
dilated cardiomyopathy
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cross-sectional versus longitudinal), and/or het-
erogeneity of the study population. Prolongations
of mitral E wave duration and deceleration time
were found during uncomplicated pregnancy,
which is consistent with increased passive filling
of the left ventricle during early diastole [135].

Results regarding left ventricular systolic func-
tion during uncomplicated pregnancy are also
controversial [12, 44, 52, 107, 117, 169].
Ejection-phase indices of left ventricular func-
tion, including systolic fractional shortening and
mean velocity of circumferential fiber thickening,
were reported to increase [89], remain unchanged
[84], or decrease [120, 121] during pregnancy.
However, stroke work – an indication of global
ventricular performance [9] – was found to
increase significantly during uncomplicated
pregnancy [126].

Pregnancy and Cardiac
Electrophysiology

The physiological left ventricular hypertrophy,
changes in hormones associated with pregnancy,
and a displacement of the heart due to the
expanding uterus may lead to alterations in car-
diac electrical activity, which could be detected in
the electrocardiogram that are not related to dis-
ease. The most consistent electrocardiogram
changes during uncomplicated pregnancy include
a decrease in the R-R interval, an increase in heart
rate, and a decrease in heart rate variability
[15, 17, 30, 108, 141, 158, 161]. The underlying
mechanisms may be pregnancy-induced sympa-
thetic activation and vagal withdrawal, as well as
intrinsic remodeling of the ion channels that con-
trol cardiac pacemaking [17, 50]. Changes in the
electrocardiogram can be detected early in
pregnancy.

Cross-sectional studies have demonstrated that
in pregnant women the absolute value of the QT
interval in the first trimester is shorter compared
with nonpregnant women, and this observation
sustains throughout gestation [15, 30, 90]. How-
ever, the QT interval is dependent on the heart rate
or R-R interval; when the QT interval is corrected
for the heart rate (QTc), it is significantly longer

(but still within the normal range) in pregnant
women than in nonpregnant women [1, 90,
146]. The lengthened QTc interval may be
attributed to pregnancy-induced changes in sex
hormones, in particular, the progesterone-to-estro-
gen ratio [2]. T wave dispersion (e.g., increases in
width and amplitude) has also been found during
uncomplicated pregnancy [7, 17] (Fig. 26.6),
which may be due to differences in repolarization
of the endocardial, mid-myocardial, and epicardial
regions [7]. It is also possible that dispersion may
reflect heterogeneity in repolarization from apex to
base [36, 66, 83], which may be modulated by
sympathetic activity [17].

There is an increased susceptibility to cardiac
arrhythmias during pregnancy and postpartum
[17, 66]. Sinus tachycardia is common, especially
in the third trimester [4]. Ectopic beats and non-
sustained arrhythmia are encountered in more than
50% of pregnant women investigated for
palpitations [4]. Maternal premature ventricular
contractions and maternal premature atrial
contractions are also common in pregnancy
[54, 66]. Changes in ion channel expression and
behavior may be responsible for the changes in the
electrocardiogram during pregnancy, but the actual
role of ion channels in electrical remodeling
remains unknown [17]. Sodium channels and
changes in calcium homoeostasis may also con-
tribute to cardiac electrical remodeling.

Autonomic Circulatory Control
in Pregnancy

Maternal hemodynamic adaptations during preg-
nancy occur through the autonomic nervous sys-
tem [49, 58], but the actual role of sympathetic
neural control in uncomplicated pregnancy
remains largely unclear.

Vasomotor Sympathetic Activity

Earlier human research on vasomotor sympathetic
activity during pregnancy focused exclusively on
plasma norepinephrine concentration, which
ranged from increased to decreased compared
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with that of nonpregnant women [13, 34, 149,
170]. Plasma norepinephrine concentration is an
insensitive measure of vasomotor sympathetic
activity, since it can be affected by many factors,
such as efferent nerve discharges, synaptic trans-
mitter release, reuptake mechanisms, clearance,
regional blood flow, and/or plasma volume
[57]. In contrast, the microneurographic technique
for obtaining direct intraneural recordings of post-
ganglionic efferent nerve activity allows a precise,
quantitative, and reproducible assessment of sym-
pathetic neural vasoconstrictor activity [154, 160]
(Fig. 26.7). It has been demonstrated that sympa-
thetic outflow to the skeletal muscle is similar to
that of the kidney and the heart under physiologic
conditions [81, 82].

Microneurographic studies found that vaso-
motor sympathetic activity increased early on
(even within the first week of conception) during
uncomplicated pregnancy [77], continued to
increase throughout gestation, and returned to

the pre-pregnancy level within 10 weeks of post-
partum [67, 112, 151]. These results suggest that
sympathetic activation is a common phenome-
non during pregnancy in humans. Marked sym-
pathetic activation during uncomplicated
pregnancy may be a compensatory mechanism
induced by profound systemic vasodilation and
the decrease in mean arterial pressure. Further-
more, animal studies have shown that estrogen
receptors are located in the brain centers such as
the nucleus tractus solitarius, the ventrolateral
medulla, and the area postrema [136]. The ele-
vated circulating estrogen concentration during
pregnancy may increase sympathetic outflow
through a central mechanism [72]. It is also
possible that sympathetic activation is a reflex
response to the presence of the uterine “shunt.”
There are other circumstances where arteriovenous
anastomoses have been documented to cause sym-
pathetic activation, such as cirrhosis [56]. How-
ever, the uterine “shunt” may not be obvious

Fig. 26.6 Changes in the electrocardiogram during
uncomplicated singleton pregnancy in humans. (A) The
major deflections of the human electrocardiogram. The P
wave is associated with atrial depolarization. The QRS
complex is the result of ventricular depolarization, and
the T-wave repolarization. The shape, duration and timing
of the T wave are affected by heterogeneity of repolariza-
tion of the ventricle. In pregnancy, the RR duration is
reduced, i.e., heart rate increases. In addition, the QT

interval increases, as does T-wave dispersion. (B)
Human ventricular cellular action potentials. The rapid
upstroke of cellular action potentials is well co-ordinated
across the ventricle, leading to the short QRS duration.
Conversely, the repolarization of ventricular action
potentials varies across the ventricle, leading to the broad
T wave. The dominant ion channels during various parts of
the action potential are indicated. (Reproduced with per-
mission from [17])
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during very early pregnancy in humans. Animal
research suggests that angiotensin II may contrib-
ute to about 50% sympathetic activity in transgenic
mice positive for human renin and
angiotensinogen [95]. Indeed, it was found that
pregnancy-induced increase in vasomotor

sympathetic activity was positively correlated to
direct renin [77]. Finally, it is possible that
pregnancy-induced increase in aldosterone con-
centration also contributes to sympathetic activa-
tion. In support of this notion, a positive
relationship between the change in muscle
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Fig. 26.7 The microneurographic technique for assess-
ment of postganglionic efferent sympathetic nerve dis-
charge (action potential) to the skeletal muscle
vasculature in humans. (a) A picture showing the
microneurographic recording in humans. The preamplifier
is attached to the calf; the reference electrode (with a blue
flag) is inserted into the skin a few centimeters away from
the recording electrode (with a white flag) that is inserted

into the peroneal nerve. (b) The size of the electrode. (c)
Demonstration of a tungsten microelectrode inserted into a
muscle fascicle of the peroneal nerve. (d) Representative
tracings of electrocardiogram (ECG), blood pressure (BP),
original signals filtered at 700–2000 Hz (Raw) and
integrated multiunit muscle sympathetic nerve activity
(MSNA), and respiration (Resp) from one human subject
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sympathetic nerve activity and the change in aldo-
sterone from pre-pregnancy to early pregnancy
was reported in healthy young women [77].

Previous investigations showed that vasomo-
tor sympathetic activity increased in women with
uncomplicated pregnancy and was even greater in
hypertensive pregnant women during the third
trimester [67, 68]. It has been proposed that the
marked sympathetic activation during the latter
months of normal pregnancy helps to return the
arterial pressure to the pre-pregnancy level, but
when the increase in vasomotor sympathetic
activity is excessive, hypertension ensues. This
notion seems to be supported by the findings of
Schobel et al. [129] and Fischer et al. [55]
showing that gestational hypertension and pre-
eclampsia are in a state of sympathetic overactiv-
ity, which normalizes after delivery.

Vasoconstrictor Responsiveness

Despite marked sympathetic activation, total
peripheral resistance remains low during uncom-
plicated pregnancy [29, 64, 126]. Animal studies
demonstrated that normal pregnancy was
associated with a reduced vasoconstrictor response
to angiotensin II, noradrenaline, and vasopressin
[86, 113, 142]. In humans, reduced vascular
responsiveness to α-adrenergic stimulation
[91, 110] and angiotensin II infusion [16, 97] has
been reported during uncomplicated pregnancy.
The reduced vasoconstrictor responsiveness dur-
ing pregnancy may be explained by an increase in
nitric oxide bioavailability. A previous study in
rats showed that chronic administration of
NG-nitro-L-arginine methyl ester, a nitric oxide
synthase inhibitor, during the second to third tri-
mester led to an increase in vascular reactivity
[86]. Indeed, resistance to the pressor effects of
angiotensin II and sympathetic adrenergic stimula-
tion during normal pregnancy is compatible with
an increase in endothelial nitric oxide synthase
activity [147]. Additionally, angiotensin receptors
may play a role in vascular reactivity during preg-
nancy [142]. Angiotensin II binds to both angio-
tensin type I receptors and angiotensin type II
receptors, which are associated with

vasoconstriction and vasodilatation, respectively.
When an angiotensin type II receptor blockade
was administered to rats, it produced vascular
reactivity similar to the nonpregnant control
group [142], indicating that receptor density
and/or sensitivity of angiotensin type II receptors
is enhanced during pregnancy, resulting in a net
vasodilatory effect. Finally, prostacyclin I2
attenuates the pressor response to angiotensin II
in uncomplicated pregnancy [27]. Various
pregnancy-associated tissues, such as human
myometrium, trophoblast, and placenta, synthesize
prostacyclin in vitro. Prostacyclin is an extremely
potent vasodilator, possibly acting as a circulating
and a local hormone, and in its opposing action to
angiotensin II. Indeed, prostacyclin is a primary
regulator of arteriolar tone [27].

Baroreflex Function

The baroreflexes are important mechanisms for
the overall regulation of arterial blood pressure in
humans [59, 79, 144]. Abrupt decreases and
increases in systolic pressure produce shortening
and lengthening of the R-R interval, which is
defined as the cardio-vagal baroreflex [48].
Rapid reductions and elevations in diastolic pres-
sure elicit excitation and inhibition of vasomotor
sympathetic activity, which is known as the sym-
pathetic baroreflex [144, 159].

Results regarding the cardio-vagal baroreflex
during uncomplicated pregnancy are quite contro-
versial; increased [88, 91, 168], unchanged [6, 51,
138], or decreased [18, 25, 26, 93, 105, 118, 134,
141, 157] sensitivity has been reported. The
discrepancies among studies may be attributable
to differences in methodologies implemented to
evaluate the baroreflex and/or different stages of
gestation evaluated. A recent case study in one
woman before, during, and immediately after her
uncomplicated pregnancy showed that cardio-
vagal baroreflex sensitivity peaked in the first
trimester when compared with the pre-pregnancy
level and progressively decreased throughout
the second and third trimesters [73]. In contrast,
studies in women with gestational hypertension
and preeclampsia consistently reported impaired
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cardio-vagal baroreflex sensitivity [31, 53, 106,
119, 134, 162].

Surprisingly, there is little information avail-
able about the sympathetic baroreflex during
uncomplicated pregnancy in humans. One cross-
sectional study found that sympathetic baroreflex
sensitivity was reduced in pregnant women dur-
ing the third trimester relative to nonpregnant
controls despite that blood pressure was similar
between the groups [151]. However, a longitudi-
nal case study involving a series of repeated
measures over time showed that although sympa-
thetic baroreflex sensitivity was variable through-
out pregnancy, the majority of the values
indicated a greater sensitivity in pregnancy com-
pared with the pre-pregnancy level [73]. These
preliminary observations need to be confirmed in
more women during pregnancy.

Race/Ethnic Differences in Maternal
Hemodynamics

Maternal hemodynamic adaptations to pregnancy
can be affected by race or ethnicity. For example,
it was found that African American women
exhibited statistically significant higher blood
pressure readings (but within normal ranges)
throughout pregnancy compared with other eth-
nic groups [98]. African American women have a
higher rate of overweight and obesity, which may
put additional strain on their cardiovascular sys-
tem [98] and increase their risk factor for gesta-
tional hypertensive disorders [61]. In addition, it
was found that serum and tissue creatine kinase
activity was higher in African Americans than in
other ethnic groups [20–22, 24], while creatine
kinase is associated with blood pressure in the
general population with a 14 mmHg increase in
systolic pressure per log creatine kinase increase.
High creatine kinase might enhance contractility
through greater adenosine triphosphate-buffering
capacity at myosin ATPase, but also lower
nitric oxide bioavailability because of a greater
creatine demand with high creatine kinase
[76]. Compared with Caucasians, African Ameri-
can women display greater resistance artery con-
tractility to norepinephrine during uncomplicated

pregnancy and evidence of higher vascular
creatine kinase activity with attenuated nitric
oxide synthesis [23]. Conversely, Asian women
were found to have lower mean arterial pressure,
less sympathetic activation, but more upregulated
renal-adrenal responses compared with Caucasian
women during uncomplicated pregnancy
[112]. These results provide insights into the
pathophysiological mechanisms for racial
differences in the prevalence of gestational hyper-
tension and preeclampsia.

The Generation R Study in the Netherlands
showed that Dutch pregnant women had higher
systolic blood pressure levels as compared with
women in other ethnic groups in each trimester of
pregnancy [19]. Compared with Dutch women,
Turkish and Moroccan women had lower dia-
stolic blood pressure levels in each trimester.
These differences remain after adjusting for edu-
cation and lifestyle factors. Similarly, another
Dutch study among 2413 pregnant women
found Dutch women to have the highest systolic
blood pressure levels in pregnancy and the lowest
diastolic blood pressure levels for Mediterranean
women [87]. One possible explanation might be
that the maternal cardiovascular system of the
various ethnic groups adapts differently during
pregnancy because of genetic differences or dif-
ferent environmental factors [19]. Some of these
ethnic differences may be attributed to differences
in socioeconomic status or in prevalence rates of
cardiovascular risk factors, such as obesity,
smoking, or physical inactivity [87, 167].

Summary

There are dramatic alterations in maternal hemo-
dynamics during uncomplicated pregnancy, which
occur as early as 4 weeks of gestation. These
alterations are triggered by profound systemic
vasodilation and are mediated through the auto-
nomic control mechanisms (though the actual role
of the sympathetic nervous system in pregnancy
remains to be elucidated). In addition, blood vol-
ume expansion and hormonal changes associated
with pregnancy also contribute importantly to
maternal hemodynamic adaptations. Pregnancy-
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induced hemodynamic and electrocardiographic
changes are usually reversed by 3–6 months of
postpartum. Understanding the physiology of
uncomplicated pregnancy provides a basis for
identifying inadequate or compromised hemody-
namic responses in the first or second trimester,
which may offer opportunities of prediction, pre-
vention, and/or early treatment for adverse mater-
nal and fetal outcomes.
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Abstract

Sex differences in cardiovascular diseases can
be classified as those which are specific to one
sex and those that differ in incidence, preva-
lence, etiology, symptomatology, response to

treatment, morbidity, and mortality in one sex
compared to the other. All sex differences in
cardiovascular conditions have their basis in
the combined expression of genetic and
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hormonal differences between women and
men. This chapter addresses how understand-
ing basic mechanisms of hormone responses,
imaging diagnostics, and integration of geno-
mics and proteomics has advanced diagnosis
and improved outcomes for cardiovascular
conditions, apart from those related to preg-
nancy that are more prevalent in women.
These conditions include obstructive coronary
arterydisease,coronarymicrovasculardysfunc-
tion, spontaneous coronary artery dissection,
diseases of the cardiac muscle including heart
failure and takotsubo cardiomyopathy, and
conditions related to neurovascular
dysregulation including hot flashes and night
sweats associated with menopause and effects
of exogenous hormones on vascular function.
Improvement in technologies allowing for
noninvasive assessment of neuronally
mediated vascular reactivity will further
improve our understanding of the basic etiol-
ogy of the neurovascular disorders. Consider-
ation of sex, hormonal status, and pregnancy
history in diagnosis and treatment protocols
will improve prevention and outcomes of car-
diovascular disease in women as they age.

Keywords

Atrial fibrillation · Cardiomyopathy ·
Endothelial dysfunction · Coronary
microvascular dysfunction · 17β-Estradiol ·
Heart failure · Hot flashes · Ischemic
nonobstructive coronary artery disease ·
INOCA · Menopause · Migraine · SCAD ·
Spontaneous coronary artery dissection ·
Takotsubo · Vasomotor symptoms

Introduction

The fundamental origin of all sex differences in
health and disease results from the presence of the
sex chromosomes (XX for female and XY for
males). Genes on these chromosomes influence
the expression of genes on the autosomes, as well
as direct the development of the reproductive
organs and ultimately gonadal production of the

sex steroids estrogen and testosterone [1, 2]. An
important interaction between the sex chromo-
somes and sex hormones is through the gene for
the androgen receptor located on the X chromo-
some. Variations in this gene will have greater
effects in males who carry only one copy of the X
chromosome. Females have two copies of the X
chromosome but one is inactivated, reducing the
gene dosage effect, which also results in mosaic
distribution of the genetic variants on each X in
various tissues of the body. These differences in
genes and hormones provide the basis for all
sex differences in cardiovascular regulatory
mechanisms in health and disease. It is essential
when considering the expression of various car-
diovascular diseases to recall several points:
(1) receptors for the sex steroids are present in
most tissues of the body, but their relative expres-
sion may vary; (2) estrogen is a metabolic product
of testosterone—thus both testosterone and estro-
gen are present in men and women but in different
proportions; (3) concentrations of the sex steroids
vary across the life span as evidenced by
increased production at puberty, increases during
pregnancy, and decreases in women during the
transition to menopause. The dramatic changes in
hormone-mediated physiological changes in the
cardiovascular (and other) system of a woman’s
body with pregnancy demonstrate the activational
effects of the sex steroids, that is, reversible
phenotypes expressed in the presence of the
hormones but diminished in their absence. Spe-
cific aspects of cardiovascular physiology
associated with pregnancy are discussed in a
chapter by Fu [3]. In this section, the focus will
be on conditions of the coronary circulation and
the heart and a group of conditions that require
autonomic neurovascular regulation. The final
section will discuss cardiovascular issues related
to hormonal treatments in women.

The Coronary Circulation

Obstructive Coronary Artery Disease Coronary
artery disease (CAD) is the leading cause of death
in women in the United States, affecting 6.6 mil-
lion women a year with higher mortality rates
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than their male counterparts, from 1985 to 2011
[4]. A recent reduction in these rates has been
attributed to national and international efforts
which focused on fostering understanding, aware-
ness, and application of evidence-based therapy
to women. Women who present with obstructive
CAD are generally older than their male
counterparts, have more cardiovascular
comorbidities, and have a higher incidence of
adverse cardiovascular outcomes including mor-
tality following acute myocardial infarction
(MI) [5]. Occlusion of the coronary arteries is
caused by disruption of plaque resulting from
accumulation of infiltrating macrophages and
low-density lipoproteins within the vessel wall.
Formation of thrombus at the site of the disrupted
plaque occludes the artery limiting blood flow to
the myocardium resulting in MI. The pathophysi-
ology of CAD and MI is distinctive in women,
who are less likely than men to present with
plaque rupture [6]. The reasons for this difference
remain unclear.

Chest pain is the most prevalent symptom of
acute MI in both sexes. However, women are
more likely to present with atypical symptoms,
including pain in the upper back and neck,
fatigue, nausea, and vomiting. These differences
in symptom presentation, along with the long-
standing notion that CAD and acute MI are
uncommon in women, account, in part, for delays
in seeking medical advice, poor recognition of
symptoms, underdiagnosis, and suboptimal treat-
ment in women [7–9]. Women with MI also are
less likely to undergo coronary angiograms when
compared to men, despite that this test is the
diagnostic and therapeutic gold standard. When
obstructive lesions exist, revascularization is most
often the treatment of choice in the clinical setting
of both ST-elevation MI (STEMI) and high-risk
non-ST-elevation MI (NSTEMI) [10, 11]. How-
ever, revascularization of the occluded artery may
be more challenging in women due to bleeding at
the site of access and small and more tortuous
coronary arteries. Future studies should aim at
improving the treatment of obstructive CAD in
women.

Coronary Microvascular Dysfunction Ap-
proximately 30–50% of women who undergo
coronary angiography for evaluation of chest
pain do not have obstructive CAD [12, 13]. Ische-
mia in the setting of no obstructive coronary
artery disease (INOCA) can be due to coronary
microvascular dysfunction (CMD). Clinical sus-
picion for CMD should be high in patients that
present with persistent chest pain, ischemic
changes on noninvasive stress testing, and no
obstructive CAD by invasive or noninvasive
diagnostic methods. Once thought to be a benign
condition, CMD has been found to have a 2.5%
annual rate of major adverse cardiovascular
events (MACE) including stroke, heart failure,
or MI [14, 15].

Risk factors for CMD are similar to traditional
coronary risk factors for obstructive CAD such as
smoking, hypertension, hyperlipidemia, and dia-
betes [16]. In addition, sex-specific risk factors
have been identified such as autoimmune diseases
[17], treatments for breast cancer with radiation to
the chest wall area, as well as certain chemother-
apy agents [18, 19]. The gold standard diagnostic
test for CMD is an invasive coronary reactivity
test (CRT) that uses vasoactive agents to func-
tionally test the coronary microvasculature. Dur-
ing CRT, a Doppler guide wire is positioned in
the proximal left anterior descending artery for
sequential infusion of the vasoactive drugs aden-
osine, acetylcholine, and nitroglycerin to assess
microvascular and macrovascular (epicardial)
endothelial and non-endothelial function. Coro-
nary flow reserve (CFR) is the calculated ratio of
peak flow velocity to baseline flow after adeno-
sine has been administered. Data from the
National Heart, Lung, and Blood Institute-
sponsored Women’s Ischemia Syndrome Evalua-
tion (WISE) study found that women with no
obstructive CAD who have a low CFR to adeno-
sine are at higher risk for major adverse cardiac
events as compared to those with normal
CFR [15].

Noninvasive imaging of those with
nonobstructive coronaries with cardiac magnetic
resonance imaging (CMRI) can be used to
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evaluate the coronary microvascular at both stress
(adenosine) and rest. The characteristic finding to
diagnoses of CMD by CMRI is a decreased per-
fusion pattern in the subendocardial region of the
heart, which can also be seen in the affected
coronary distribution of obstructed arteries.
CMRI also has prognostic value in women with
CMD [20, 21]. Cardiac positron emission tomog-
raphy and transthoracic Doppler echocardiogra-
phy are other noninvasive techniques that
measure CFR, but they do not replace diagnosis
by intracoronary CRT.

As with obstructive CAD, treatment of CMD
is focused on lifestyle modification and aggres-
sive risk factor control. In addition to its diagnos-
tic utility, CRT allows to guide treatment based
on which abnormal pathways (i.e., endothelium
or smooth muscle) have been found. Medications
to treat endothelial dysfunction include statins,
angiotensin-converting enzyme inhibitors, and
low-dose aspirin. Medications to treatment of
non-endothelial dysfunction include beta-
blockers, alpha-beta-blockers, and nitrates [22].

Spontaneous Coronary Artery Dissection Spon-
taneouscoronary artery dissection (SCAD) is a
cause of acute coronary syndrome that affects
women (81–92% of all cases) more than men.
Women present with SCAD at an average age of
between 42 and 53 years (range can be
17–71 years or older) and have minimal other
cardiovascular risk factors [23–28].

SCAD is caused by formation of a hematoma
within the wall of one or more coronary arteries,
leading to obstruction of coronary artery blood
flow to the myocardium. A tear in the artery is not
always observed either because it may be too
small to detect or perhaps hematoma occurs inde-
pendent of a tear. Associated conditions for
SCAD include extracoronary vascular
abnormalities (i.e., fibromuscular dysplasia, coro-
nary tortuosity), pregnancy and the postpartum
state, extreme emotion/stress/exercise, and con-
nective tissue disease.

SCAD is diagnosed on coronary angiography
and previously considered rare with reported
prevalence of 0.07–1.1% [29]. However, recent

technological advancements in the catheterization
laboratory with the ability to visualize intramural
hematoma of the coronary wall using intravascu-
lar imaging techniques such as intravascular ultra-
sound or optical coherence tomography have
improved both awareness and diagnosis of this
condition. Recent studies indicate that SCAD is
the etiology of as many as 35% of myocardial
infarctions among women <50 years of age and
that SCAD is the most common etiology of
pregnancy-associated MI [27, 30].

Accurate diagnosis of SCAD is important as
management strategies are different than those for
coronary artery disease due to atherosclerosis.
While atherosclerotic MI is best managed with
revascularization, primarily with stenting, a simi-
lar approach for acute SCAD is associated with a
high risk of complications [31]. SCAD can self-
heal in the majority of conservatively managed
patients. Therefore, as long as a patient has nor-
mal or near-normal distal coronary blood flow
and is clinically stable, acute SCAD can be man-
aged without revascularization [31].

While patients with history of SCAD fare bet-
ter survival rates that matched controls with ath-
erosclerosis [24], there is a significant burden of
major adverse cardiac events including recurrent
SCAD, recurrent myocardial infarction, recurrent
chest pain, and heart failure [23–25]. Precipitators
of recurrent SCAD and underlying mechanisms
of SCAD itself remain poorly understood, requir-
ing continued research into the causation, genetic
predisposition, diagnostic and prognostic
indicators, and treatment options for patients
with recurrent SCAD with other comorbidities
(e.g., migraine) [32].

The Heart

Atrial Fibrillation Atrial fibrillation (AF) is due
to chaotic atrial electrical activity with dysfunc-
tional or nonexistent contraction of the atria; this
can be accompanied with irregular and/or rapid
ventricular contraction predisposing to heart fail-
ure. However, the most serious and immediate
risk from AF is the association of stroke; one
proposed mechanism is due to formation and
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dislodgement of thrombus in the poorly contrac-
tile and often dilated left atrial appendage
[33]. This risk can be reduced with chronic
anticoagulation; appropriate patients to treat can
be selected using risk stratification techniques
including the CHA2DS2VASc and HAS-BLED
scores to predict risk of stroke and bleeding,
respectively [34]. Of note, the female sex is con-
sidered an important risk factor for stroke
associated with atrial fibrillation and is accounted
for on the CHA2DS2VASc tool [35, 36]. Despite
many existing hypotheses, the exact pathophysi-
ology as to why the female sex increases stroke
risk in the setting of AF is not understood.

The proposed causes of AF are numerous. One
hypothesis is that it may involve changes in func-
tion of the potassium channels on the atrial mus-
cle leading to prolongation of the electrical
refractory period. Variants in genes encoding
subunits of the potassium channel, one of which
is located on the X chromosome, may account for
sex differences in etiology and prevalence of and
mortality from AF [37, 38]. Antiarrhythmic drugs
that prolong the QT interval increase risk for
torsade de pointes in women, and this was the
reason some such drugs were removed from the
market [39]. Estrogenic compounds modulate
potassium currents in atrial tissue [40, 41], but
the relationship between endogenous and exoge-
nous estrogen on incidence of AF in women is not
established.

Radiofrequency catheter ablation is effective
in reducing AF in women. However, women are
often older at the time of presentation, experience
more bleeding events during procedures, and
have higher recurrence rates than men, which
may be due to the older age and stage of disease
when the procedures are performed [42–44].

Heart Failure HF, an important cause of mor-
bidity and mortality [45], is caused by abnormal
ventricular diastolic filling, reduced systolic ejec-
tion of blood, or a combination of both. It is a
clinical diagnosis with a complex range of
etiologies and mechanisms. Patients can present
with symptoms such as dyspnea, fatigue, exercise
intolerance, and fluid retention including edema

and ascites [46]. Defining the prevalence of HF is
challenging due to varying definitions and diag-
nosis methods. Regardless, over one million US
hospitalizations in 2010 coded HF as the first
discharge diagnosis, and one in eight deaths
mentions HF on the death certificate [45].

Left ventricular (LV) HF can be
subcategorized into HF with ejection fraction
(EF) preserved (HFpEF) and HF where EF is
reduced (HFrEF). The severity of HF is stratified
based on structural changes to the heart and sever-
ity of symptoms and response to treatment
(Table 27.1) [46].

In general, HFrEF refers to a patient whose
LVEF is <40%. These patients may also have
concurrent diastolic dysfunction with increased
LV filling pressures. The diagnosis of HFpEF
refers to a patient whose LVEF is >50%. In
HFpEF, the diastolic relaxation of the LV is
impaired [46]. On clinical evaluation, patients
with HFpEF exhibit evidence of arterial and LV
stiffness with chronically elevated LV filling
pressures. At autopsy, patients with HFpEF have
more cardiac hypertrophy, myocardial fibrosis,
epicardial coronary atherosclerosis, and coronary
microvascular rarefaction than matched controls
possibly accounting for the observed clinical
findings [47].

There is debate regarding the threshold for
categorizing midrange EF and whether there is a
need for sex-specific criterion for phenotyping
HF [48]. For example, patients with HF and
LVEF of 41–49% are considered borderline
HFpEF, because the clinical characteristics,
response to treatment, and outcomes are similar
to those who have HFpEF [46]. The risk of
HFpEF is similar between men and women after
adjustment for age and risk factors [49]. However,
HFrEF is less frequent among women than men
[49]. A recent study suggests women have more
reverse remodeling with standard medical therapy
than men (�15% reduction in LV end-systolic
volume index in those with HFrEF), resulting in
fewer hospitalizations for HF and fewer cardio-
vascular and all-cause mortality [50].

Associated factors and predisposing
conditions for HF include coronary artery disease
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(major etiology of HFrEF), diabetes, cigarette
smoking, hypertension, vascular heart disease,
obesity, and age. There are also less common
causes of HF such as SCAD, myocarditis, infil-
trative disease, substance abuse (e.g., alcohol,
methamphetamines), chemotherapy induced
(e.g., doxorubicin, trastuzumab), and familial car-
diomyopathy, which can be challenging to diag-
nose. Some patients have an unknown etiology of
HF [45, 46].

Current therapies known to benefit those with
HFrEF include beta-blockers and angiotensin-
converting enzyme inhibitors (ACEI) and aldo-
sterone antagonists. However, depending on spe-
cific patient needs and clinical characteristics,
additional therapies such as hydralazine-nitrates,
ivabradine, implantable cardiac defibrillators/
chronic resynchronization therapy, angiotensin
receptor-neprilysin inhibitors, and advanced
therapies including mechanical support and car-
diac transplantation can be considered for patient
management [46, 49, 51].

Women have historically been underrepre-
sented in clinical trials for the treatment of
HFrEF, representing approximately a quarter of

patients in studies examining the effects of beta-
blockers on this condition [52]. Women appear to
benefit from most recommended goal-directed
medical therapies in HFrEF, although the degree
of benefit may differ slightly from men. In a meta-
analysis of studies reporting the effects of beta-
blockers that includes 13,833 patients (24%
women) from 11 trials, the benefits of beta-
blockers remained significant in all age
categories, with no interaction according to sex
[52]. In a cohort of 27,837 patients with
congestive heart failure (53% women) who filled
prescriptions for ACEI, women had improved
survival, although to a lesser degree than men
[HR 0.80 (0.76–0.85) for women vs. HR 0.71
(0.67–0.75) for men] [53]. Although these
findings remain to be confirmed in a
randomized-controlled trial, a similar population
study found that women diagnosed with heart
failure appeared to have improved survival
when they filled a prescription for angiotensin
receptor blockers (ARB) as opposed to an
ACEI, whereas men did not [HR 0.69
(0.59–0.80) for women vs. HR 1.10 (0.95–1.30)
for men] [54].

Table 27.1 Classification of heart failure by structure and function

ACCF/AHA stages of heart failure NYHA functional classification

A At high risk for heart failure
without structural heart disease
or symptoms

None

B Structural heart disease without
heart failure signs or symptoms

I No limitation of physical
activity

Ordinary physical activity does not
cause heart failure symptoms

C Structural heart disease with
prior or current heart failure
symptoms

I No limitation of physical
activity

Ordinary physical activity does not
cause heart failure symptoms

II Slight limitation of physical
activity

Comfortable at rest, but ordinary
activity causes heart failure
symptoms

III Marked limitation of physical
activity

Comfortable at rest, but less than
ordinary activity causes heart failure
symptoms

IV Unable to carry on any physical
activity without heart failure
symptoms

Heart failure symptoms at rest

D Refractory heart failure requiring
specialized interventions

IV Unable to carry on any physical
activity without heart failure
symptoms

Heart failure symptoms at rest

Table adapted from Yancy et al. [49]
ACCF American College of Cardiology Foundation, AHA American Heart Association, NYHA New York Heart
Association
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The first left ventricular assist devices (LVAD)
developed for HF could only be used in patients
with a body surface area > 1.5 m2, limiting their
use in women with advanced HFrEF, who
accounted for under a quarter of patients enrolled
in early trials [55–57]. Despite current design-
related limitations, women who received LVAD
therapy while awaiting cardiac transplantation
had greater risk of cerebrovascular complications
but similar mortality rates to men (19% vs. 20%,
p¼ 0.89) [58, 59]. Newer, smaller LVADmodels
have recently been developed and may allow
more women with advanced HFrEF to benefit
from this therapy.

Therapies for patients with HFpEF focus on
reducing of volume overload and blood pressure,
with a goal systolic blood pressure of less than
130 mmHg [46, 51]. HFpEF patients who have a
lower heart rate at hospital dismissal are observed
to have lower all-cause mortality [60].

Takotsubo Cardiomyopathy Also known as
stress cardiomyopathy or broken heart syndrome,
takotsubo cardiomyopathy is an acute-onset car-
diomyopathyfirst described in 1990 [61].Diagnos-
tic criteria include characteristic wall motion
abnormalities on left ventricular angiogram or car-
diac echocardiogram extending beyond a single
epicardial vascular distribution in the absence of
atherosclerotic disease, most often akinesis of the
apical andmidmyocardial walls with hyperkinesis
of the basal segments, resembling its namesake, a
Japanese octopus or fish trap. Postmenopausal
women account for 90% of diagnosed patients,
and takotsubo cardiomyopathy is classically trig-
gered by emotional stress or physical triggers,
including anesthesia, infection, and respiratory
distress [61]. Potential pathophysiologic
mechanisms include high catecholamine serum
levels, leading to an overstimulation of β2-
adrenoceptors and myocardial stunning, acute
multivessel epicardial coronary artery spasm, and
acute LV mid-chamber and/or outflow tract
obstruction [62–65].

Clinical presentation for takotsubo cardiomy-
opathy is often indistinguishable from an acute

MI, with over 75% of patients presenting with
chest pain. Nearly all patients have ischemic
ECG changes and may present with STEMI.
Serum troponin levels are elevated in 90% of
cases; however, peak levels are significantly
lower than in patients with STEMI due to vessel
occlusion. Brain-type natriuretic peptide (BNP) is
elevated in the acute phase of the disease. Elderly
patients and those with hypotension, ventricular
arrhythmias, left ventricular outflow tract obstruc-
tion (LVOTO), mitral regurgitation, and thrombus
formation are at higher risk for complications
including cardiogenic shock, which can occur in
up to 25% of cases [61]. Acute ischemic stroke,
occurring in up to 14% of patients, can also com-
plicate the clinical course [66].

Treatment of takotsubo cardiomyopathy
includes cardiac monitoring, supportive measures
(maintaining blood pressure, perfusion, hemody-
namics, airway and fluid volume), as well as the
initiation of goal-directed medical treatment for
HF. It is important to identify whether there is
concurrent LVOTO versus isolated ventricular
systolic failure, which can be assessed by echo-
cardiography, in order to delineate optimal treat-
ment options and anticipated hemodynamic
responses to therapies. Current expert consensus
suggests 72 h observation in the intensive cardiac
care unit for higher-risk patients [61]. In cases of
cardiogenic shock specifically if LVOTO is pres-
ent, the use of inotropic agents is discouraged to
avoid adrenergic stimulation.

In conjunction with current HF treatment
guidelines, beta-blockers and ACE inhibitors are
recommended in the absence of contraindications
such as acute cardiogenic shock. Beta-blockers
have been considered to prevent detrimental
myocardial response to sympathetic nervous sys-
tem stimulation; however, in the largest reported
takotsubo cohort which included 1750 patients,
there was no association between the use of beta-
blocking agents and improved survival [67]. In
this same report, ACE inhibitors or angiotensin
receptor antagonists were associated with signifi-
cantly lower rates of death at 12-month follow-up
(2% vs. 9%, p < 0.001) [67]. Cases of takotsubo
cardiomyopathy demonstrate complete LV
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systolic function recovery at 3–6 months, and this
characteristic is considered a diagnostic criterion
by expert groups [61]. ECG changes and elevated
BNP can persist up to a year following diagnosis.
Takotsubo cardiomyopathy can recur in up to
22% of cases at 5 years, and one study reported
that patients diagnosed with takotsubo are at sim-
ilar 3-year mortality risk as patients who experi-
ence acute MI with evidence of occlusive
atherosclerosis [61]. However, these findings
remain to be confirmed, and future studies are
needed to determine optimal medical therapy
aimed at preventing complications, recurrence,
and adverse cardiovascular events.

Peripartum Cardiomyopathy Peripartum cardio-
myopathy is a form of systolic HF that presents in
the last month of pregnancy or in the first
5 months postpartum in the absence of another
underlying etiology (such as acute MI). In some
cases, chronic HF persists and may lead to cardiac
transplantation. It affects about 1:1000 births
worldwide, but the prevalence varies by geo-
graphic locations [30, 68].

Although peripartum cardiomyopathy is the
leading cause of maternal peripartum death, little
is known regarding origin and underlying
mechanisms of its progression. Preeclampsia
and gestational diabetes may predispose women
to peripartum cardiomyopathy, but the mediators
connecting these conditions to the cardiomyopa-
thy are incompletely defined. Some studies

suggest that increased cleavage of prolactin by
cathepsin D into the proapoptotic and
antiangiogenic 16 kDa prolactin fragment may
be involved [69]. Alternatively, other studies sug-
gest an upregulation of soluble factors of placen-
tal origin (sFlt1, a soluble form of the vascular
endothelial growth factor [VEGF] receptor)
affects the coronary microcirculation [69–
71]. Some women with peripartum cardiomyopa-
thy bear mutations in titin, also known as
connectin, which is a large sarcomeric protein
involved in tethering the sarcomere to the cell
wall [72]. Titin also binds a number of enzymes
involved with maintaining high levels of ATP in
regions of high energy demand in the sarcomere
[73]. Whether any of these factors can be used as
diagnostic, prognostic, or treatment targets for the
disease remains to be determined.

Autonomic Neurovascular
Dysregulation

Vascular Conditions Associated with Decreases
in Ovarian Function With decreases or loss of
ovarian function, about 75% of women experi-
ence hot flashes and night sweats [74]. Three
contemporary longitudinal studies identified four
patterns of the vasomotor instability relative to
their onset prior to menopause, the intensity of
events, and their duration relative to menopause
(Fig. 27.1) [75–77]. These patterns are similar
among women across the globe, suggesting
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Fig. 27.1 Composite
representation of four
patterns of vasomotor
instability relative to their
onset prior to menopause,
the intensity of events, and
their duration relative to
menopause reported in
three contemporary studies
[75–77]
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physiological rather than cultural or environmen-
tal causes. Whether or not vasomotor instability
places women at risk for various cardiovascular
diseases is controversial. Part of the controversy
is driven by the absence of reliable and systematic
objective measurement of the hot flashes and
night sweats. Most studies depend on self-report
tools which may underestimate (or overestimate)
their number, frequency, and severity. However,
even with these unsophisticated reporting tools,
the emerging data suggest that the severity of the
hot flashes and night sweats may be associated
with reduced endothelium-dependent vasodilata-
tion, hypertension, increased carotid intima-
media thickness, coronary artery calcification,
and CMD [78–82]. The relationship between
vasomotor irregularities and soluble markers
associated with coagulation requires further
study [83–85]. Resolving some of these
controversies will require longitudinal studies
that are designed to address the specific patterns
of the hot flashes and night sweats with specific
cardiovascular functions or events.

Hot flashes and night sweats involve the central
thermoregulatory system in the hypothalamus and
are mediated through autonomic control of the
peripheral vasculature and sweat glands. There-
fore, the onset, frequency, intensity, and duration
of the symptoms may represent differences in
underlying dysfunction in central and autonomic
mechanisms and may involve other brain regions
associated with sleep and mood [86]. Indeed,
severe vasomotor symptoms may be related to
obstructive sleep apnea [87], which is a risk factor
for coronary artery calcification [88].

The characterization of autonomic function
associated with expression of hot flashes and
night sweats has not been fully characterized.
However, diminished parasympathetic tone may
be involved as heart rate variability decreases at
menopause [89], and sleep-related decreases in
blood pressure are not observed in women who
experience hot flashes with insomnia [90].

Neurons of the hypothalamic-pituitary axis
implicated in the development of hot flashes and
night sweats are kisspeptin/neurokinin B/dynorphin

(KNDy) neurons [91]. Although menopausal hor-
mone therapy (MHT) consisting of 17β-estradiol,
conjugated equine estrogen, or progesterone (alone
or in combinationwith the estrogen) reduce both hot
flashes and night sweats in women, antagonists of
the KNDy pathway offer a potential alternative
option to treat these symptoms [92].

In addition to menopausal hormone therapy
[93], selective serotonin reuptake inhibitors also
are effective in reducing hot flashes in women.
Stimulation of serotonergic receptors in the brain
alters both sympathetic and parasympathetic nerve
activity (see [94] for review). Estrogen modulates
gene transcription of serotonin in the neuronal
nucleus, augments activity of the serotonin uptake
transporter, and increases the sensitivity of 5-HT1A

receptors on postsynaptic neurons. Thus, declining
levels of estrogen, as would occur at menopause,
can decrease the activity of the serotonergic sys-
tem. An interaction between the serotonergic and
adrenergic systems [95] is suggested as both selec-
tive serotonin reuptake inhibitors (SSRIs) and clo-
nidine, an alpha2-adrenergic receptor agonist
which activates presynaptic inhibition in the
brain, are effective in relieving vasomotor
symptoms in some women [96].

In addition to central autonomic control
pathways mediating vasomotor symptoms, much
remains to be learned about how peripheral
pathways innervating the vascular smooth muscle
(expression of adrenergic or cholinergic
receptors), neurotransmitter synthesis, and recep-
tor coupling to vasodilatory pathways such as
those mediated by cyclic guanylate cyclase [97–
99] might differ among women who experience
various patterns of hot flashes.

Although hot flashes and night sweats are typ-
ically referred to as menopausal symptoms, the
fact that they can occur in men with androgen
depletion [91] and have different patterns of
expression in women suggests that the changes
in hormonal milieu may unmask underlying auto-
nomic and vascular dysregulation.

Migraine is another condition that may be
unmasked by changes in the hormonal milieu.
The hypothesis that changes in sex hormones, in
particular estrogen, contribute to the etiology of
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migraine is supported by the observations that, at
puberty, migraines occur about three times in
women than men and that migraine is associated
with estrogen levels during the menstrual cycle,
with pregnancy and postpartum, and during peri-
menopause. While hormonally related migraine is
associated with abrupt declines in estrogen levels,
as with menstrual-related migraine and postpar-
tum and in perimenopause, it is unlikely that all
migraine variants have a common hormonal eti-
ology (see [100–102]). Genetic variants consid-
ered in the etiology of migraine include those for
the estrogen receptor alpha; receptors and
neurotransmitters associated with adrenergic,
GABAergic, and nitroxidergic nerves; and
enzymes associated with estrogen metabolism
[100, 103–105]. However, systematic genomic
studies of individuals within the various
classifications of migraines may help to better
understand comorbid conditions and provide
insight into better treatment options [106]. Other
emerging concepts for the etiology of migraine
suggest an immunological component, mitochon-
drial dysregulation leading to oxidative stress,
and iron deficiency [107–110].

Although migraines were once considered an
“essentially benign condition” [111], associations
with stroke and SCAD remain to be comprehen-
sively examined with regard to migraine with and
without aura or relative to hormone levels,
hormonal responsiveness, and genomics
[32, 112, 113].

Exogenous Hormones
and Cardiovascular Disease

Exogenous hormones are used by women for
contraception, replacement for primary and pre-
mature ovarian insufficiency and surgical oopho-
rectomy, and treatment for vasomotor, mood,
urogynecological symptoms, and osteoporosis
following menopause. Metabolism of sex steroid
hormones is complex, and genetic variants in any
one of the numerous enzymes associated with
synthesis, uptake, and catabolism [114] of the
hormones, as well as variation in the hormone

receptors [115], will affect responses to exoge-
nous products. The pharmacogenomics of estro-
gen metabolism and response is an emerging area
of investigation, and greater understanding of
genetic variants associated with ovarian function
and hormone response will allow for
individualizing treatments to maximize benefits
and reduce the risk of adverse events with the
use of these products.

Hormonal Oral Contraceptives Oral
contraceptives to suppress ovulation modify
endogenous production of sex steroids from a
functioning ovary and, thus, disrupt the
hypothalamic-pituitary-ovary feedback regu-
latory pathway. Longitudinal randomized control
trials evaluating adverse cardiovascular events
and cardiovascular risk associated with oral
hormone-based contraceptives are confounded
by the fact that the composition of the products
has changed over the years especially for the type
of synthetic progestin allowing for longer cessa-
tion of ovulation and decreased frequency of
menses (see Table 27.2 and Fig. 27.2)
[116, 117]. Evaluation of adverse cardiovascular
events in older women who may have used vari-
ous formulations of oral contraceptives is also
confounded by their pregnancy history and per-
haps use of menopausal hormone therapy. In spite
of these limitations, there are some data to support
that women who use oral contraceptives have
decreased incidence of heart disease [118, 119].

Similar to all oral medications, oral hormonal
products will enter the enterohepatic circulation
for first-pass metabolism in the liver. In addition
to metabolism of the drugs in the liver, the
hormones may stimulate production of proteins
involved in coagulation and inflammation and
alter production of triglycerides and lipoproteins.
These effects of the hormones on liver metabo-
lism may be important for treating women with
polycystic ovarian syndrome [120]. There is an
increased risk of venous and pulmonary thrombo-
sis with some products (Table 27.2); therefore,
the use of oral contraceptives is not recommended
for women with known thrombophilia [116].

442 C. L. Shufelt et al.



Hormone Replacement for Ovarian Insufficiency
and Early Oophorectomy Primary and prema-
ture ovarian insufficiencies are defined by loss

of ovarian function before the age of 40 years,
and early oophorectomy is defined as the surgical
removal of the ovaries prior to 45 years of age.

Table 27.2 Progestins in oral contraceptives ranked according to risk for venous thrombosisa

Oral contraceptive
Risk of
thrombosis

First-generation <50 μg ethinyl estradiol with the progestins noretynodrel, norethisterone, and
norethisterone acetate

6–12/10,000
women

Second-generation <50 μg ethinyl estradiol with the progestins norgestrel or levonorgestrel 5–7/10,000
women

Third-generation <50 μg ethinyl estradiol with the progestins desogestrel or gestodene or
norgestimate

9–12/10,000
women

Fourth-generation <50 μg ethinyl estradiol with the progestins drospirenone, dienogest, or
nomegestrol acetate

9–12/10,000
similar

Progestin-only (norethisterone, ethynodiol diacetate, levonorgestrel, desogestrel, lynestrenol) 2–3/10,000
women

aDerived from Table 27.1 of Gialeraki et al. [116] reprinted with permission

Fig. 27.2 Impact of hormonal contraception on
mechanisms of cardiovascular disease. *Dependent on
delivery route of estrogen, **dependent on type of proges-
tin, ***dependent on the dose of estrogen. Cox-

2 cyclooxygenase-2, HDL high-density lipoprotein, LDL
low-density lipoprotein, VSMC vascular smooth muscle
cell. Reproduced with permission from reference [117]
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These conditions are characterized by increases in
18 comorbid conditions of premature aging [121–
123], including incidence of and mortality from
cardiovascular disease and stroke [124–128]. Car-
diovascular mortality is reduced by treatment
with estrogen at least until the age of natural
menopause (Fig. 27.3) [122–124].

Hormone Treatment at Menopause Until 2002,
based on evidence from observational and epide-
miological studies, it was accepted that the use of
hormones (in particular, estrogen) during meno-
pause reduced mortality due to cardiovascular
disease [129–135]. The most frequently used for-
mulation of MHT in those studies was conjugated
equine estrogen, and most women initiated the use
of these products around the time of menopause.
Cellular actions of 17β-estradiol encompass regu-
lation of gene transcription, including regulation of
nitric oxide synthase and angiotensin-converting
enzyme, and actions mediated through membrane
receptors, ion channels, posttranslational modifica-
tion of enzymes, mitochondrial function, and bio-
chemical interactions with oxygen-derived free
radicals (see Fig. 27.2) [100]. Collectively, these
mechanistic actions are expected to promote

vasodilatation, reduce adhesion of leukocytes to
the vascular wall, reduce platelet activation, and
thus slow development of atherosclerosis. In addi-
tion, oral estrogen products altered the serum lipid
profile to reduce low-density lipoproteins and
increase high-density lipoproteins, an effect that
was not observed in women using statins
[135, 136].

However, observational and epidemiological
data may be biased as women self-select to use
MHT and may represent a healthy subset of
women (healthy user bias). Several prospective
trials have been conducted to try to address the
preventive actions of MHT (Table 27.3) [137].
The first large-scale, prospective, randomized
trial was the Women’s Health Initiative (WHI)
that enrolled women between the ages of 50 and
79 years. The mean age for participants was
63 years, which was as many as 10 years past
the age of menopause. Women with a uterus were
randomized to placebo or a single dose of oral
conjugated equine estrogen plus a continuous
combined synthetic progestogen, medroxypro-
gesterone acetate; women without a uterus were
randomized to placebo or oral conjugated equine
estrogen alone. Outcomes for the study were
adverse cardiovascular events, bone mineral den-
sity, and breast cancer [138]. The WHI trial was
stopped in 2002 because of an excess number of
predetermined adverse events, including the car-
diovascular outcomes of coronary heart disease,
myocardial infarction, stroke, and venous throm-
boembolism [139]. These results drastically
altered clinical prescribing practice for MHT for
menopausal symptoms and chronic diseases of
aging such as osteoporosis, even though MHT
was effective in reducing these conditions. How-
ever, subsequently over the course of about
15 years, several criticisms of the WHI have
emerged that need to be considered. First,
women in the WHI were many years past meno-
pause, and, thus, the results cannot be generalized
to women who would use MHT around the peri-
and immediate time past menopause [140,
141]. Evidence from experimental animals
indicates that the timing of initiation of hormonal
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Fig. 27.3 A population study of cardiovascular mortality
in women who underwent bilateral oophorectomy before
age 45 years and were or were not treated with estrogen
through age 45 years or longer. Reproduced with permis-
sion from reference [124]
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treatments close to the time of oophorectomy or
menopause (the timing hypothesis) is critical to
prevent the initiation and progression of cardio-
vascular disease [142]. Indeed, the subsequent
sub-analysis of data from the WHI that stratified
women by menopausal age at the time of treat-
ment randomization suggests that women who
were within 5 years of menopause had reduced
coronary artery calcification, fewer myocardial
infarctions, and lower all-cause mortality com-
pared to those who were randomized after that
time point [143–145]. In addition, the Danish
Osteoporosis Prevention Study (DOPS), which
began at the same time as the WHI, enrolled
women between the ages of 45 and 58 years to
estrogen or no treatment. Although these women
were treated with different formulations of hor-
mone products (triphasic estradiol and
norethisterone acetate, a type of birth control pill
with estrogen dose constant and variable proges-
tin dose, or 2 mg estradiol a day if they had a
hysterectomy), after 11 years of follow-up, the
number of myocardial infarctions and incidence
of HF and death were reduced in the treated
women compared to controls, not receiving
treatment [146].

The Early versus Late Intervention Trial with
Estradiol (ELITE) directly tested the timing
hypothesis. This study enrolled two age groups
of women: an early group aged 55 years and a late
group aged 65 years. After 5 years of randomiza-
tion to oral 17β-estradiol, the progression of ath-
erosclerotic plaque measured by intima-medial
thickness of the carotid artery was lower in the
early aged treated compared to early placebo
group. However, the rate of progression of carotid
plaque was similar between the treated and pla-
cebo in the late aged group [147].

Another criticism of the WHI) was that a con-
clusion based on single dose and formulation of
conjugated equine estrogen was generalized to all
hormonal products including those that contain
the endogenous form of estrogen 17β-estradiol
and those that might be delivered transdermally
[141]. Conjugated equine estrogen is a mixture of
steroid metabolites with a ratio of estrone to 17-
β-estradiol that can range from 6-20 times more
estrone than 17β-estradiol [148], sulfonated

estrone and estradiol, equilin, and other
methylated products. The binding affinity of
these different ligands for estrogen receptors varies
and cannot be compared by dose equivalency with
17β-estradiol. In addition, oral products, which
undergo metabolism in the liver before reaching
the systemic circulation, will affect production of
procoagulant and inflammatory proteins perhaps
increasing risk for thrombosis. Indeed, in the
Estrogen and Thromboembolism Risk (ESTHER)
multicenter case-controlled study, the odds ratio
for developing an idiopathic venous thromboem-
bolism was about four times higher in women
using oral compared to those using transdermal
products. In addition, the use of micronized pro-
gesterone also had a lower odds ratio for develop-
ing venous thromboembolism than the use of
synthetic progestogens [149, 150]. The risk of
venous thromboembolism with the use of MHT
will also be affected by prothrombotic mutations
[151, 152].

The Kronos Early Estrogen Prevention Study
(KEEPS) was designed to provide a direct com-
parison of oral conjugated equine estrogen
(0.45 mg/day) and transdermal 17β-estradiol
(50 μg/day) both with pulsed micronized proges-
terone compared to placebo on slowing progres-
sion of atherosclerosis [153]. Unlike women
enrolled in the WHI, women in KEEPS were
within 3 years of menopause and were at low
risk for cardiovascular disease based on conven-
tional risk factors of body mass index, serum lipid
profile, insulin sensitivity, and blood pressure
[154]. This phenotypic profile was similar to
women in early observational studies and reflects
a “healthy user” profile that with subsequent anal-
ysis of the WHI was one that demonstrated
reduced cardiovascular risk with the treatments
[136, 155, 156]. In KEEPS after 4 years of treat-
ment, the rate of change of intima-media thickness
in the carotid artery did not differ among groups
[157]. However, there were no reports of venous
thromboembolisms, and both formulations
reduced vasomotor symptoms [158]. However,
the products differed in regard to effectiveness in
improving mood (oral conjugated equine estrogen
being better than the transdermal 17β-estradiol)
and sexual function (17β-estradiol was better than
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the oral conjugated equine estrogen)
[159, 160]. Variants in genes associated with
innate immunity may have contributed to effects
of the products on the cardiovascular outcomes
measured in KEEPS [161, 162].

In summary, evaluation of the effects of sex
hormones on cardiovascular function in women
needs to consider the timing of the initiation of
treatment; the type, dose, and formulation of the
product; the existing cardiovascular risk profile of
the woman; and the potential pharmacogenomic
effects of the hormones on the outcome of
interest.

Conclusion

Sex differences in cardiovascular health and dis-
ease have origin in the presence of sex
chromosomes, and the production of sex steroid
hormones that varies across the life span, is
influenced by pregnancy, and by the use of exog-
enous hormone products. Diagnosis and treat-
ment of some cardiovascular diseases in women
have been hampered by the lack of appreciation
of symptom presentation in women, poor under-
standing of cellular mechanisms causing disease,
and not treating women according to standard
guidelines of care. However, much remains to
be learned regarding identification of unique
factors which may place women at risk for early
development of cardiovascular diseases such as
those that might be related to neurovascular auto-
nomic dysregulation. In addition, research is
needed to optimize diagnosis and treatment for
conditions such as microvascular disease, SCAD,
and takotsubo cardiomyopathies and to develop
prognostic indicators for women who might be at
risk for recurrence of these conditions. Longitu-
dinal studies are needed to determine effects of
various types of hormonal treatments on cardio-
vascular function. Large-scale clinical trials of
new treatment options for cardiovascular
conditions need to enroll women, and the results
of such studies need to be analyzed by sex in
order to inform individualized care that will lead
to improved outcomes.
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of hypertension and proteinuria. Current under-
standing of the pathophysiology of preeclamp-
sia is limited. A main feature is disrupted spiral
artery remodeling in the placenta, which
restricts the blood flow to the placenta, which
in turn leads to decreased uteroplacental perfu-
sion. Impaired blood flow through the placenta
might result in fetal growth restriction and
secretion of several factors by the placenta—
mainly pro-inflammatory cytokines and anti-
angiogenic factors—which spread into the
maternal circulation, leading to endothelial dys-
function, which subsequently results in
disrupted maternal hemodynamics. To date, no
treatment options are available apart from ter-
mination of pregnancy. Despite normalization
of the maternal vascular disturbances after birth,
it has become apparent that formerly pre-
eclamptic women experience an increased risk
to develop cardiovascular and kidney disease
later in life. One well-accepted concept is that
the development of preeclampsia is an indicator
of maternal susceptibility to develop future car-
diovascular conditions, although the increased
risk might also be the result of organ damage
caused during preeclampsia. Given the
associations between preeclampsia and long-
term complications, preeclampsia is acknowl-
edged as woman-specific risk factor for cardio-
vascular disease. Current research focuses on
finding effective screening and prevention
strategies for the reduction of cardiovascular
disease in women with a history of
preeclampsia.

Keywords

Preeclampsia · Gestational hypertension ·
Maternal hemodynamics · Uteroplacental
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dysfunction · Syncytiotrophoblast · Pro-
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Preeclampsia

Definition and Clinical Features

Preeclampsia is a pregnancy-specific disorder that
complicates 2%–8% of pregnancies worldwide
[1, 2]. Traditionally the condition is diagnosed
in the case of de novo development of hyperten-
sion (� 140/90 mmHg) and proteinuria during the
second half of pregnancy (>20 weeks of gesta-
tion) [3]. According to the latest definitions, how-
ever, new-onset thrombocytopenia, renal
insufficiency, neurological complications, liver
involvement and fetal growth restriction may sub-
stitute for new-onset proteinuria [4]. In addition,
preeclampsia can occur with chronic hyperten-
sion and/or preexisting proteinuria and is then
diagnosed in the case of a sudden increase in
blood pressure or proteinuria [4]. Within the
same spectrum of hypertensive pregnancy
disorders, gestational hypertension is diagnosed
when hypertension develops in the absence of
other preeclampsia-like features.

Preeclampsia is often classified based on the
gestational age at onset of the disease; early-onset
preeclampsia is defined as the onset of preeclamp-
sia before 34 weeks of gestation and late-onset
preeclampsia, as the onset of preeclampsia at or
after 34 weeks of gestation. Although the
presenting features overlap, this distinction is
made because early- and late-onset preeclampsia
are associated with different maternal and neonatal
outcomes. In the developed world, the burden
associated with earlier onset of the disease is
mostly related to neonatal morbidity and mortality
because of the increased risk of perinatal death and
neonatal complications associated with prematu-
rity and growth restriction. Another reason to dis-
tinguish early- and late-onset preeclampsia is that
they are thought to have a different etiologic back-
ground and therefore are often assessed separately
in pathophysiologic studies. A less frequently used
classification of preeclampsia is based on the
severity of the disease, with severe preeclampsia
defined by blood pressure > 160 mmHg systolic
or > 110 mmHg diastolic [5].
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From the diagnostic criteria, it becomes appar-
ent that preeclampsia is a systemic disorder that
may affect multiple maternal organs. Therefore,
the syndrome of hemolysis, elevated liver
enzymes and low platelets can occur in addition
to preeclamptic features and is characterized by
acute liver injury, hemolysis and thrombocytope-
nia. Other severe maternal complications that
can occur as a result of exacerbation of organ
damage include acute renal failure, eclamptic
insults and pulmonary edema. It is important to
note that these complications can occur �7 days
after delivery. In the developing world, however,
these complications contribute heavily to mater-
nal morbidity and mortality; in developed
countries these complications are uncommon
[6, 7]. A recent comparison between two devel-
oped countries shows an incidence of eclampsia
of 5.4 in 10,000 deliveries in the Netherlands
versus 2.7 in 10,000 deliveries in the United
Kingdom (2004/2005 annual reports LEMMON
study and UK national wide report). Women with
eclampsia in the Netherlands were not managed
according to guidelines with respect to blood
pressure control [6].

Pathophysiology

Current understanding of the pathophysiology of
preeclampsia is limited. The syndrome is thought
to be a result of a complex interplay between the
placenta and maternal constitutional factors; the
maternal immune response plays an important
role. Recent literature describes preeclampsia as
a three-stage model [8] (Fig. 28.1). According to
this model, preeclampsia originates very early
during pregnancy from incomplete toleration of
the allogeneic fetus, and thereby disrupts the bal-
anced intra-uterine environment (first stage).
These disruptions impede normal placental devel-
opment by interfering with adequate placentation
by decreasing immune-regulated remodeling of
the spiral arteries in the decidua (second stage).
Because of incomplete spiral artery remodeling,
the spiral arteries cannot transform into widely

dilated vessels, which are required to create the
high-caliber, low-resistance placental bed [9]. As
a consequence, blood flow to the placenta is
restricted, leading to decreased uteroplacental per-
fusion, which might lead to ischemia reperfusion
injury and oxidative stress of the chorionic villi
[10]. Several studies reported that within the
impaired oxygenated placenta, the syncytiotro-
phoblast produces and secretes several factors,
mainly pro-inflammatory cytokines [11], and anti-
angiogenic factors, such as the anti-angiogenic
factors soluble fms-like tyrosine kinase-1 (sFlt-1)
and soluble endoglin (sEng). These factors then
spread into the maternal circulation and lead to
generalized activation of the inflammatory system
and endothelial dysfunction, resulting in the clini-
cal manifestations of the syndrome (third stage).
As pointed out, a complete understanding of the
complex is incomplete, alternated volume homeo-
stasis and sympathetic system overactivity, which
are thought to be important mediators of the disease
[12–14] in addition to the immune system and
angiogenic imbalance. Recent research suggests
that corin, a transmembrane protease that converts
pro-atrial natriuretic peptide to active atrial natri-
uretic peptide, is involved in the pathogenesis of
preeclampsia [15, 16].

It is postulated that both placental factors and
maternal susceptibility are required for the devel-
opment of preeclampsia. For late-onset pre-
eclampsia, it seems that disrupted placentation is
less important in the development of the disease
because evidence of placental dysfunction is seen
only in the minority of cases [17]. It has been
suggested that late-onset preeclampsia can be
considered as a process of restricted intervillous
perfusion near term. In addition to this three-stage
model, recent theories propose that a small uterus
and a decreased capacity of cytotrophoblast
progenitors might also limit placental health and
result in a clinical manifestation of preeclampsia
in the presence of maternal susceptibility factors
[18]. Conditions associated with increased pla-
cental mass, such as multi-fetal gestations and
hydatidiform mole, also predispose women to
preeclampsia.
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The Role of the Placenta
Delivery of the placenta typically resolves within
48–72 h, implicating the placenta to play a central
role in the pathogenesis of preeclampsia. In line
with the three-stage model for preeclampsia,
abnormal uterine artery Doppler ultrasound—

which is consistent with decreased uteroplacental
perfusion—is observed before the clinical onset
of preeclampsia. The maternal syndrome of pre-
eclampsia is often accompanied by intra uterine
fetal growth restriction. Characteristics of pla-
centa derived from pregnancies complicated by

Fig. 28.1 Integrated model of the complex pathophysiol-
ogy of pre-eclampsia. Three-stage model of the disease,
including early abnormalities at the maternal—fetal

interface (stage 0), placenta dysfunction (stage 1) and the
maternal syndrome (stage 2)
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preeclampsia show evidence of placental hypo-
perfusion and ischemia. Findings include both
villous and vascular histopathological lesions
consisting of acute atherosis placental infarcts,
intimal thickening, necrosis, atherosclerosis and
endothelial damage [19]. Although the preva-
lence of such lesions is approximately four- to
seven-fold greater in preeclampsia, placental
lesions are not specific to the diagnosis of pre-
eclampsia. The severity of the gross placental
pathology appears to be correlated with the sever-
ity of the clinical disease.

The Role of Maternal Factors
Importantly, disrupted placental development is
not the sole basis underlying the pathogenesis of
preeclampsia because interaction with maternal
constitutional factors is crucial to determine the
clinical outcome. Several medical conditions—
including chronic hypertension, diabetes mellitus,
renal disease, obesity and antiphospholipid
syndrome—are associated with increased risk for
preeclampsia [20]. Advanced maternal age is also
an independent risk factor for preeclampsia. These
conditions are suggested to result in decreased
reserve capacity of the cardiovascular system,
which is required for the normal adaptations of
pregnancy, thereby increasing maternal suscepti-
bility to the development of preeclampsia.

Pregnancy is accompanied by large
adaptations in the maternal hemodynamic
systems, including an increase in plasma volume
�40% without being accompanied by a decrease
in systemic resistance to keep blood pressure in
the normal range. To establish this, decreased
sensitivity of the renin-angiotensin aldosterone
system [21], increased compliance of the vascular
wall [22] and increased production of nitric oxide
(NO) by endothelial cells [23] are important
mechanisms. Furthermore, these adaptations are
accompanied by increased cardiac output requir-
ing the reserve capacity of the heart and increase
glomerular filtration requiring the use of reserve
capacity of the kidney. Impairments in these
adaptive mechanisms are proposed to be involved
in the development of the maternal syndrome of
preeclampsia, as outlined in the next paragraph.
Therefore, it has been proposed that pregnancy

performs as a “stress test” by temporarily
unmasking these limited reserves. As mentioned
previously, the maternal syndrome of preeclamp-
sia is often accompanied by fetal growth restric-
tion (caused by placenta dysfunction). Fetal
growth restriction caused by placenta insuffi-
ciency also can occur without preeclampsia:
This latter phenomenon gives support that mater-
nal susceptibility factors (complex interactions)
are present for the development of the maternal
syndrome.

In addition to the limited hemodynamic
reserves because of continual factors, the initial
disturbances in renin-aldosterone-angiotensin II
axis, the imbalance in angiogenic factors regu-
lating vasculogenesis, the excessive oxidative
stress and syncytiotrophoblast debris and the
genetic susceptibility may also all have roles in
the pathogenesis of preeclampsia by disrupting
initial placentation [24].

Disrupted Maternal Hemodynamics

Increased Sensitivity of the Renin-
Angiotensin Aldosterone System
During preeclampsia, plasma volume expansion
and the decrease in systemic vascular resistance
are less pronounced. In response, most circulating
components of the renin-angiotensin aldosterone
system (RAAS), that is, angiotensin II, are lower
during preeclampsia compared with healthy
pregnant women. However, importantly, angioten-
sin II sensitivity is increased in preeclamptic
women compared with healthy pregnant women
[21, 25]. Because angiotensin II is an important
vasoconstrictor agent, non-adaptation of angioten-
sin II sensitivity might play an important role in the
development of hypertension during pregnancy.
The exact mechanisms behind the increased
angiotensin II sensitivity are unknown, but possi-
bly alternated placental and or vascular AT1-type
1 expression, or also heterodimerization of AT1
receptors with bradykinin receptors, are involved
[26]. Other mechanisms, such as increased angio-
tensin 1–7 expression, AT1-type 1 receptor
autoantibodies and hemopexin could also be
involved [26].
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Vascular Dysfunction
In general, preeclampsia is characterized by endo-
thelial dysfunction, inducing impaired regulation
and secretion of the endothelium-derived vaso-
active factors and increasing systemic vascular
resistance [27]. Nitric oxide bioavailability is
decreased during preeclampsia [28] and the bal-
ance between the prostaglandins, prostacyclin
and thromboxane, is disrupted [29].

Disruptions in Cardiac Function
In addition, changes in cardiac function are
observed, which are thought to be a result of the
increased afterload caused by higher total vascu-
lar resistance. Studies have demonstrated concen-
tric hypertrophy during preeclampsia, suggesting
significant pressure overload [30]. With regard to
systolic and diastolic function, several studies
have shown impairments during preeclampsia,
sometimes already present before the onset of
overt signs and symptoms [31]. In general, severe
dysfunction is reported in early-onset preeclamp-
sia compared with late-onset disease [32]. Some
studies suggest that the disruptions in cardiac
function might be caused by endothelial dysfunc-
tion, especially affecting the shortening of the
longitudinal muscle fibers , which are vulnerable
to ischemia or changes in wall stress because of
their sub-endocardial location. Other studies have
shown a correlation of cardiac dysfunction with
sFtl-1 and sEng levels independent of blood
pressure [33]. Theoretically, increased levels of
sFlt-1 and sEng might be involved in coronary
vasoconstriction, leading to myocardial
ischemia [34–36], development of cardiac
fibrosis and development of peripartum
cardiomyopathy [37].

Disruptions in Kidney Function
During preeclamptic pregnancy, the kidneys are
strongly affected by systemic endothelial dys-
function, which leads to proteinuria. A lower
glomerular filtration rate (GFR) is observed,
whereas in normal pregnancy renal hyperfiltration
occurs with a 40%–60% increase in GFR as a
result of the increase in plasma volume
[38]. Because no differences were found in

effective renal plasma flow between preeclamptic
women and healthy pregnant women, the lower
eGFR causes a relative state of hypofiltration
[39]. The mechanism of hypofiltration during
preeclampsia is not elucidated. Both (renal)
hemodynamics and secondary changes to struc-
tural renal changes and podocyte alterations have
been proposed [38, 40]. Histologically, glomeru-
lar endotheliosis is seen [40], which is
characterized by fibrin deposition, endothelial
swelling and detachment, decreased density and
size of endothelial fenestrae, thickening of the
glomerular basement membrane and loss of cap-
illary space [39, 40].

Therapy

To date, there is no treatment option to cure
preeclampsia apart from termination of preg-
nancy (delivery of the placenta), which can result
in premature birth, often remote, before term.
Several options—including several anti-oxidants,
progesterone, bed rest and a low-sodium diet—
have been studied as a potential treatment for
preeclampsia. For all these options, no beneficial
effect has been shown. Any intervention that
could improve placental function and/or delay
delivery and prolong fetal gestation could be in
favor neonatal outcomes. Currently trials with
aspirin and calcium supplementation
(in populations where there is inadequate intake)
have a small beneficial effect in preventing pre-
eclampsia in high-risk population and are effec-
tive when started early in gestation [41, 42]. In
addition, experimental therapies with decreasing
anti-angiogenic factors, such as statins and NO
donors, are under investigation [43, 44]. Another
strategy to restore the angiogenic balance is the
administration of VEGF-121 of placenta-like
growth factor. VEGF-121 already has been
shown to decrease hypertension and proteinuria
in animal models of preeclampsia [45] and cur-
rently human trials testing adenovirus delivery of
VEGF are underway. Removal of sFtl-1 by aphe-
resis is another approach to restore the angiogenic
imbalance during preeclampsia, and it has shown
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promising first results regarding the prolongation
of pregnancy [46].

Preeclampsia as an Indicator
for Future Maternal Cardiovascular
Health

Long-Term Complications After
Preeclampsia

During the last decades it has become more
apparent that the implications of these disorders
are not limited to the pregnancy itself but rather
extend to later life. Despite normalization of the
maternal vascular disturbance after birth, studies
consistently show that formerly preeclamptic
women experience an increased risk to develop
cardiovascular and metabolic events later in life
as outlined below.

Hypertension
Mildly increased systolic and diastolic blood
pressure in women with a history of preeclampsia
are often found in the first years postpartum
[47, 48]. A recent meta-analysis showed that
women with a history of preeclampsia have an
approximately three-fold increased risk to
develop hypertension later in life. There seems
to be a dose-effect relationship, with increased
severity (systolic blood pressure >160 mmHg or
diastolic >110 mmHg) and multiple episodes of
preeclampsia, thus increasing the risk even fur-
ther [49, 50]. In addition, it was shown that early
onset of preeclampsia (< 34 weeks) is accom-
panied by a higher risk compared with women
with a history of late-onset preeclampsia
[51]. It is estimated that formerly preeclamptic
women develop chronic hypertension and CVD
6–8 years earlier compared with women having a
history of normotensive pregnancy
[52, 53]. Women with only growth restriction
also are at increased risk, although to a lesser
extent, and also here severity of the disease
seems to contribute to the increased risk [54, 55].

Cardiovascular Disease
Studies have shown consistently that women with
a history of preeclampsia have an approximately

two-fold increased risk to develop future cardio-
vascular disease, including ischemic heart dis-
ease, stroke and death from cardiovascular
[56, 57]. In a recent meta-analysis, this associa-
tion remained significant after adjusting for age,
body-mass index (BMI) and diabetes mellitus.
For coronary heart disease, it was shown that the
occurrence of major coronary events was greater
in women with a history of preeclampsia com-
bined with a child born small-for-gestational age
(up to three-fold increased risk) and greatest in
women with a history of preeclampsia combined
with preterm delivery (up to five-fold increased
risk) [58]. Growth restriction without signs of
preeclampsia was also accompanied by a greater
risk: A meta-analyses of four studies showed a
relative risk of 1.71 [53]. Additional studies sug-
gest that this risk is greater after more than one
pregnancy complicated by intrauterine growth
restriction (IUGR) [59] and increases with
IUGR severity [54]. Stroke in women with a
history of preeclampsia was found to occur
approximately 8–10 years earlier than in women
with normal pregnancy outcomes [60].

Renal Disease
Overall it has been reported that formerly pre-
eclamptic women have a 5- to 12-fold increased
risk to develop end-stage renal disease (ESRD)
later in life. Vikse et al. were the first to demon-
strate an increased risk, and they showed that the
increased risk was present even after correction
for traditional risk factors. They also showed that
the risk triples when women had preeclampsia
during more than one pregnancy or a pregnancy
complicated by low birth weight or preterm deliv-
ery. Because ESRD has a low incidence in the
general population, studies also tried to assess the
risk on chronic kidney disease (CKD). Given the
few studies available, CKD is estimated to be
increased by 4–10 times [61, 62]. High BMI
seems to be an important factor in the develop-
ment of ESRD, with a recent report showing a
significant association between preeclampsia and
ESRD, which disappeared after adjustment for
obesity [63]. At this moment, all of the above-
mentioned studies have the limitation that they
are based on the use of diagnostic codes and not
on eGFR, which might result in underestimation.
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In contrast, overestimation might have occurred
by misdiagnosis of preeclampsia in women with
undiagnosed pre-existing kidney disease.

Apart from the risk of kidney disease,
disturbances in albuminuria and eGFR are
observed in women with a history preeclampsia,
which may contribute to both cardiovascular and
kidney disease in later life. At this moment, no
longitudinal assessment of these parameters has
been published to establish the link with clinical
manifestations; however, reports at fixed time
points postpartum have shown mild disturbances.
Regarding albuminuria, it was shown by a meta-
analysis that the occurrence of micro-albuminuria
is as high as 31% in women with previous pre-
eclampsia versus 7% in controls at a weighted
mean of 7.1 years postpartum [64]. This study
showed, again, that there is a relation between
the severity of preeclampsia and the increase in
risk, with a four-fold increased risk of albumin-
uria after mild preeclampsia and an eight-fold
increased risk after severe preeclampsia. How-
ever, smaller studies included in the meta-
analysis reported a lower incidences of protein-
uria in formerly preeclamptic women [48, 65] and
showed that albuminuria slowly resolves in the
years postpartum [66]. This discrepancy between
findings might be caused by the fact that the meta-
analysis did not correct for confounders, such as
BMI and comorbidity, which seem to play an
important role. Regarding kidney function, most
studies have reported no significant differences in
formerly preeclamptic women compared with
healthy parous controls [64]. Only recently have
subtle changes in renal function and renal hemo-
dynamics in formerly preeclamptic women been
reported. A few studies found signs of high nor-
mal eGFR at approximately 10 years after early-
onset preeclampsia [65, 67], which might indicate
an early stage of hyperfiltration. Indeed, one
study observed increased filtration fraction in
women with formerly early-onset preeclampsia
[68]. Hyperfiltration might be the first sign for
future kidney problems in formerly preeclamptic
women because it might contribute to progressive
renal damage [69].

Heart Failure
The risk for heart failure, with a reported four-
fold increased risk, is highest after preeclampsia
[57]. The prevalence of asymptomatic heart dis-
ease (heart failure stage B) is already increased in
the first year after index pregnancy, with 1 in the
4 women having a history of preeclampsia
meeting the criteria. Regarding the disruption in
cardiac function during preeclamptic pregnancy,
it is thought that heart failure after preeclampsia is
mainly the result of generalized endothelial dys-
function. A recent meta-analysis showed that
endothelial dysfunction is widely present in the
years after preeclampsia [70] and another showed
that endothelial dysfunction correlates with sub-
clinical and symptomatic heart failure [71]. In
contrast, it has been suggested that heart failure
shares a common pathogenic background with
preeclampsia because there is a large overlap in
biomarkers for both diseases [72]. In addition to
heart failure, a clear association also has been
shown between preeclampsia and late risk of
cardiomyopathy [73].

Metabolic Disease
In the years after index pregnancy, formerly pre-
eclamptic women present with unfavorable
metabolic profiles, such as high BMI, insulin
resistance and high cholesterol and triglycerides
[49, 74]. In a recent meta-analysis, most of
these metabolic parameters (including glucose,
insulin, triglycerides, total cholesterol, high-
density lipoprotein cholesterol, low-density lipo-
protein cholesterol and homocysteine levels)
were confirmed to be associated with previous
preeclampsia compared with women having a
history of healthy pregnancies [75]. Moreover,
the increased insulin resistance is reflected in the
greater rates of diabetes mellitus in formerly
preeclamptic women [57]. Regarding hyperten-
sion and stroke, it has been shown that type
2 diabetes mellitus develops, on average,
8–10 years earlier than in women with normal
pregnancy outcomes [76].
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DisruptedMaternal Hemodynamics, Blood
Pressure Regulation and Vascular
Function
Not only during pregnancy, but also after preg-
nancy, is the RAAS and vascular function found
to be disrupted. These pathways are highly
suggested be involved in a mechanistic link with
increased risk for future cardiovascular disease.
Regarding the RAAS, it has been described that
the sensitivity of the system remains increased
postpartum [77–80]. In addition, a higher sodium
sensitivity index and significant salt-induced
increases in blood pressure were found in
women with a history of preeclampsia [80]. Fur-
thermore, formerly preeclamptic women have
greater sympathetic activity in blood pressure
regulation causing lower baroreflex sensitivity
and alterations in extracellular volume
[81]. Sustained sympathetic overactivity after
PE may contribute to target organ damage and
increases cardiovascular morbidity and mortality
independent of an increase in blood pressure.
Indeed, heighted sympathetic activation is a key
indicator of poor prognosis and survival in many
disease conditions.

Another contributing factor to the risk for
cardiovascular disease seems to be the presence
of endothelial dysfunction after preeclampsia.
As already mentioned, endothelial dysfunction is
thought to play a major in the development of
heart failure after preeclampsia. A meta-analysis
assessing endothelial function, as measured by
flow-mediated dilation after preeclampsia, clearly
showed that endothelial function develops at
3 years postpartum compared with controls hav-
ing a history of healthy pregnancy [70]. Too few
studies have been performed at later ages to draw
conclusions on long-term differences. Regarding
other measures of vascular function, such as
carotid–femoral pulse-wave velocity and aug-
mentation index follow-up, has been performed
at older ages. A meta-analysis of these studies
showed evidence of vascular dysfunction with
adverse effects found to be more pronounced in
women <40 years old [82].

Implications for the Child Born After
Preeclampsia
During the last decades, it has become more
apparent that long-term complications of pre-
eclampsia are not limited to the mother but also
affect the exposed child. Several studies have
shown that children born after preeclampsia
have higher blood pressure compared with chil-
dren of mothers who did not have preeclampsia
[83–87]. This was confirmed by a meta-analysis
of 18 studies, which showed a small but signifi-
cant increase in blood pressure in young child-
hood and adolescence after preeclamptic birth
[88]. Few data are available of the long-term
cardiovascular manifestations in those children,
with only one study reporting that offspring
born from pregnancies complicated by pre-
eclampsia are at increased risk of stroke
[89]. However, for children born with low birth
weight, this association is clearly established,
with large population-based observational studies
reporting increased risk of developing cardiovas-
cular events in later life [90–92]. In addition to
cardiovascular events, an association with meta-
bolic diseases has clearly been established. These
observations are consistent with the concept of
developmental origins of health and disease, com-
monly attributed to David Barker (the “Barker
hypothesis”), which suggests that conditions
affecting specific sensitive developmental periods
program organ structure and function throughout
life [93]. The concept of intergenerational pas-
sage of unfavorable cardiovascular risk profiles
is supported by the results of work with animals
[94, 95].

Mechanisms Involved in Long-Term
Complications After Preeclampsia

The exact mechanisms behind the increased risk
of long-term complications have not yet been
elucidated. One well-accepted concept is that
the development of pregnancy disorders is an
indicator of maternal susceptibility to develop
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future cardiovascular conditions (“pregnancy as a
“stress test” for cardiovascular health”)
(Fig. 28.2). As mentioned earlier, adaptation to
pregnancy demands increased cardiovascular and
renal effort, and it has been proposed that preg-
nancy might temporally unmask limited cardio-
vascular reserves. This theory is consistent with
the requirement of constitutional maternal factors
for development of the disease and suggests
that development of preeclampsia can help
to identify, in advance, susceptible/high-risk
subjects. Although the hierarchy in pathways is
unclear, clearly women with a history of pre-
eclampsia have a predisposition to develop long-
term complications.

Alternatively, the increased cardiovascular and
kidney risk may actually result from disturbances
caused by organ damage during preeclampsia.
This is supported by the finding that the increased
long-term cardiovascular mortality holds even for
previously healthy women, without any overt
vascular risk factors, who develop preeclampsia

[97]. Contributing factors are, for instance, per-
sistent loss of podocytes [98] leading to protein-
uria and renal disease over the long-term. Other
proposed pathways include persistence of
disrupted pathways as observed during pre-
eclampsia, such as mildly increased inflammatory
response, increased RAAS activity, imbalance of
angiogenic factors [99] and increased arterial
stiffness [100–102] (Fig. 28.3).

Some studies in humans tried to address the
question of whether preeclampsia independently
contributes to the development of long-term
complications. Although some studies have
suggested an independent contribution of pre-
eclampsia to the increase in blood pressure in
later life as well as risk of ESRD and endothelial
dysfunction [103–105], it remains difficult to dis-
cern cause and effect in human settings due to the
inability to correct for all preexisting factors.
Therefore this question was addressed in various
animal models of preeclampsia. Several strategies
exist—including injection of an sFlt-1 expressing

Fig. 28.2 Pregnancy as a critical window for cardiovas-
cular health in the mother. Pregnancy is a window during
which we can identify mothers at high risk to develop
cardiovascular disease (CVD) later in life. During fetal
life, both genetic factors and intra-uterine environment
contributed to confer a higher risk of CVD development
(i.e., setting the baseline). In addition, maternal exposure

to a pregnancy with clinical disease might directly contrib-
ute to long-term abnormalities by prolonging disturbances
and/or damage. Whether preeclampsia itself contributes to
an increased risk of pre-existing factors remains to be
established (dotted line) (theory based on Sattar and
Greer [96])
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adenovirus [106], injection of LPS [107] and
decrease of uterine blood flow—to induce a
preeclampsia-like phenotype with hypertension
and proteinuria in pregnant animals [108]. In
both models it was shown that blood pressure
was neither increased nor disrupted during the
postpartum period compared with animals that
were not exposed during pregnancy [77, 109,
110]. Only slight decreases, within the normal
range, of cardiac, renal and mesenteric-vessel
function were found postpartum after decreased
uterine perfusion compared with healthy pregnant
animals [110, 111]. The degree of these changes
was marginal and therefore unlikely to contribute
to cardiovascular manifestations in the absence of
other triggers. Together these studies indicate that
in the absence of a pre-existing cardiovascular
profile, exposure to preeclampsia has minimal
adverse effects on the cardiovascular system.
However, it seems that animals are hyper-
responsive to a second “hit” after resolution of
the preeclamptic features postpartum. For exam-
ple, it was shown in the sFlt-1 model that carotid
injury after preeclampsia elicited increased vascu-
lar remodeling response, increased smooth-muscle
cell proliferation and increased fibrosis [112]. In
addition, in the LPSmodel, increased sensitivity of
blood pressure and increased proteinuria on angio-
tensin II infusion was observed compared with
never-exposed rats [77]. These studies suggest
that although preeclampsia does not spontaneously
cause vascular abnormalities, preeclampsia might
lead to increased long-term susceptibility to vascu-
lar disorders, which are unmasked on additional
triggers. The findings do, however, emphasize
that external influences, such as diet and other

lifestyle factors, might amplify the long-term
consequences of preeclampsia.

Toward Screening and Prevention

Given the above-mentioned associations between
preeclampsia and long-term complications, sev-
eral health organizations have acknowledged pre-
eclampsia as a woman-specific risk factor for
cardiovascular disease in their guidelines and
have implemented recommendations for screen-
ing and prevention strategies. For example, the
American Heart Association guideline, Preven-
tion of CVD in Women, recommends careful
monitoring of risk factors after preeclampsia
and advises medical treatment with thiazide
diuretics at a blood pressure � 140/90 mm Hg
[113]. The American Stroke Association (ASA)
recommends to consider evaluation of all women
with a history of preeclampsia and eclampsia
6 months to 1 year postpartum and to treat
abnormal cardiovascular risk factors, including
hypertension, obesity, smoking and dyslipidemia
[114]. Other guidelines, such as the national Dutch
guideline for cardiovascular risk management after
reproductive disorders, recommends screening for
risk factors at the age of 50 years after a pregnancy
complicated by preeclampsia [53].

The development of such guidelines is a good
first step toward decreasing CVD burden in a
specific group of women at high risk for long-
term complications. As becomes apparent from
the above-mentioned criteria, recently established
guidelines all propose different approaches for
screening and prevention in women with a history

PREECLAMPSIA
Genetic predisposition
Endothelial dysfunction
Sensitivity to angiotensin II
Pro-inflammatory cytokines
Angiogenic imbalance

Sympathic activation
Sodium sensitivity
Unfavorable metabolic profile
Micro-albuminuria
Hyperfiltration of the k idney

Hypertension
CKD/ESKD
Heart failure
CVD
DM type 2

Intermediates Events

Fig. 28.3 The presence of classical CVD risk factors,
mechanistic disturbances and clinical manifestations
before the onset of cardiovascular events in women with
a history of preeclampsia offers the opportunity for

screening and prevention to decrease the risk of long-
term events. The best intermediates to use for screening
and the best time to screen remain to be established
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of preeclampsia. This is due to low levels of for
the optimal time points and parameters for screen-
ing. In addition, it seems that the widely used
10-year estimates for a cardiovascular event,
such as the Framingham Risk Score, do not help
to distinguish women who will and will not
develop long-term complications because of
young age and premenopausal state. Furthermore,
no randomized controlled studies have been
performed to test the effectiveness of various
treatment regimens in the prevention of disease.
Research is warranted to develop optimal
evidence-based and cost-effective strategies.

To develop adequate screening strategies,
much focus has been on mapping the time-course
of cardiovascular risk factors in women with a
history of preeclampsia. This, however, has not
resulted in the correct prediction of women at
highest risk yet because the widely used 10-year
prediction scheme for a cardiovascular event—
such as the Framingham Risk Score—cannot help
to distinguish women who will and will not
develop long-term complications because of
young age and premenopausal state [115]. There-
fore, new approaches for screening for cardiovas-
cular disease are currently under investigation.
One of these approaches is assessing biomarkers.
Although various markers have been shown to
be increase at �20 years after pregnancy [115],
their implementation in risk assessment after
preeclampsia is still much debated. Another
promising approach is the study of surrogate
endpoints, which can be performed using
advanced imaging techniques [115].

One of the studied imaging techniques is
the determination of carotid intima-media thick-
ness (cIMT). This technique can detect offer an
opportunity for the early identification of preclin-
ical atherosclerotic load in formerly preeclamptic
women [116]. Although the knowledge of cIMT
adds little information to the 10-year prediction
models, it was recently shown that this measure-
ment is valuable to predict events in high-risk
patients [116]. During preeclampsia and
�10 years after preeclampsia, a great atheroscle-
rotic burden, as measured by cIMT, was
identified in the meta-analyses. This suggests
that cIMT may offer an opportunity to detect

women with an atherosclerotic burden after pre-
eclampsia, even before menopause. Nevertheless,
the role of cIMT for diagnosing vascular disease
for screening for vascular disease after pre-
eclampsia remains to be validated.

Another promising imaging technique to detect
women at high risk is coronary artery calcium
scoring (CACS). Compared with cIMT, the dis-
advantage might be that this measurement might
only have value at later age (> 45 years) when
calcification in atherosclerotic lesions becomes evi-
dent. To date, few studies have assessed CACS in
formerly preeclamptic women. Two retrospective
studies showed a positive association between
CACS and self-reported hypertension in pregnancy
[117, 118]. More recently, a prospective study
investigating women at 30 years after preeclamp-
sia, compared with women having a history of
normal pregnancy, showed that women with a his-
tory of preeclampsia are at increased risk to have a
CACS score > 50 [119]. As for cIMT, it must be
validated whether this measure will be effective to
distinguish between women who will develop car-
diovascular events and those who will not.

Regarding optimal prevention strategies in
formerly preeclamptic women, additional
research is also required [120]. At this moment,
strategies for the prevention of cardiovascular
disease are mainly derived from studies
performed in older men. To obtain more insights,
studies on lifestyle interventions and effective
medication are required. The first study on post-
partum lifestyle intervention after preeclampsia
showed promising effects on body constitution
and fat intake in a non-randomized cohort
[121]. Although it seems likely that women are
highly motivated to optimize their lifestyle after
pregnancy [122], lifestyle modification is known
to be difficult to achieve. Drug therapy with
RAAS inhibition and/or statins might be a more
potent solution to decrease cardiovascular and
renal risk. Randomized controlled trials are
required to determine the most effective
treatments for decreasing blood pressure and
correcting metabolic disturbances in relatively
young women.

Until we find effective therapies specific for
post-preeclamptic women, these women should
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be screened and managed as well as possible with
general CVD-prevention measures (blood pres-
sure control and lifestyle advice). Ultimately, a
multidisciplinary approach will lead to the estab-
lishment of evidence-based guidelines with a
customized and structured approach of formerly
preeclamptic patients that may help to decrease
the burden of CVD and renal disease in this
population.
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Abstract

Cardiovascular disease may be associated with
several comorbidities, including diabetes
mellitus, thyroid disorders, and the metabolic
syndrome, which are predominantly observed
in women and often starting at particular ages.
In addition, common treatment options for
carcinomas frequently seen in women may
induce serious cardiotoxic effects. We review
the scope of the problem, the pathophysiologic
mechanisms involved, as well as the resulting
abnormalities regarding cardiac structure and
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function as observed by using imaging
techniques.
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Introduction

Due to more pronounced awareness, the number
of studies that demonstrate a significant sex dif-
ference in terms of epidemiology, pathophysiol-
ogy, and therapy for various diseases is steadily
increasing. Sex-related differences can be
ascribed to sex hormones, their expression, and
their effects on organs. Additionally, women
demonstrate more pronounced changes in hor-
mone status and body composition due to repro-
ductive factors varying during their lifetime.
Also, distinct lifestyles observed between sexes
should not be ignored. This review summarizes
current insight regarding prevalent comorbidities
observed in connection with cardiovascular dis-
ease as far as predominantly diagnosed in women.

Diabetes Mellitus as a Comorbidity

While diabetes mellitus (DM) is more prevalent
in men, the impact on the cardiovascular system
appears to be more pronounced in women. A
large study conducted in Canada in the period
from 1995 to 2005 shows that prevalence of
DM among men was >19%, while it was <16%
in women [1]. In 2013, there were 14 million
more men affected by DM than women [2]. It
was reported that >50% of DM patients are mid-
dle aged, while incidence increases with age in
both sexes, reaching the highest rates in women
older than 75 years [2].

The possible reasons for the reported
sex-specific distinctions might be differences in

obesity and insulin resistance. The prevalence of
overweight females in 2013 raised to 38%, simi-
lar to the prevalence among men (37%) [2].
However, overweight or obesity is more prevalent
among women older than 45 years, whereas
males are overweight at younger age [2]. Never-
theless, recent studies showed that men develop
DM with lower body mass index (BMI)
[3, 4]. One investigation included 51,920 men
and 43,137 women from Scotland and showed
that average BMI closest to date of diagnosis of
type 2 DM was 31.83 kg/m2 in men, contrasting
( p¼ 0.001) a value of 33.69 kg/m2 in women [3].

It seems that obesity significantly increases
total cardiovascular mortality in women with
DM because the Emerging Risk Factors Collabo-
ration study showed that the hazard ratio (HR) for
cardiovascular disease in women with DM (com-
pared to women without) was 2.59 (95%CI:
2.29–2.93), and significantly lower in men HR
1.89 (95%CI: 1.73–2.06) [5].

Insulin resistance is higher in men [6]. Middle-
aged men have higher levels of fasting glucose
and triglycerides and lower HDL cholesterol than
women of a similar age even after adjustment for
BMI [5]. Fat distribution also varies by gender,
and men have greater visceral fat in comparison
with women. Exposure to high circulating lipid
levels induces an inflammatory response that is
accompanied by microvascular dysfunction,
correlating with the amount of visceral adipose
tissue (Fig. 29.1).

Diabetes, Heart, and Gender

Diabetic cardiomyopathy is more commonly seen
in women. Pathophysiologic factors that could
explain the higher incidence in women are
presented in Table 29.1.

Considering the fact that DM is one of the
most important risk factors for development of
heart failure with preserved ejection fraction (EF),
it is of great importance to recognize early signs
of diabetic cardiomyopathy. The major problem
is that criteria for its diagnosis are not clear, and
most of them are based on traditional echocardio-
graphic parameters such as pulsed Doppler and
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not new parameters obtained by speckle-tracking
imaging.

The introduction of new echocardiographic
speckle-tracking technique enables detailed

insight in assessment of cardiac mechanics. The
latter is an angle-independent and significantly
less load-dependent method. Tissue Doppler
imaging provides information about cardiac

Fig. 29.1 Proposed mechanisms of obesity-related
microvascular dysfunction predisposing to multi-organ
disease. High fat diet on a regular basis changes the com-
position of visceral adipose tissue and induces a low-grade
local inflammatory response, which together modify the
secretion of adipokines. Simultaneously, high fat diet
results in endothelial dysfunction throughout the body,
which not only alters vascular tone, and contributes to
development of microvascular insulin resistance, but also
influences vascular structure and perivascular inflamma-
tion. In concert, these microvascular changes impair organ
perfusion and organ function, thereby further contributing
to altered release and clearance of metabolites and neuro-
humoral factors, like adipokines, inflammatory cytokines,

as well as (cardio)myokines. Global microvascular dys-
function in obese subjects therefore is a common pathway
that contributes to exercise intolerance and predisposes to
development of chronic kidney disease, microvascular
dementia, coronary microvascular angina, COPD, and
pulmonary hypertension. CKD chronic kidney disease,
HFpEF heart failure with preserved ejection fraction,
COPD chronic obstructive pulmonary disease. (With per-
mission reproduced from: Sorop O, Olver TD, van de
Wouw J, Heinonen I, van Duin RW, Duncker DJ, Merkus
D. The microcirculation: a key player in obesity-
associated cardiovascular disease. Cardiovasc Res.
2017;113: 1035–1045. doi: https://doi.org/10.1093/cvr/
cvx093)
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mechanics in only small portion of myocardium
included in sample volume. On the other hand,
speckle-tracking imaging gives mechanical infor-
mation in the total wall thickness of the heart.

Diabetes and Ventricular Function

A large number of studies show the detrimental
influence of DM or prediabetes on left ventricular
(LV) structure, function, and mechanics [7–
9]. LV structure is usually defined in studies
with LV hypertrophy (LV mass index, interven-
tricular and posterior wall thickness). LV function
is defined by systolic and diastolic function. LV
systolic function usually refers to LV ejection
fraction, while LV diastolic function is mainly
defined by pulsed and tissue Doppler parameters
(E/A, E/e0). LV mechanics refers to strain.

Studies reveal an increase in LV longitudinal
strain after improvement of glycemic control [10]
or deterioration in LV longitudinal and circumfer-
ential strain during the 2-year follow-up in dia-
betic patients with usual hypoglycemic therapy
[11]. Our previous study also reported significant
influence of DM and prediabetes on right ventric-
ular (RV) function and mechanics [12]. A major
problem is that the vast majority of these studies
did not consider the difference between genders.

Novel investigations also revealed that DM
impacts layer-specific longitudinal and circumfer-
ential LV strain [13, 14]. The authors found that
diabetic-induced LV remodeling, as well as RV
changes, occurs in endocardium-epicardium

direction [14, 15]. Additional risk factors such
as arterial hypertension, obesity, dyslipidemia,
renal function impairment, or smoking have a
cumulative and not only additive effect on cardiac
remodeling. The latter is particularly important
because diabetic patients rarely have isolated dia-
betes and mostly have several listed risk factors.

Interesting study that included 1266
individuals free from hypertension, diabetes, and
cardiovascular disease showed that glucose level
was associated with left and right ventricular dia-
stolic function only in women, but not in men
[16]. The reanalysis of our data did not show
statistically significant difference in LV multidi-
rectional strain between genders among the
patients with diabetes [7]. On the other hand,
our previous study in a population of subjects
with the metabolic syndrome clearly showed
that different risk factors were associated with
LV hypertrophy [17]. Namely, increased blood
pressure and fasting glucose were independently
of other metabolic syndrome criteria related with
LV hypertrophy only in women, whereas only
increased blood pressure was associated with
LV hypertrophy in men [17]. Similar results
were also obtained for RV remodeling in the
metabolic syndrome [18]. The multivariate anal-
ysis revealed that a combination of increased
blood pressure, impaired fasting glucose, and
dyslipidemia was related with RV hypertrophy
solely in women [18]. Increased systolic blood
pressure, impaired fasting glucose, and abdomi-
nal obesity were independently associated with
RV diastolic dysfunction in women, whereas

Table 29.1 Pathophysiological differences between genders that could favor the
occurrence of diabetes

Males Females

Increased fasting glucose Increased insulin resistance

Diabetes develops at earlier age Diabetes develops with higher BMI

– Gestational diabetes

Increased overweight incidence Increased obesity incidence

Abdominal obesity Abdominal + peripheral obesity

Increased fatty liver Unchanged incidence of fatty liver

Decreased androgens Increased androgens

Increased erectile dysfunction Increased polycystic ovary syndrome

Unchanged depression incidence Increased depression incidence

– Psychosocial risk factors

Increased neuropathy Increased cardiovascular risk
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increased systolic blood pressure was the only
independent predictor in men. The influence of
gender on LV hypertrophy were reported earlier
[19, 20]. It was found that glycemic control was
related with greater wall thickness, LV mass, and
diastolic dysfunction only in women [19]. Fur-
thermore, investigators showed that female sex
was the only independent predictor of LV hyper-
trophy in diabetic patients [20].

One should be aware of the fact that some
authors already reported the gender-specific nor-
mal values for longitudinal LV strain in the large
sample of global population with high percentage
of cardiovascular risk factors (hypertension,
smoking, drinking alcohol, diabetes) [21]. The
authors claimed that normal LV longitudinal
strain for women was > �18.8% and for men
>17.4% [21]. This possibly could be the reason
for the difference in LV longitudinal strain
between women and men with DM.

There are several possible mechanisms that
could explain the influence of diabetes on cardiac
remodeling. First, diabetes is characterized by
increased production of free oxygen radicals that
induce accumulation of collagen in the interstitium
and subsequent myocardial fibrosis [22], which
stimulates loss of elasticity and increased ventricu-
lar stiffness, and ultimately leads to diastolic dys-
function, hypertrophy, and systolic dysfunction
[23]. Second, the autonomic cardiac neuropathy
in diabetes contributes to deteriorated systolic
function and elevated diastolic filling pressure,
which results in worsening of overall myocardial
function. Third, the mutual relationship between
insulin resistance and biohumoral systems such as
renin-angiotensin-aldosterone (RAA) and sympa-
thetic nervous system might also clarify cardiac
remodeling in diabetic patients [24]. Fourth, diabe-
tes is related to obesity that could both directly and
indirectly induce cardiac damage. Obesity is
associated with increased preload which further
induces LV and RV dilatation, cardiac dysfunc-
tion, and hypertrophy.

Higher morbidity in females with diabetes
potentially could be explained by sex hormones
that significantly influence energy metabolism,
body structure, vascular function, and inflamma-
tory reactions. Furthermore, psychosocial stress

seems to have higher impact on women than on
men [22–24].

Metabolic Syndrome (MetSy)
as a Comorbidity

The term metabolic syndrome (MetSy) was
coined in 1977 and now represents a cluster of
five cardiovascular risk factors, including arterial
hypertension, abdominal obesity, high-density
lipoprotein cholesterol, triglyceride level, and
fasting blood glucose. At least three factors must
be present to meet the requirements for
diagnosing the syndrome. Prevalence is high
(20–30% of the general population), and this fig-
ure increases with age in a gender-specific man-
ner. In a population younger than 50 years, its
prevalence is somewhat higher in men, whereas
after the age of 50 years, its prevalence is signifi-
cantly higher in women [25].

Sex-related factors are mainly associated with
hyperandrogenism, insulin resistance, abdominal
obesity, and HDL cholesterol reduction that
occurred during and after menopause. However,
one should not forget to consider psychosocial
factors that are more pronounced in women than
men [25].

The MetSy is defined differently in women
and men. All existing definitions are using
gender-specific cutoff values for dyslipidemia
and obesity [26–31]. Only values for HDL,
BMI, and waist circumference changed over
time. However, the gender-specific cutoff criteria
persist until today. Even in the last definition from
the National Cholesterol Education Program’s
Adult Treatment Panel III (NCEP-ATP III),
there are gender-specific cutoff values for HDL
(<1.04 mmol/L for men and < 1.3 mmol/L for
women) and waist circumference (>102 cm for
men and > 88 cm for women) [31].

Probably the factor most responsible for a
gender-specific pattern of the MetSy refers to
hormonal changes that happen during meno-
pause. During this period the balance between
estrogen and testosterone modifies, and fat now
accumulates in the abdomen and not at the gluteal
and hip regions, as is the case before menopause
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[32, 33]. This visceral fat is associated with
increased insulin resistance, elevated free fatty
acid level, and increased activity of hepatic lipase
[33, 34]. This could also explain why perimeno-
pausal and postmenopausal women are at the
higher risk of the MetSy development.

Metabolic Syndrome and Mortality
in Both Sexes

A large number of studies confirmed higher car-
diovascular morbidity and mortality among men,
and this is usually ascribed to the protective influ-
ence of estrogen. However, it is possible that
some conditions such as insulin resistance could
significantly change – increase cardiovascular
morbidity and mortality in women.

The classical Rancho Bernardo Study reports
that the relative hazard of ischemic heart
disease mortality in diabetic patients compared
to controls was 1.9 in men and 3.3 in women,
after adjusting for age, systolic blood pressure,
cholesterol, body mass index, and cigarette
smoking [35].

A large meta-analysis that included 64 cohorts
involving 858,507 subjects and 28,203 coronary
heart disease events showed that risk ration for
coronary heart disease in women was 2.82 (95%
CI: 2.35–3.38) and 2.16 (95% CI: 1.82–2.56) in
men [36]. The adjusted risk ratio for coronary
heart disease was 44% higher in women with
diabetes than in men with diabetes (RR 1.44
[95% CI: 1.27–1.63]).

The Atherosclerosis Risk in Communities
reported that men and women with the MetSy
over a period of 11 years had approximately 1.5
and 2 times higher risk to develop coronary heart
disease than controls [37]. The risk for ischemic
stroke occurrence in the subjects with the MetSy
was similar for both genders.

The Hoorn Study that involved 615 men and
749 women aged 50–75 years without diabetes or
cardiovascular disease at baseline used NCEP-
ATP III definition and showed that the MetSy
was associated with twofold increase in
age-adjusted risk of fatal cardiovascular disease
in men and nonfatal cardiovascular disease in

women [38]. The risk for nonfatal cardiovascular
disease was slightly higher in women (RR 2.05;
95% CI: 1.29–3.26) than in men (RR 1.88; 95%
CI: 1.24–2.87).

The study that involved 11 prospective
European cohort studies and included 6156 men
and 5356 women with no diabetes, aged
30–89 years, with a median follow-up of
8.8 years, showed that the age-adjusted MetSy
prevalence was somewhat higher in men
(15.7%) than in women (14.2%) [39]. The risk
ratios for all-cause mortality in subjects with the
MetSy did not significantly differ between
genders: 1.44 (95% CI: 1.17–1.84) in men and
1.38 (95% CI: 1.02–1.87) in women after adjust-
ment for age, cholesterol levels, and smoking
[39]. However, the risk for cardiovascular mortal-
ity was higher among women with the MetSy:
2.26 (95% CI: 1.61–3.17) in men and 2.78 (95%
CI: 1.57–4.94) in women [39].

Metabolic Syndrome and Cardiac
Remodeling in Both Sexes

The MetSy and its components have different
influence on cardiac remodeling, both LV and
RV. Our previous studies showed that the
MetSy and its criteria are associated with LV
and RV hypertrophy, as well as LV and RV
diastolic dysfunction [40, 41].

Multiple regression analysis showed that sys-
tolic blood pressure and waist circumference were
independently associated with LV mass index
[40]. Furthermore, systolic blood pressure, waist
circumference, and triglyceride level were inde-
pendently associated with LV diastolic function
(mitral E/e0) [40]. Interestingly, systolic blood
pressure, waist circumference, glucose level, and
left ventricular mass index were independently
associated with the RV hypertrophy, whereas
waist circumference, glucose level, and LV mass
index were independently associated with RV
diastolic function (tricuspid E/e0) [41]. However,
gender-specific analysis showed the difference
between men and women [17, 18].

Analysis of individual MetSy factors
demonstrated that increased blood pressure was
independently associated with LV hypertrophy in
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both genders, whereas impaired fasting glucose
was independently related with LV hypertrophy
only in women [17]. The same study showed that
the combination of impaired glucose level,
abdominal obesity, and dyslipidemia was related
with LV hypertrophy only in women. Increased
blood pressure and fasting glucose, as well as
elevated triglyceride level, were independently
associated with LV diastolic dysfunction in
women, whereas the only independent predictor
in men was elevated blood pressure [17]. The
combination of hypertension, increased fasting
glucose, and dyslipidemia was independent pre-
dictor of LV diastolic dysfunction merely in
women. Aijaz et al. published similar findings
and showed that LV mass index was greater and
LV diastolic dysfunction more prevalent in
women with isolated metabolic syndrome (with-
out diabetes and hypertension) than in women
without metabolic syndrome, whereas there was
no difference in men [42]. However, after
including the patients with hypertension or diabe-
tes, the stepwise increase in LV mass index and
prevalence of LV diastolic dysfunction from
subjects without MetSy, across individuals with
isolated MetSy to patients with MetSy was
obtained in both genders [42]. Other studies
showed that the prevalence of LV hypertrophy
was approximately 2.3- and 1.9-fold higher in
men and women with MetSy than in controls,
but there was no difference between genders [43].

Our more recent investigation revealed the
negative influence of the MetSy on LVmechanics
[44]. 2D global longitudinal and circumferential
strains were significantly reduced in the MetSy
group, whereas global radial strain was not differ-
ent between the MetSy and control group. The
increasing number of the MetSy criteria progres-
sively decreased LV longitudinal strain from the
individuals with no MetSy criteria to the
individuals with all five criteria [44]. However,
this was not the case with LV circumferential and
radial strains. The combination of increased
blood pressure, abdominal obesity, and increased
fasting glucose level was related with the higher
level of LV strain impairment comparing with
other clusters of the MetSy components. The
multivariate analysis of the MetSy criteria

showed that 24-h mean blood pressure, waist
circumference, and fasting glucose level were
independently associated with 2D global longitu-
dinal and circumferential myocardial strain [44].
The interaction between gender and MetSy sig-
nificantly influenced only LV longitudinal strain.

The previous investigation from our study
group showed that increased blood pressure and
abdominal obesity were independently associated
with RV hypertrophy in women, whereas the only
independent predictor in men was systolic blood
pressure [18]. Furthermore, the analysis revealed
that increased blood pressure, impaired fasting
glucose, and dyslipidemia were a combination
of the MetSy risk factors related with RV hyper-
trophy in women, but not in men [18]. Increased
systolic blood pressure, impaired fasting glucose,
and waist circumference were independently
associated with RV diastolic function in women,
whereas increased systolic blood pressure was
the only independent predictor in men. Impaired
fasting glucose, abdominal obesity, and dyslipi-
demia were a combination of MetSy criteria,
which was independently associated with RV
diastolic dysfunction only in women. Other
research showed that prevalence of RV hypertro-
phy was significantly higher in both hypertensive
men and women with MetSy than in their
non-MetSy counterparts. However, the percent-
age was higher among women than in men
(45% vs. 60%) [43].

Our investigation that studies the influence of
the MetSy on RV strain reported that 2D RV
global longitudinal strain was significantly
decreased in the MetSy group compared with
the control subjects [44]. Interestingly, 3D RV
EF was also significantly reduced in the MetSy
subjects (55 � 4% vs. 58 � 4%; p < 0.001). The
multivariate analysis of MetSy criteria showed
that systolic blood pressure, waist circumference,
and fasting glucose were independently asso-
ciated with RV systolic function (3D RV EF)
and mechanics (RV longitudinal strain) [44].

The possible mechanisms underlying the inter-
action of gender on the association between the
MetSy and LV remodeling remain hypothetical.
Increased large artery stiffness characteristic for
the MetSy [46] possibly could increase LV mass
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and impair LV diastolic function by elevating
cardiac afterload. However, the increase in LV
mass in women was independent of increased
arterial stiffness in the Hoorn Study [38]. On the
other hand, insulin resistance could reverse the
positive cardiovascular effects of estrogen in
women and therefore increase LV mass. Since
insulin resistance incidence is higher in females,
it is quite reasonable to accept the hypothesis that
abdominal obesity, incubator of insulin resis-
tance, has a more important role in cardiac
remodeling in women than in men.

Thyroid Dysfunction and Outcome
in Women

Thyroid disorders represent typical health
problems in the female population. The occur-
rence of hyperthyroidism and hypothyroidism is
0.5–4% in a population without iodine deficit;
however it is five to ten times higher in women
than in men.

A recent study that involved 11,359
participants (57 � 6 years, 58% women) detected
mild hypothyroidism in 542 subjects (4.8%),
moderate or severe hypothyroidism in 255 indivi-
duals (2.2%), mild hyperthyroidism in 378
individuals (3.3%), and moderate and severe
hyperthyroidism in 206 individuals (1.8%)
[47]. The percentage of females ranged from
68.6% to 82%. The risk of stroke or myocardial
infarction during 22.5-year median follow-up was
similar in the patients from both parts of the
spectrum of thyroid disorders (i.e., hypo- and
hyperthyroidism) [47]. Large meta-analysis that
included 1,898,314 participants showed that
patients with hypothyroidism had significantly
higher risks of ischemic heart disease (RR 1.13;
95% CI: 1.01–1.26), myocardial infarction (RR:
1.15; 95% CI: 1.05–1.25), cardiac mortality (RR:
1.96; 95% CI: 1.38–2.80), and all-cause mortality
(RR: 1.25; 95% CI: 1.13–1.39) than euthyroid
subjects [48]. The same study demonstrated that
subclinical hypothyroidism (especially with thy-
rotropin level � 10 mIU/L) was also related with
higher risks of ischemic heart disease and cardiac
mortality [48].

The large recently published prospective study
that involved 75,076 women aged 20–89 years
followed participants for 28 years and reported
that women with hyperthyroidism had an elevated
risk of breast cancer mortality after 60 years of
age (HR 2.04; 95% CI: 1.16–3.60) compared to
euthyroid women [49]. Hypothyroid women had
elevated mortality risks for diabetes mellitus
(HR 1.58; 95% CI: 1.03–2.41), cardiovascular
disease (HR 1.20; 95% CI: 1.01–1.42), and cere-
brovascular disease (HR 1.45, 95% CI:
1.01–2.08) [49].

The other recent investigation involved 85,856
hyperthyroid patients and 847,057 matched
population-based controls [50]. During the
follow-up of 9.2 years, mortality was the highest
in the first 3 months after diagnosis of hyperthy-
roidism (HR 4.62; 95% CI: 4.40–4.85) and
remained increased during follow-up. The risk
for all investigated cardiovascular events was
increased, with the highest risk in the first
3 months after hyperthyroidism diagnosis was
established [50]. The risk was highest for atrial
fibrillation (HR 7.32; 95% CI: 6.58–8.14) and
arterial embolism (HR 6.08; 95% CI:
4.30–8.61), but the risks of venous thromboem-
bolism, acute myocardial infarction, and ischemic
and nonischemic stroke were also increased two
to three times [50].

Hypothyroidism and Cardiac
Remodeling

The influence of thyroid hormones on cardiac
function is not yet established because of
conflicting results from existing studies.

There are several mechanisms that could
explain the effect of hypothyroidism on the LV
remodeling. First, hypothyroidism induces the
activity reduction of some enzymes responsible
for intracellular calcium handling that modifies
the expression of contractile protein [51]. Second,
tissue changes such as dehydration, collagen
alteration, myocyte orientation, or capillary distri-
bution might contribute to cardiac dysfunction
[51]. Third, hypothyroidism is related with other
cardiovascular risk factors (obesity, dyslipidemia,
diabetes, hypertension, and metabolic syndrome)
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that also induce cardiac remodeling. Additionally,
hypothyroidism is associated with hemodynamic
changes (increase in peripheral vascular resis-
tance and arterial stiffness, as well as increased
cardiac afterload), which might provoke cardiac
impairment. These parameters are associated with
decreased LV volumes and reduced oxygen con-
sumption, which further could decrease cardiac
performance and induce heart failure. Studies
showed that diastolic heart failure was strongly
related with hypothyroidism and more prevalent
in women [52].

The most of investigations agree that hypothy-
roidism, as well as subclinical hypothyroidism,
induces an increase in LV mass and LV diastolic
dysfunction [53–56]. However, these studies
were generally based on pulsed or tissue Doppler
indices which possibly could not detect subtle and
subclinical changes in cardiac function and
mechanics.

Our recent study included female with subclin-
ical hypothyroidism, followed them for 1 year,
and showed that 2D LV mechanics is signifi-
cantly impaired in these patients during the
whole cardiac cycle [57]. It was revealed that
2D global longitudinal and circumferential
strains, as well as corresponding systolic and
early diastolic strain rates, were significantly
reduced in women with subclinical hypothyroid-
ism in comparison with the healthy controls [57].
The 3D analyses demonstrated that 3D LV
end-diastolic volume, stroke volume, cardiac out-
put, and 3D LV EF were significantly reduced in
women with subclinical hypothyroidism before
therapy in comparison with the controls or the
patients after 1 year of treatment. 3D LV mass
index was lower in the controls and the treated
subclinical hypothyroidism patients compared
with the patients at baseline. 3D LV global longi-
tudinal, circumferential, area, and radial strains
were significantly decreased in the hypothyroid
patients at the baseline in comparison with the
healthy controls [57]. However, after a 1-year
levothyroxine treatment, LV systolic and dia-
stolic function significantly improved in women
with subclinical hypothyroidism [57]. Interest-
ingly, LV diastolic function in patients did not
completely recover, and it was still deteriorated in

comparison with the healthy controls. These
findings show that normalization of TSH level
does not automatically mean the normalization
of LV mechanics and function, in particular for
LV diastolic function that obviously requires
more time for improvement. Previous studies
demonstrated normalization of LV diastolic func-
tion after 1-year levothyroxine therapy [58, 59].
However, evaluation of LV diastolic function in
their investigations was performed by pulsed and
tissue Doppler, while we used speckle-tracking
imaging which is a more precise imaging tool.
These results concurred with previous investi-
gations which used tissue Doppler-derived strain
to evaluate LV longitudinal strain in hypothyroid
patients [60]. The researchers reported that longi-
tudinal strain and systolic strain rate of each of
16 LV segments were significantly reduced in
hypothyroid patients, but they did not analyze
LV circumferential and radial strains nor 3D
parameters of LV function and deformation [60].

Similar findings were also reported for the RV,
e.g., our investigation in female patients showed that
RV and right atrial functions were significantly
depressed with subclinical hypothyroidism [61].

The association between right heart and hypo-
thyroidism is intriguing because it could not be
easily explained from a pathophysiological stand-
point. Such a relationship has been proposed by
several investigators [62–66] and can be justified
by several mechanisms: (1) changed intracellular
calcium handling could be one of the most impor-
tant mechanisms; (2) altered myocyte direction
and capillary distribution; (3) reduced cardiac oxy-
gen consumption related to elevated afterload,
reduced contractility, and decreased efficiency;
(4) reduced degradation of myocardial matrix and
increased insulin growth factor 1 which might
induce cardiac hypertrophy and further RV dys-
function; (5) other cardiovascular risk factors
related to hypothyroidism (dyslipidemia, hyperten-
sion); (6) increased pulmonary vascular resistance
and pulmonary hypertension in hypothyroid
patients; (7) ventricular interaction through inter-
ventricular septum, which transduces pressure and
volume overload from the LV to RV, as well as by
transmission of increased LV filling pressure
across the pulmonary circulation to the RV.
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Our study revealed that RV function assessed by
3DRVEF andRV longitudinal strainwas impaired
in the females with subclinical hypothyroidism
[61]. Furthermore, levothyroxine therapy signifi-
cantly improved RV and right atrial longitudinal
strain, even though right heart remodeling was not
entirely reversible even 1 year after restoring euthy-
roid status. This investigation showed that RV dia-
stolic function was deteriorated in the patients with
subclinical hypothyroidism which concurs with
earlier investigations [62–66]. The impact of hypo-
thyroidism on RV systolic function is debatable.
The findings from our study showed that RV sys-
tolic function, estimated by 3D echocardiography
and 2D strain, was significantly impaired in
the hypothyroid women which was not detected
by conventional echocardiographic parameters –

TAPSE or tricuspid systolic velocity obtained by
tissue Doppler [62–66]. Previous investigation that
used cardiac magnetic resonance showed that
hypothyroid patients had significantly decreased
cardiac preload and elevated afterload with a
subsequent reduction in stroke volume and cardiac
output [67], which was in agreement with our
results [61]. This might a result of thickened RV
wall in the female patients with subclinical hypo-
thyroidism before levothyroxine therapy which
was previously reported in overt hypothyroid
patients [68].

Hyperthyroidism and Cardiac
Remodeling

Although the mechanism of LV remodeling in
hyperthyroidism has not established yet, there
are several possible mechanisms that could
explain cardiovascular changes: (1) reduced
peripheral resistance and peripheral vasodilata-
tion, (2) increased activity of RAA system,
(3) decreased renal perfusion, (4) increased LV
volumes and cardiac output. All these modi-
fications might stimulate deterioration of LV sys-
tolic and diastolic mechanical function, as well as
promote LV hypertrophy [69].

Investigations which address the association
between hyperthyroidism and cardiac remodeling
were mostly focused on LV mass and diastolic

function. These studies showed significantly
increased LV mass and impaired LV diastolic
function among patients with clinical or subclini-
cal hyperthyroidism [70, 71]. However, after
normalization of thyroid function by radioactive
iodine treatment, a significant reduction in both
LV mass index and cardiac index was
documented [72].

Our research comparing a treated and
untreated patients with subclinical hyperthyroid-
ism demonstrated impaired LV multidirectional
myocardial deformation, as evaluated with 2D
and 3D strain, in the untreated group. [73]. Both
LV systolic and diastolic mechanical LV functions
were deteriorated in subjects with subclinical
hyperthyroidism comparing with healthy controls
[73]. LV volumes and cardiac output, evaluated
by 3D echocardiography, were increased in
individuals with subclinical hyperthyroidism.
Finally, TSH and FT4 levels correlated with LV
structure and strain in the whole study population
that included healthy controls and patients with
subclinical hyperthyroidism [73]. These findings
are in agreement with details reported elsewhere in
the literature [74, 75].

The study by Abdulrahman et al. involved
25 patients (18 women) with a history of
differentiated thyroid carcinoma being on long-
term TSH-suppressive levothyroxine therapy and
reported that subclinical hyperthyroidism affected
LV longitudinal and circumferential strains
[74]. The authors observed a U-shaped associa-
tion between a range of thyroid hormone levels
(from hyper- to hypothyroid concentrations) and
myocardial longitudinal and circumferential
strain [75]. Our study showed that LV systolic
function, estimated by 2D and 3D LV ejection
fraction, in patients with subclinical hyperthy-
roidism was in the normal range and did not differ
from healthy controls. In contrast, LV deforma-
tion, assessed by 2D and 3D strain, was
deteriorated in the subjects with subclinical
hyperthyroidism [73]. The reason for preserved
LV systolic function, despite reduced LV strain,
potentially might lie in the paradoxically
increased LV twist that we found in the subjects
with subclinical hyperthyroidism. LV twist
represents a complex cardiac motion that consists

480 M. Tadic et al.



of circumferential motion of the apex with respect
to the base of the heart, enabling a more effective
contraction by the LV myocytes. Our findings
suggest that 3D LV volumes and cardiac output
are elevated in the individuals with subclinical
hyperthyroidism, which further implies hemody-
namic overload and possibly explains the
observed increased LV twist in this group of
patients. Considering the fact that LV ejection
fraction was not different between healthy
controls and subjects with subclinical hyperthy-
roidism, it appears that this traditional echocar-
diographic parameter is not enough for the
estimation of LV systolic function in subjects
with subclinical hypo- or hyperthyroidism.

There are several important clinical
implications of these findings. First, these results
regarding reduced LV strain might potentially
clarify cardiovascular morbidity and mortality in
the patients with subclinical thyroid disorders. It
has already been known that LV deformation and
particularly LV longitudinal strain represent
good predictors of the overall and cardiovascular
outcome [21]. Second, LV strain evaluation
could provide the information about the necessity
of therapy and timing of introduction. Earlier
studies showed that LV remodeling in subclinical
thyroid dysfunction was reversible, but strain
evaluation would provide information about pos-
sible improvement much sooner, and therapy
could be potentially stopped earlier. Third,
assessment of LV longitudinal strain could be
very useful and facilitate the follow-up of these
patients.

There are very limited data about the influence
of hyperthyroidism on RV remodeling. However,
our study group provided data regarding RV
remodeling in the patients with subclinical hyper-
thyroidism [76]. In particular our research
revealed that RV diastolic function was
deteriorated in these individuals comparing with
the healthy controls [76]. Furthermore, findings
showed that RV volumes evaluated by 3D echo-
cardiography were larger, whereas 3D RV EF
was reduced in the subjects with subclinical
hyperthyroid participants. Interestingly, RV and
right atrial longitudinal strains were significantly
reduced in these subjects.

There are only a few investigations on the
influence of hyperthyroidism on RV remodeling.
One study reported that RV diastolic function was
deteriorated in patients with overt hyperthyroid-
ism, while RV systolic function assessed by the
tissue Doppler imaging was better in this group
of patients [77]. Nacar et al. showed that right
atrial volume index was higher in the subjects
with subclinical hyperthyroidism, but without sta-
tistical significance [78]. Our results were in line
with these findings. Recently, Teasdale et al.
demonstrated significant improvement in cardiac
output, exercise capacity, and physical quality on
resolution of hyperthyroidism [79]. Exercise
capacity was assessed using the 6-minute-walk-
distance (6MWT), and quality of life was
assessed by Medical Outcome Study 36-item
Short-Form Health Status Survey.

Several potential mechanisms might illumi-
nate the association between RV remodeling and
hyperthyroidism (either overt or subclinical). It is
already known that subclinical hyperthyroidism
is related to mild hyperkinetic cardiovascular
conditions that could induce chronic hemo-
dynamic overload, including RV dilatation and
hypertrophy. Additionally, one should not forget
that mild pulmonary hypertension is present in
35% and 36% of patients with Graves0 disease
or toxic multinodular goiter, respectively [80].
Investigators showed that pulmonary vascular
resistance was significantly higher in hyperthy-
roid patients. However, there was no association
between pulmonary hypertension and TSH, fT3,
and fT4 levels [80].

Cardio-Oncology

The prevalence of oncology patients is steadily
rising, and it is expected that the incidence will
increase up to 45% by 2030 [81]. Fortunately,
despite this alarming trend, the mortality rate
was reduced by 20–30% in the last 10 years
[82]. Modern chemotherapy has significantly
decreased mortality and improved survival of
oncology patients. However, follow-up of
patients treated with novel chemotherapeutic
agents also showed the large spectrum of
cardiotoxic manifestations [83].

29 Cardiovascular Implications of Diabetes, Metabolic Syndrome, Thyroid Disease. . . 481

https://www.ncbi.nlm.nih.gov/pubmed/?term=Teasdale%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=28025026


Radiation Effects and Two Types
of Chemotherapy-Related Cardiotoxicity

Several factors may influence the severity of
cardiotoxicity: chemotherapy type, cumulative
dosage of chemotherapy, age, concurrent or pre-
vious radiation therapy, and comorbidities such
as hypertension, diabetes, renal failure, etc. The
majority of chemotherapy-induced cardiotoxicity
mechanisms can be divided in two groups [84]:
(1) Type 1 is irreversible and induced by
anthracyclines; (2) Type 2 is reversible and pro-
voked by monoclonal antibodies such as
trastuzumab.

The vast majority of available investigations
concerns the influence of chemo- and radiother-
apy on the LV. The development of imaging
techniques, particularly echocardiography,
enabled comprehensive assessment of LV struc-
ture, function, and mechanics in cancer patients.

However, data about the influence of chemo-
therapy and radiotherapy on RV remodeling are
limited and conflicting [84]. Nevertheless, the
number of studies that emphasize the predictive
importance of RV remodeling in patients with
various cardiovascular conditions is increasing,
which is the reason why the assessment of
RV function and structure also became important
in patients who underwent chemo- and/or
radiotherapy.

Detailed analysis of treatment-related side
effects is particularly important in breast and
genital cancers typical for women. Therefore,
we describe mechanisms of radiation-induced
changes of the heart, as well as the impact of
chemotherapy used in the treatment of these
diseases as far as based on anthracyclines, which
have been shown to be cardiotoxic agents.

Potential Cellular Mechanisms During
Radiation Therapy

The prognosis of patients with breast cancers has
improved with a 5-year survival of approximately
90% in recent years [85, 86], partially because of
the increased use of adjuvant therapies such as

chemo- and radiotherapy. Recent advances in
techniques substantially reduce the radiation
exposure to hearts during radiotherapy of
mamma carcinoma, thus lowering the incidence
of cardiovascular disease. Yet, current low radia-
tion levels for breast cancers still impact on the
coronary microvasculature, with subsequent
inflammatory and thrombotic changes, resulting
in capillary loss, and reduced myocardial tissue
perfusion [87]. These alterations cause high risk,
particularly for heart failure with preserved ejec-
tion fraction (HFpEF) [88]. As a consequence the
most important competing mortality risk for
breast cancer survivors derives from radiation-
induced HFpEF [89]. Previous studies have
demonstrated a connection between exposure
and subsequent microvascular rarefaction, but
LV diastolic function has only recently been
evaluated [87]. Importantly, the same underlying
mechanism responsible for radiation exposure-
related HFpEF appears to be manifest in meta-
bolic risk-related [90] HFpEF in humans [91] and
the disturbance in nitric oxide (NO)-cGMP-PKG
signaling seen in the microvascular endothelium
resulting from microvascular inflammation
(Fig. 29.2).

Potential Cellular Mechanisms
of Cardiac Remodeling During
Chemotherapy

Anthracyclines induce the production of highly
reactive oxygen species that interact with iron
and generate very toxic and active hydroxyl
radicals that provoke intracellular damage. Fur-
thermore, anthracyclines might also directly
impact cardiomyocytes by topoisomerase II
blockage which is very active in cancer cells. It
must be noted that there are two isoenzymes –

alpha is active in cancer cells and beta in
cardiomyocytes. However, they are structurally
very similar, which is why anthracyclines affect
both isoenzymes and induce anthracycline
cardiomyopathy (Type 1 cardiotoxicity) that is
dose-dependent and typically irreversible because
of stimulation of myofibrillar disarray and
myocardial cell death [92].
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Trastuzumab is a monoclonal antibody that
inhibits receptor tyrosine-protein kinase
expressed on cancer cells. The problem is that
the same enzyme is also expressed on cardio-
myocytes and its inhibition provokes dilated
cardiomyopathy [93]. Trastuzumab-induced
cardiotoxicity (Type 2 cardiotoxicity) is not
dose-related, and it is generally reversible after
withdrawal of treatment.

Cardiac Remodeling in Oncology
Patients

Considering the fact that anthracyclines and
trastuzumab are used in protocols for breast

cancer treatment, it is of great importance to
establish the effect of these agents on cardiac
remodeling. Besides, attention should be given
to adequate imaging protocols that would timely
detect these cardiac changes. It has been shown
that the incidence of cardiomyopathy was signifi-
cantly lower in patients treated only with
trastuzumab than treated with anthracyclines
[94]. Slamon et al. reported that cardiac dysfunc-
tion of New York Heart Association classes III
and IV was present in 27% of patients who
received anthracycline, cyclophosphamide, and
trastuzumab; in 8% of individuals treated with
anthracycline or cyclophosphamide; in 13% of
participants treated with combined paclitaxel

Fig. 29.2 Proposed mechanism of radiation exposure-
related heart failure with preserved ejection fraction
(HFpEF). Cardiac radiation exposure induces coronary
vascular inflammation followed by microvascular rarefac-
tion, cardiac fibrosis, and depressed nitric oxide (NO)-
PKG signaling in cardiomyocytes, all of which contribute
to the development of HFpEF. TGF, transforming growth

factor; sGC, soluble guanylate cyclase. (From
Tsukamoto O, Kitakaze M. Radiation-induced HFpEF
model as a potential tool for the exploration of novel
therapeutic targets. Am J Physiol Heart Circ Physiol.
2017 Aug 1;313(2):H323–H325. doi: https://doi.org/10.
1152/ajpheart.00307.2017. Reproduced with permission
from American Physiological Society)
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and trastuzumab; and in 1% of patients who
received only paclitaxel [94].

The majority of investigations agree about the
devastating influence of chemotherapy on LV
EF and LV longitudinal strain in women with
breast cancer [95–100]. Earlier studies showed
the impact of chemotherapy on LV systolic and
diastolic function evaluated by conventional
echocardiographic parameters. However, investi-
gations published in the last decade that used
speckle-tracking imaging revealed early signs of
LV dysfunction that occur before the reduction of
LV EF, traditionally considered the cornerstone
metric of LV systolic function. These newer
studies showed that particularly LV longitudinal
strain was influenced by chemotherapy based
on anthracycline and trastuzumab in women
with breast cancer. A recent study showed that
LV end-diastolic volume rather than EF may act
as an early indicator of trastuzumab-related
cardiotoxicity in HER2+ breast cancer
patients [101].

Unfortunately, to our knowledge there is no
data available regarding the influence of gender
on LV remodeling in cancer patients in general as
far as treated with chemotherapy.

Recent studies reported negative influence of
chemotherapy on RV function and mechanics
in women with breast cancer [97, 102–106].
Boczar et al. detected a significant worsening of
RV longitudinal strain after only 3 months of
anthracycline-based chemotherapy in females
with breast cancer [105]. Chang et al. showed
that RV longitudinal strain represents an indepen-
dent predictor of dyspnea in chemotherapy
treated patients with breast cancer independently
of LV and RV systolic and diastolic function
[107]. Bosignore et al. explained that chemother-
apy in early-stage breast cancer females provokes
a spectrum of alterations: angiogenesis inhibition,
changes of hemodynamics, adverse inotropic
response, vascular dysfunction, reduction of mus-
cle contractile strength, and oxygen transport
impairment [108].

Detailed evaluation of LV function in the can-
cer patients is crucial because it determines fur-
ther treatment. The assessment of RV function
should also be considered as an important

component of echocardiographic evaluation.
Patients suffering from chemotherapy-induced
cardiac failure should be treated by both a cardi-
ologist and oncologist who should make a joined
decision about future therapy, and particularly
regarding (dis)continuation of chemotherapy.
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Sex-Specific Cardiovascular
Comorbidities with Associations
in Dermatologic and Rheumatic Disorders

30

Peter L. M. Kerkhof and Irina Khamaganova

Primary Raynaud’s phenomenon and nailfold videocapillaroscopy. Example of irregular, apical, and venous
branch dilations, as well as presence of microhemorrhages. Normal capillaries are also visible (magnification �200).

Reproduced from Pizzorni et al. Clin Rheumatol. 2017;36: 1637–1642, with permission.

Abstract

Cardiology, dermatology, and rheumatology
form a fascinating triad. Many skin and joint

disorders are associated with cardiovascular
comorbidities because they share etiologic
elements. Female predominance is often
remarkable and likely related to autoimmune
pathology. Although studies have shown that
X-encoded genes may be involved in the
differences in immunity between males and
females, other studies have also shown that
sex chromosomes are irrelevant and that
estrogens and androgens are responsible for
the differences. The elevated immune activity
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in females provides a beneficial position in
coping with a pathogenic stimulus but may
also enhance their susceptibility to autoimmu-
nity. The complexity of the immune system
and its role as a defensive force against infec-
tion requires an armamentarium to precisely
identify and selectively control inflammatory
processes or cells which promote atherosclero-
sis. On the other hand, the inflammation in
skin diseases seems to be an active source of
diverse proinflammatory cytokines and
chemokines which can predispose to cardio-
vascular comorbidities. Also, it has been
shown that comorbidity disproportionately
accelerates risk in women.

The skin offers a readily available window
to facilitate detection of risk factors or even to
assist the diagnostic process regarding a vari-
ety of disorders, including those with cardio-
vascular involvement. Current imaging
techniques provide exquisite capabilities for
diagnosing and possibly even counteracting
atherosclerotic plaque formation, before seri-
ous cardiovascular events occur. Combining
imaging approaches (such as videocapil-
laroscopy, intravascular ultrasound, and FDG
positron emission tomography) with insights
based on immunology will likely accelerate
advances in this area.

We review major dermatologic
manifestations and rheumatologic disorders
which are associated with cardiac and vascular
abnormalities. In particular we discuss
sex-specific aspects concerning incidence and
severity of cardiovascular disease associated
with systemic sclerosis, rheumatoid arthritis,
systemic lupus erythematosus, psoriasis,
atopic dermatitis, and hidradenitis suppurativa.

Keywords

Cardio-dermatology · Sex-specific risk
factors · Heart failure · Stroke · Psoriasis ·
Atopic dermatitis · Hidradenitis suppurativa ·
Systemic sclerosis · Systemic lupus
erythematosus · Rheumatoid arthritis ·
Ankylosing spondylitis · Inflammatory bowel
disease · Rosacea · Immune-mediated
inflammatory disease · Ischemic heart disease ·

Inflammasome · Neutrophil extracellular trap ·
Inflammation imaging · Sex hormones · Pulse
wave velocity · Carotid intima-media
thickness · Nailfold videocapillaroscopy · PET
scan · Review

Introduction: Sex Disparities

Mortality due to cardiovascular disease (CVD) is
high and mainly modulated by comorbidities and
unhealthy lifestyle habits. Classical risk factors
include lack of exercise, obesity, hypertension
(HTN), dyslipidemia, diabetes mellitus (DM),
and smoking. In the USA CVD is the leading
cause of mortality in both women and men,
every year since the mid-1980s leading to more
deaths in women [58]. For females, the impact of
smoking on risk for developing coronary artery
disease (CAD) is greater and essentially equiva-
lent to the increase in risk associated with
weighing 42 kg more than a nonsmoking female.
The same is true for elevated triglycerides; a
meta-analysis revealed that the relative risk of
CAD in patients with hypertriglyceridemia was
elevated 32% in men and 76% in women. Simi-
larly, a significantly higher cardiovascular mor-
tality rate has been reported in diabetic women
compared to diabetic men. Evidence suggests that
the compilation of traditional risk factors cur-
rently used to assess risk of CAD is
underestimated in women. Several novel risk
factors for CAD in women have been suggested
in recent years, such as anemia, metabolic syn-
drome (MetSy), and (elevated) high-sensitivity
C-reactive protein (hs-CRP) levels. Incorporation
of these elements into assessments of CAD risk
seems warranted [58]. Besides, women may also
be affected by specific risk factors, notably (pre)
eclampsia and polycystic ovary syndrome
(PCOS). Also, women suffer (more often than
men) from chronic inflammatory autoimmune
diseases. The latter category includes systemic
lupus erythematosus (SLE), rheumatoid arthritis
(RA), and systemic sclerosis (SySc). Psoriasis
appears equally distributed among both sexes. In
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addition, Raynaud’s phenomenon is often seen in
SLE, RA, scleroderma, Sjögren’s syndrome, and
polymyositis. Indeed, the percentwise incidence
of certain autoimmune diseases, with most
showing possible involvement of the cardiovas-
cular system, differs among men and women
(Fig. 30.1), as summarized by Libert et al.
[49]. Autoimmune diseases affect approximately
7–10% of the population of the United States,
while an estimated 46.1 million American adults
suffer from arthritis and rheumatologic
conditions [50].

A distinction between sexes in comparative
studies is most meaningful when specific age
groups are considered. Influences of sex
hormones vary with the circulating levels, which
change over the life span (Fig. 30.2), having
consequences for the incidence of various
diseases. Also, the immune systems of men and
women differ in significant ways, especially after
puberty [30]. Other risk factors involved being
equal, disease course, and survival depend on the

relative strengths of the arsenal of protecting
mechanisms.

Additional Risk Factors in Women

Traditional risk factors and the Framingham risk
score (FRS) underestimate the risk of ischemic
heart disease (IHD) in women. Mortality rate
related to IHD is higher in women. The “typical”
female presentation of signs and symptoms of
IHD is more complex and multifactorial than
that of men. Evidence suggests that additional
risk assessment (blood inflammatory markers,
evidence of plaque burden, and evidence of ische-
mia) may be of relatively greater importance in
women due to this diagnostic uncertainty [6].

From the time of puberty, women have, on
average, greater mean C-reactive protein (CRP)
measures compared with men. The CRP differ-
ence is consistent with the higher prevalence in
women of inflammatory-mediated autoimmune
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Fig. 30.1 Sex distribution of the most important autoimmune diseases. (From Libert et al. [49], reproduced with
permission)

30 Sex-Specific Cardiovascular Comorbidities with Associations in Dermatologic. . . 491



diseases, such as RA or SLE, suggesting a promi-
nent role for inflammation in the observed IHD
sex differences. Indeed, the relative risk of immi-
nent IHD events increases with levels of hs-CRP,
acting synergistically with other risk factors to
accelerate IHD risk in women. Furthermore,
inflammatory measures are related to other IHD

risk markers such as the cardiometabolic syn-
drome and type 2 diabetes (T2D). IHD risk
assessment in women is likely improved by the
use of multiple biomarkers [69].

In premenopausal women disruption of ovula-
tory cycling is associated with an increased risk of
coronary atherosclerosis and CVD events. PCOS,

Fig. 30.2 Correlations between the relative levels of
estrogen and testosterone and the incidence of type 2 dia-
betes (T2D), atherosclerosis, and autoimmunity in men
and women between the ages 30 and 80 years. White
and shaded columns demarcate periods in the life span

during which chronic inflammatory and autoimmune
diseases manifest clinically. A comparison of the inci-
dence of each disease in men and women for each time
period and disease is indicated. (From Gubbels Bupp [30],
reproduced with permission)
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prevalent in 10–13% of women, is linked with a
clustering of risk factors, incident T2D, and IHD
events. The cardiometabolic syndrome is a clus-
tering of risk factors, including insulin resistance,
dyslipidemia, HTN, or abdominal obesity. In
women this syndrome is often associated with
alterations in endogenous estrogens and
androgens.

Disadvantages of Being Male

Males have only one X chromosome. From an
evolutionary point of view, this is a tremendous
disadvantage, as every newly arisen recessive
mutation on the X chromosome will be phenotyp-
ically manifested. This survival disadvantage is
shown by the existence of numerous X-linked
primary immunodeficiencies [49]. These are
diseases that typically do not affect females or
cause less severe defects in females. To avoid
double dosage of proteins in females, one of the
X chromosomes is randomly silenced during X
chromosome inactivation, which occurs in the
early stages of female embryogenesis; however,
the pseudo-autosomal regions of the X chromo-
some escape inactivation. The process of X chro-
mosome inactivation results in female cellular
mosaicism: in a female, approximately half of
the cells express genes derived from the maternal
X chromosome and the other half express genes
derived from the paternal X chromosome. As a
consequence, deleterious or disadvantageous
mutations that occur in an X chromosome-linked
gene will result in the functional loss of the pro-
tein in all cells in a male but in only half of cells in
a female [49]. The X chromosome has numerous
genes which, directly or indirectly, are involved
in immunity and naturally occurring variations in
one gene copy might result in two distinct alleles
with different regulatory and response capacities.
For females, this means additional physiological
diversity: not only do heterozygous females avoid
the effects of deleterious gene mutations, they
also benefit from added diversity when facing
new immune challenges, such as microbial
infections [49].

The Skin as Mirror and Log-Book

Many skin and skin-related diseases affect the
sexes unequally. One study in a mostly white
population showed that females had a higher inci-
dence of connective tissue diseases (scleroderma,
morphea, dermatomyositis, primary Sjögren’s
syndrome, SLE, hidradenitis suppurativa,
erythromelalgia, venous stasis syndrome, and
venous ulcers). In that study males had a higher
incidence of psoriasis and psoriatic arthritis and
basal cell and squamous cell carcinoma [2]. The
skin forms an easily accessible window to study
associated diseases, such as those referring to the
cardiovascular system. Similar as in dermatology
or rheumatology, certain types of CVD can (nota-
bly already during an early phase) be studied with
the aid of ophthalmologic investigations. Retinal
funduscopy is an established noninvasive tech-
nique to inspect smaller blood vessels and is
gaining renewed interest with the introduction of
advanced digital analysis methods, also permit-
ting evaluation support at remote sites using
transmitted images [12]. Several inflammatory
diseases with cardiovascular involvement have a
prominent dermatologic component, and, here
too, major progress can be made by applying
technological advances in the field of optics.
Close inspection of the skin may reveal important
signals about (risk factors for) CVD. For exam-
ple, following the detection of prominent splinter
nail hemorrhages in a patient, a positron emission
tomography (PET) scan revealed vascular inflam-
mation in the aortic arch and its proximal
branches, consistent with giant cell arteritis [70],
and seborrheic keratosis was shown to be the
strongest independent skin-related predictor of
atrioventricular (AV) block in aging people [65].

Visual inspection of the skin can be enhanced
by suitable optical techniques. In cases of psoria-
sis, it is clear that angiogenesis represents a key
phenomenon and that insight in the microcircula-
tion within psoriatic lesions would be informa-
tive. Recently, an optical perfusion camera was
developed which corrects images for the heart-
beat. The system permits local evaluation of the
superficial cutaneous microcirculation before and
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during topical treatment in patients with psoriasis
[34] and reveals heterogeneity in perfusion inten-
sity. Furthermore, nailfold videocapillaroscopy
(being a combination of an optical microscope
and a digital video camera) has been applied to
evaluate scleroderma, where decreased peripheral
blood perfusion is usually associated with micro-
vascular impairment [66].

Additional Types of Imaging

Imaging techniques in general hold a great future.
Another example is the PET scan which studies
glycolytic rates in macrophages within a vessel
wall affected by inflammatory lesions [78]. Plaque
composition (including fibrous tissue, fibro-fatty
tissue, necrotic core, and dense calcium) is
evaluated by ultrasound intravascular imaging,
and in CAD patients plaque burden can be
assessed by a so-called near-infrared
spectroscopy-derived lipid core index, showing
that women have more favorable plaque
characteristics than men, despite their worse risk
profile [79]. Carotid intima-media thickness
(CIMT) is an imaging biomarker useful for the
noninvasive evaluation of atherosclerosis, with a
relatively greater risk predicted for women than
men. Furthermore, coronary artery calcium
(CAC) is highly correlated with traditional risk
factors. Women with a high-risk CAC score com-
bined with multiple risk factors show a 10%
greater IHD event risk than men, which fact
supports the notion that risk in women is dispro-
portionately accelerated by comorbidities
[69]. Imaging has also gained a prominent role
in the study of vascular inflammation, as further
discussed below.

Inflammatory Pathogenesis
and Vascular Imaging

The seminal work by Libby [48] has emphasized
the pivotal role of inflammation in the develop-
ment of atherosclerosis. Inflammation is a funda-
mental biological process, directed to help
maintain and restore homeostasis. In principle,

inflammation is beneficial, but a continuous trig-
ger may entail a chronic process, possibly imply-
ing functional decline. Any acute imbalance of
homeostasis, e.g., by burn, bleeding, surgery,
trauma, or infection, can lead to acute inflamma-
tion. This process potentially becomes uncon-
trolled and reaches systemic proportions,
occasionally advancing to a life-threatening
form of inflammation, such as during sepsis [49].

Inflammasomes are multi-protein complexes,
and genetic mutations were first recognized to
result in autoinflammatory diseases, which are
characterized by the absence of both auto-
antibodies and autoreactive T/B cells. Multiple
factors that contribute to lowering the threshold
of immunity and inflammasomes play a key role
in this threshold. For example, IL-1β and IL-18
further perpetuate Th17 responses and endothelial
cell damage, which potentiate a number of auto-
immune diseases, including CVD, SLE, and
synovitis in RA [88]. Interleukin (IL)-32 not
only modulates important inflammatory pathways
including tumor necrosis factor (TNF)α, IL-6 or
IL-1β but also involves the modulation of endo-
thelial cell function and the serum concentration
of high-density lipoprotein [18]. Many chronic
inflammatory disorders such as chronic obstruc-
tive pulmonary disease (COPD), inflammatory
bowel disease (IBD), and RA deserve attention
in this survey because of their association
with CVD.

Vascular Inflammation Imaging

CVD may be viewed as a systemic inflammatory
disorder related to monocytes, macrophages,
neutrophils, and T cells. Current research into
the natural history of atheroma has implicated
various immune cells, including phagocytes,
lymphocytes, plasmacytoid dendritic cells, and
neutrophils. The cellular processes involved are
summarized in Fig. 30.3, which also illustrates
the importance of PET to study the inflammatory
process in the arterial wall by using the 18F-
fluorodeoxyglucose (FDG) tracer. This glucose
analogue is used for imaging an increased meta-
bolic rate in the presence of inflammation and
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hypoxia by detecting glycolytic rates of
macrophages [78].

However, the type of changes may be variable
in different diseases. For instance, the OLINK
high-throughput proteomic assay was performed
in atopic dermatitis (AD) in comparison with
psoriasis. Ten proteins were increased in serum
of both diseases, including Th1 (IFN-γ, CXCL9,
TNF-β) and Th17 (CCL20) markers. The exam-
ined markers of atherosclerosis (fractalkine/
CX3CL1, CCL8, M-CSF, HGF), T-cell develop-
ment/activation (CD40L, IL-7, CCL25, IL-2RB,
IL-15RA, CD6), and angiogenesis (VEGF-A)
were significantly increased only in AD. In fact,
AD blood signature was largely different com-
pared to psoriasis and was characterized by
dysregulation of inflammatory and cardiovascular
risk markers, strongly supporting its systemic
nature beyond atopic/allergic association [14].

Cellular and Molecular Inflammatory
Pathways

In non-psoriatic individuals, the pathophysiology
of obesity, aberrant adipocyte metabolism, diabe-
tes, and CVDs involves immune-mediated or
inflammatory pathways. An immune-mediated
inflammatory disease (IMID) may impact these
comorbid conditions through shared genetic risks,
common environmental factors, or common
inflammatory pathways that are co-expressed in
IMIDs and target organs. Pathogenic immune
pathways in psoriasis are now well explored,
and a large number of inflammatory mediators
have been identified in skin lesions, permitting
consideration of possible mechanistic links
between CVD and skin inflammation, increased
risks of obesity or metabolic alterations. Well-

Fig. 30.3 A gross illustration of the aortic arch has been
taken in cross section to magnify the vessel wall. Neutro-
phil activation due to systemic inflammation leads to the
formation of neutrophil extracellular traps and may initiate
damage to the endothelium. Monocytes and T cells then
infiltrate the lesion. Monocytes differentiate into
macrophages, where they proliferate to sustain their

population. Macrophages within the vessel wall have
high glycolytic rates and take up the 18F-fluorodeox-
yglucose (FDG) tracer, which is detectable by FDG posi-
tron emission tomography in human models of
inflammation. IFN interferon, IL interleukin, TNF tumor
necrosis factor. (Reproduced from Teague et al. [78], with
permission)
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established risk factors for CVD can originate
from inflammation in other tissues [19], as
summarized in Fig. 30.4.

Rosacea is a chronic facial skin disorder with
neurovascular, acneiform, and glandular compo-
nents. The associated inflammatory response may
be excessive and is triggered or exacerbated, e.g.,

by sunlight, menopausal flushing, spicy food, or
alcohol consumption. An example of coincidence
of skin inflammation and vascular changes is found
for rosacea patients having significantly (P< 0.001)
higher epicardial fat thickness and CIMT than
healthy subjects [7]. Sex-specific differences have
not been described for rosacea.

Fig. 30.4 “Cardiovascular risk factors”: some potential
cellular and molecular inflammatory pathways that could
be triggered in the skin (left) and that would then reach
target tissues for cardiovascular risk (right). Cytokine
(chemokine)-activated leukocytes (CAL) in cutaneous
sites could either enter the skin tissue or circulate after
rolling on inflamed endothelial cells in psoriasis lesions.
These cells and cytokines released into the systemic

circulation, e.g., tumor necrosis factor (TNF), IL-1, or
IL-6, may alter the function of hepatocytes (a), vascular
cells (b), atheroma (c), thrombus risk (d ), or leukocyte
physiology (e) to increase cardiovascular risk factors or
overt pathological pathways, as detailed in the right side
of this figure. DCs dendritic cells. (From Davidovici et al.
[19], reproduced with permission)
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Immunology and Inflammation
of the Vascular Wall

Inflammation is a hallmark of atherosclerosis,
in addition to endothelial dysfunction. Monocytes
are major cell components of the innate
immune system that accumulate quickly in
response to injury or infection. A circulating sub-
set of Ly6Chigh monocytes act as potent inflam-
matory mediators [60]. These cells exit the bone
marrow, accumulate in the vessel wall, and dif-
ferentiate into macrophages, which are sustained
through self-renewal. In addition to the accumu-
lation of monocytes in atherosclerotic lesions,
these immune cells contribute to the biological
response following a myocardial infarction (MI).
Monocytes are both destructive and protective,
leading to infarct rupture and healing, respec-
tively. This results in heart failure (HF) when an
overabundance of monocytes interferes with the
healing process. Differentiated leukocytes, espe-
cially monocytes and neutrophils, take up resi-
dence in end-organ tissues, giving rise to plaques
and inflammation. The sympathetic innervation
of blood vessels plays a role in the increased
emergency supply of leukocytes. In the periphery,
increased adhesion molecule expression
augments leukocyte recruitment. Stress elevates
norepinephrine levels in the bone marrow and
activates bone marrow stem cells. Collectively,
these mechanisms suggest a multi-organ commu-
nication system that activates the bone marrow
through the sympathetic innervation system,
increasing hematopoietic stem and progenitor
cell proliferation and thus enhancing leukocytosis
[78]. Furthermore, the role of neutrophils is
recognized in atherosclerotic plaque develop-
ment, as they are the initial immune cells to infil-
trate inflammatory sites. The antimicrobial action
of neutrophils is indispensable to combat infec-
tion. However, their involvement also yields tis-
sue damage and toxic debris. A newly identified
defense mechanism is the ability to create a net-
work, called neutrophil extracellular trap (NET),
which formation process is coined “NETosis.”
Nowadays, it is evident that NETs themselves
are proinflammatory, induce endothelial and

tissue damage, and are highly prothrombotic.
Additionally, NETs provide a communication
platform between neutrophils and macrophages,
culminating in atherosclerotic plaque destabiliza-
tion [78].

Fibrotic Disorders

Fibrotic diseases represent a variety of disorders
that are characterized by the development of
severe organ fibrosis without an obvious cause.
They are not well understood and include
devastating diseases such as idiopathic pulmo-
nary fibrosis (IPF) and scleroderma, often affect-
ing the cardiovascular system and having a poor
prognosis. End-stage fibrotic diseases, such as
IPF, scleroderma, myelofibrosis, and kidney, pan-
creatic, and cardiac fibrosis, converge in the acti-
vation of a transcription factor in fibroblasts,
suggesting that c-jun is a central mediator [84].

Arterial Stiffness and Chronic
Inflammation

Arterial stiffness increases with inflammation of
the vessel wall. Various metrics are available to
noninvasively estimate arterial properties as
reflected by arterial stiffness, among them the
augmentation index (AIx) and pulse wave veloc-
ity (PWV). These measurement techniques are
described elsewhere [4]. Alternatively, a
photoplethysmograph transducer is placed on
the index finger to estimate a systolic index
(SI) which reportedly correlates with PWV
[21]. A growing number of studies suggest that
chronic inflammatory diseases are responsible for
part of the excess cardiovascular risk. Compared
with control subjects, carotid-femoral PWV and
AIx are significantly higher in patients, including
those with IBD, RA, psoriasis, SLE, and systemic
sclerosis (SySc), as described by Dregan
[21]. Moreover, a significant relationship between
aortic stiffness and left ventricular systolic and
diastolic dysfunction was reported in patients
with IBD [89].
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Inflammatory Joint Diseases

Patients with any type of inflammatory joint dis-
ease (IJD), including RA, have an increased risk
of premature death compared with the general
population, mainly because of the risk of CVD.
While pathogenic mechanisms and clinical
expression of cardiovascular comorbidities vary,
it appears that atherosclerosis is associated with
all IJDs. The combination of traditional risk
factors and inflammation is mainly responsible
for the increased cardiovascular risk in patients
with IJDs [56].

Rheumatoid Arthritis

Rheumatic illnesses include diseases with evi-
dence of autoimmunity as well as the common,
near ubiquitous, osteoarthritis. These diseases are
generally more common among women com-
pared with men. In contrast to SLE, RA, and
osteoarthritis, data concerning rheumatic diseases
in relation to menopause are scarce, but it is
known that menopause may affect the risk and
course. Osteoporosis, an integral part of inflam-
matory rheumatic diseases, worsens by meno-
pause. Hormone replacement therapy has been
studied but reported effects vary [77]. Autoim-
mune rheumatic diseases can affect the coronary
vessels, myocardium, pericardium, heart valves,
and the conduction system. The diagnosis of
these unique cardiac complications necessitates
medical awareness and a high index of suspicion.
Increased risk of advanced atherosclerosis plays a
pivotal role in the development of cardiac
comorbidities. Yet, other immune-mediated
mechanisms may contribute to the pathogenesis.
Cartilage degradation in the synovial joint
constitutes the hallmark of RA, mediated by per-
sistently activated fibroblast-like synoviocytes
(FLS) that express matrix-degrading enzymes
[44]. Patients’ optimal care requires coordination
between the primary caregiver, the rheumatolo-
gist, immunologist, and cardiologist [57]. Patients
with RA have a twofold higher risk of sudden
cardiac death (SCD), possibly resulting from con-
duction disorders. The increased risk might
already be present at the clinical onset of arthritis.

One study found that the prevalence of conduc-
tion disorders in patients with early arthritis was
12.5%, similar to the general population and not
associated with observed changes in inflamma-
tion markers. However, a high cholesterol was
associated with a prolonged QRS time,
emphasizing the importance of traditional CV
risk factor management in arthritis, apart from
treatment of disease activity. Furthermore, a rela-
tionship (P ¼ 0.01) between the improvement in
disease activity and heart rate decrease was
found. This remarkable finding possibly implies
a 10-year CV mortality risk difference of
24% [81].

Incidence M/F Prevalence of 1%, with women
three times more often affected, but both sexes
have equal prevalence of erosive disease. Peak
onset in fifth decade but on average somewhat
earlier in females.

Symptoms, Signs and Laboratory
Findings Insidious onset with morning stiffness,
swelling of affected joints and arthralgia. Eryth-
rocyte sedimentation rate (ESR) and CRP ele-
vated, while various antibodies can be detected.
Speckle tracking can detect subclinical
myocardial dysfunction in RA ([8]).

Association with CVD Atherosclerosis with
increased risk of MI, cerebrovascular accident
(CVA), and pericarditis, while myocarditis is
rare (often associated with active disease), HF
common (mostly diastolic), valvular heart disease
is rare (mostly clinically insignificant), and con-
duction abnormalities uncommon and mostly
RBBB or AV-block [56].

Possible CV complications SCD, deep vein
thrombosis, pulmonary embolus.

Ankylosing Spondylitis (AS, Morbus
Bechterew)

Ankylosing spondylitis (AS), psoriatic arthritis,
reactive arthritis (formerly termed Reiter syn-
drome), and arthritis associated with IBD belong
to the seronegative spondyloarthropathies. AS is
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a chronic inflammatory disease of the joints of the
axial skeleton with gradual onset.

Incidence M/F With onset usually before the
age of 40 years, there is male predominance in
AS, while symptoms are also more prominent in
men. Genetic factors seem to be involved, with
increased risk when associated with HLA-B27
positive testing (8% in whites and 4% in blacks).
The course of AS appears to exhibit sex-specific
differences, with a delayed confirmation of diag-
nosis and distinct adipose tissue associations in
relation to disease activity in women.

Symptoms, Signs and Laboratory
Findings Bouts of backache with progressive
motion limitations, arthritis of peripheral joints,
elevated ESR, but the severity of the disease
varies greatly. Muscle wasting, expressed as
fat-free mass index below the reference popula-
tion, was detected in male TNF-α blocker-naïve
AS patients, especially in those with active dis-
ease. Women had higher volumes of body fat than
men but near the median of the reference popula-
tion. The relationships between fat content and
disease activity emphasize the complex associa-
tion between adipose tissue and inflammation
[38]. Disease activity can be assessed by CRP
and ESR measurements.

Association with CVD Cardiac conduction
abnormalities and aortic valve regurgitation are
relatively often associated with AS, but arterial
stiffness is found not to be increased [22]. One
prospective study evaluated cardiac involvement
in 15 AS patients using cardiac magnetic reso-
nance (CMR), based on previous transthoracic
echocardiography (TTE) screening. LV diastolic
dysfunction was the most common finding on
TTE (79%), followed by aortic root dilatation
(14%), right ventricular (RV) dilatation (7%),
and RV dysfunction (7%). LV ejection fraction
(EF) below 55% was observed in five patients
(33%). Myocardial extracellular volume (ECV)
quantified by CMR T1 mapping correlated with
the CRP concentration (R ¼ 0.78, P < 0.01) and

ESR level (Spearman’s rank R ¼ 0.73, P < 0.01).
ECV has the potential to function as a marker for
disease monitoring [11].

Dermatologic Abnormalities
and Cardiovascular Disease

Systemic Sclerosis (Scleroderma)

Systemic sclerosis (SySc) is an autoimmune disease
characterized by local (80% of cases) or diffuse
(20%) skin fibrosis and vascular injury to major
visceral organs. This disorder has been reviewed
elsewhere [26]. Until recently, cardiac involvement
was not a focus of SySc research because pulmo-
nary and renal impairment are more prominent and
predictive of the overall morbidity and mortality.
However, arrhythmias, conduction disturbances,
myocardial fibrosis, and MI have been shown to
be associated with worse outcome in these patients
[40, 75]. Speckle-tracking imaging and 3D echo-
cardiography offer insight into cardiac function and
mechanics. Multilayer strain assessment provides
comprehensive information about deformation in
each myocardial layer and was found to be signifi-
cantly reduced in SySc patients [75].

Incidence M/F Female predominance (ratio 5:1)
but increased mortality in males due to faster pro-
gression in males. Prevalence ranges from 8 to
489 permillion, being higher in theUSA and Japan.

Symptoms, Signs and Laboratory
Findings Skin thickening (fingers),
sclerodactyly, digital pitting scars, bibasilar pul-
monary fibrosis.

Associated CVD Raynaud’s phenomenon
(mostly in females), arrhythmias, conduction
disturbances, myocardial fibrosis, ischemia, car-
diac remodeling, and deterioration of all cardiac
chambers.

Possible CV Complications Postmenopause is
the main risk factor for developing isolated
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pulmonary hypertension [68], and hormone
replacement therapy may prevent the develop-
ment of this complication in patients with limited
cutaneous involvement [9].

Systemic Lupus Erythematosus (SLE)

SLE is a chronic multi-organ autoimmune inflam-
matory condition with fluctuating course, mostly
(90%) seen in adult women (during childbearing
years). The disorder has recently been reviewed
[86]. Atherosclerosis is common in SLE. Actu-
ally, CVD which comprises coronary heart dis-
ease and stroke is one of the most important
causes of death in these patients. The risks of
developing clinical CVD and subclinical athero-
sclerosis are increased in SLE, which observation
is not fully explained by traditional risk factors
such as smoking, HTN, and elevated cholesterol.
Therefore, it is believed that immune dys-
function also contributes to CVD risk in SLE.
Abnormalities in serum lipid profile and the auto-
antibody and T-lymphocyte response to lipids
may play a role in development of atherosclero-
sis. Future algorithms incorporating new
biomarkers such as proinflammatory high-density
lipoprotein and the use of imaging techniques
(e.g., carotid ultrasound scanning) may become
increasingly valuable [15]. Patients with SLE are
at excess risk of cardiovascular events (CVEs).
The relative importance of SLE disease activity,
medications, or traditional risk factors in this
increased risk has been investigated in cohort of
1874 patients. It was found that the event rate
(14.1/1000 person-years) was 2.66 times what
would be expected in the general population
based on FRS and not associated with duration
of SLE. Persons using 20 mg/day or more of
corticosteroids had a substantial increase in risk
even after adjustment for disease activity
[52]. The range of cardiovascular involvement
in SLE is broad including atherosclerosis
and vascular inflammation/vasculitis, while
Raynaud’s phenomenon (20%) often antedates
other features of SLE. The impact of CVEs on
both mortality and morbidity is tremendous: the
incidence of CAD both in its acute MI and

chronic (with angina and chronic HF) forms is
over seven times greater in patients with SLE than
in healthy controls, even after accounting for
traditional CVD risk factors, including sex, age,
and lipid profile. In particular, younger female
patients with SLE (aged 35–44 years) have an
over 50 times greater risk of having an MI com-
pared with the Framingham dataset. When con-
sidering the typical bimodal mortality pattern
found in SLE, the real importance of CVD
becomes apparent: a decade after the diagnosis
of SLE, one of the leading causes of death is
MI. Patients with SLE also have a greater risk
for stroke, with an overall prevalence that can
reach 20% and high recurrence rate and greater
mortality than matched controls [16]. Further-
more, the prevalence of subclinical atherosclero-
sis is considerably higher in patients with SLE.
Studies in multiple units, using different imaging
techniques such as vascular ultrasound and elec-
tron beam tomography, have consistently shown
that patients with SLE have significantly higher
prevalence of atherosclerotic plaque compared to
healthy controls. [16]. In another study a 44%
prevalence of abnormal stress myocardial perfu-
sion by CMR was observed in the absence of
obstructive CAD in 18 female SLE patients with
anginal chest pain. These findings are consistent
with the hypothesis that anginal chest pain in SLE
patients without obstructive CAD is due to
myocardial ischemia potentially caused by micro-
vascular coronary dysfunction [39]. The reason
why SLE is such a dramatic risk factor for athero-
sclerosis and CVD is yet to be fully explained.
Decisive evidence associating specific lupus-
related factors to the development of atheroscle-
rosis has been proved difficult to obtain, perhaps
because even in very large cohort studies, the
actual number of patients with CVEs is small. In
multivariable analysis, only non-modifiable risk
factors, namely, age and male gender, remained
significant [16]. The presence of longstanding
systemic inflammation associated with persis-
tently active SLE could contribute to plaque for-
mation and disruption. On the other hand, it has
been found that patients with lupus have a high
prevalence of traditional CVD risk factors such as
HTN, altered lipid profile, and impaired glucose
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tolerance, which to some extent may be the result
of chronic treatment with corticosteroids. How-
ever, to date, no undisputed correlation has been
found between corticosteroid use and atheroscle-
rosis in SLE [52]. However, there are also
conflicting data suggesting that there is an
increased CVD risk among patients who are
undertreated with steroids, which could imply
that poorer disease control is more relevant in
determining a higher CVD risk than steroid treat-
ment per se [16].

Etiology Idiopathic or drug-related (e.g., hydral-
azine, methyldopa, quinidine), the latter with
equal sex ratio.

Significant gaps in knowledge remain about
the effect of estrogen on cardiovascular risk
factors during SLE in humans. Studies in
women with SLE were not designed to determine
the effect of estrogen or hormone therapy on
blood pressure even though HTN is highly preva-
lent, and risk of premature ovarian failure could
necessitate use of hormone therapy in women
with SLE [28]. SLE is an autoimmune disease
of unknown cause with multiple genes, environ-
mental factors, and sex hormones likely playing
roles in its pathogenesis. SLE is characterized by
a loss of tolerance to self-antigens which leads to
the production of autoantibodies to the nucleus,
most commonly anti-double-stranded DNA (anti-
dsDNA) antibodies. These autoantibodies con-
tribute to immune complex formation and can
deposit within virtually every tissue in the body,
leading to inflammation and tissue injury, thus
producing the clinical symptoms [28].

Incidence M/F The overall age-adjusted inci-
dence (American College of Rheumatology
(ACR) definition) per 100,000 persons is 5.5
and prevalence 72.8 in the USA. Among females,
the incidence is 9.3 per 100,000, and the preva-
lence 128.7 per 100,000. The latter is 2.3-fold
higher in black than in white persons and tenfold
higher in females than in males. Among incident
cases, the mean age at diagnosis is 39.3 years.
Black SLE patients have a higher proportion of

renal disease and end-stage renal disease (ESRD)
(40.5% and 15.3%, respectively) as compared to
white SLE patients (18.8% and 4.5%, respec-
tively), as shown in the Michigan study [72]).

Symptoms, Signs and Laboratory Findings
(Malar/discoid) Rash associated with photosen-
sitivity, fever, malaise, arthritis (90%), (hemo-
lytic) anemia (60%), leukopenia (45%),
lymphopenia, thrombocytopenia (30%), antinu-
clear antibody (ANA) positive (98%), and anti-
native DNA (60%).

Association with CVD Atherosclerosis
increased risk (mainly in young women), pericar-
ditis common (often asymptomatic), myocarditis
often subclinical (but high prevalence in autopsy
studies), valvular heart disease is rare, and con-
duction abnormalities are rare and mostly concern
sinus tachycardia [56]. Among 115 patients with
SLE compared to matched controls in one study,
a longer disease duration was independently
associated with higher systolic blood pressure,
blood glucose levels, and accelerated rates of
increased total cholesterol [41]. HF carries an
increased risk in SLE patients. In one study
among 45,284,540 individuals, 0.21% were
identified with SLE and 0.22% with a new diag-
nosis of HF. The incidence of HF was markedly
higher in the SLE group compared with controls,
as were other cardiovascular risk factors. In
regression analysis, SLE was an independent pre-
dictor of HF (P < 0.0001). RR of HF was highest
in young males with SLE for age 20–24, with an
overall trend of increasing absolute risk but
decreasing RR with advancing age in both
sexes. Renal involvement in SLE correlated with
earlier and higher incidence of HF. The findings
suggest that patients with SLE have significantly
higher risk of developing HF (Fig. 30.5) and a
worse cardiovascular risk profile compared with
the general population [43].

The mechanisms underlying the elevated risk
of HF, especially in younger patients, remain
speculative. While direct myocardial involvement
in SLE has been documented, lupus myocarditis
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is rare and does not explain the high HF risk
found (Fig. 30.5). However, the observed risks
are likely due to a combination of microvascular
disease and chronic inflammation. In that study,
the most prevalent risk factors for HF in the SLE
population were HTN, dyslipidemia, anemia, thy-
roid disease, and conduction system disease [43].

Possible CV Complications Vasculitis, endo-
carditis, pulmonary fibrosis, stroke syndromes,
HF, venous thrombosis.

Giant Cell Arteritis (GCA, Temporal
Arteritis, Arteriitis Temporalis, Horton-
Brown Syndrome)

Giant cell arteritis (GCA) is the most common
form of large vessel vasculitis and frequently
associated with polymyalgia rheumatica. CVD
and cerebrovascular disease are both increased

in patients with GCA, with an HR of 2.06 (95%
CI 1.72–2.46) for MI and HR 1.28 (95% CI
1.06–1.54) for CVA in patients versus controls.
The risk of events is highest in the first year,
potentially implicating high-dose glucocorticoid
use or increased levels of inflammation, as seen in
the general population and other rheumatic
diseases [64].

Incidence M/F Incidence 25 per 100,000 in
persons >50 years, mostly Caucasians. 80% in
women with highest incidence of 7.4 per 10,000
person-years in women aged 70–79.

Symptoms, Signs and Laboratory Findings
(chiefly temporal) Headache, amaurosis, diplopia,
abnormal blood chemistry, and findings related to
polymyalgia rheumatica.

Association with CVD One study evaluated
the risk of CVA and CVD in a parallel cohort

Fig. 30.5 Annual incidence and relative risk (RR) of heart failure over age, by sex, and disease status. SLE, systemic
lupus erythematosus. (Reproduced from Kim et al. [43], with permission)
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study of 5827 patients with GCA and 37,090
age-, sex-, and location-matched controls.
Patients with GCA, compared with controls, had
an increased risk of CVA (1.45, 1.31–1.60), for
CVD (1.49, 1.37–1.62), or either (1.47,
1.37–1.57). In the GCA cohort, predictors of
“CVAorCVD” included increasing age>80years
versus <65 years (1.98, 1.62–2.42), male sex
(1.20, 1.05–1.38), and socioeconomic status,
most deprived quintile versus least deprived
(1.34, 1.01–1.78). Thus, patients with GCA are
more likely to develop CVA or CVD than
controls [64].

Possible CV Complications MI and CVA.

Raynaud’s Phenomenon (RP): Primary
and Secondary Types

RP is paroxysmal bilateral digital ischemia, lead-
ing to pallor and cyanosis followed by rubor due
to intense hyperemia. Various aspects have
recently been reviewed [85]. It mainly affects
young women. Primary type (50% of cases) is
benign; secondary type can cause digital ischemia
or gangrene. RP is often the earliest symptom of
digital microcirculatory damage, associated with
the development of connective tissue disease.
Nailfold videocapillaroscopy detects and
quantifies the microvascular changes that charac-
terize secondary RP and can identify morpholog-
ical patterns specific to various SySc
microangiopathy stages [66].

Symptoms, Signs and Laboratory
Findings Pallor of fingers (rarely toes).

Prevalence M/F The reported prevalence ranges
from less than 1% (in men) and up to 20%
(in women) depending on definitions and popula-
tion selected [27]. Clear geographic variation,
with prevalence being lowest in Japan and highest
in France.

CVD Associations Occlusive arterial disease,
coronary vasospasm, PAH.

Psoriasis and Psoriatic Arthritis

Psoriasis is a common benign, chronic but unpre-
dictable autoimmune disease, now classified as an
IMID of the skin. This inflammatory disease with
both a genetic basis and known environmental
triggers primarily affects the skin. Patients with
various IMIDs, including psoriasis, are at higher
risk of developing “systemic” comorbidities such
as MetSy. For recent reviews, see Nestle et al.
[54] and Lowes et al. [51]. Many patients with
psoriasis also have serious other health conditions
such as DM, heart disease, and depression. The
most common type of psoriasis is called plaque
psoriasis. Psoriatic arthritis (PsA) eventually
occurs in 10–20% of these patients and is
associated with obesity, T2D, HTN, the MetSy,
fatty liver, and an increased risk of cardiovascular
events, while the prevalence of Crohn’s disease
and subclinical colitis is also increased
[63]. Arthritis mutilans may manifest telescoping
of digits. PsA is different from more common
types of arthritis (such as osteoarthritis or RA).
Methotrexate is often used to treat PsA.

Incidence M/F Equal occurrence in both sexes,
with prevalence around 1/500 in the USA, imply-
ing that an estimated 6.7 million adults have
psoriasis, usually between ages 10 and 30 years.

Symptoms, Signs and Laboratory
Findings Sharply defined plague formation,
i.e., patches of thick red skin covered by silvery
scales typically found on the elbows, knees,
scalp, lower back, face, palms, and soles of feet.
Pruritus may be severe. Parakeratosis. Nail pitting
and onycholysis. Arthritis in certain types (20%).
Leukocytosis and elevated ESR. The enzyme
L-kynureninase has been identified as a novel
inflammatory factor in psoriasis and other inflam-
matory diseases [33]. A laser Doppler imaging
system has been developed to evaluate the super-
ficial cutaneous microcirculation before and dur-
ing topical treatment in psoriasis [34].

Association with CVD Microvascular dysfunc-
tion of coronary arteries has been found as
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evaluated by coronary flow reserve [59], CAD,
MI. Notably, well-established risk factors for
CVD can originate from inflammation in other
tissues [19]. Psoriasis vulgaris is associated
with systemic comorbid conditions, including
DM, MetSy, besides CAD, and MI. This has led
to the concept of the “psoriatic march,” i.e., pso-
riasis as a chronic inflammatory condition driving
CVD [13]. Furthermore, patients with moderate-
to-severe psoriasis treated with tumor necrosis
factor (TNF)-alpha inhibitors showed reductions
in the proinflammatory marker CRP level and
arterial intima-media thickness—both surrogate
markers for CVD. Because vascular inflammation
in patients with psoriasis correlates with disease
severity, it stands to reason that it might also
correlate with disease duration. In this context, a
relationship between psoriasis vulgaris duration,
vascular inflammation, and major adverse cardio-
vascular events (MACE) such as MI, ischemic
stroke, or death due to CVD was hypothesized
[24]. These authors found that in a cohort the risk
for MACE increased by 1% per year of psoriasis
duration, adding one more important concept,
namely, that this risk is time dependent. Thus,
the longer an individual has moderate-to-severe
psoriasis, the higher the risk for MACEs.

Patients with moderate-to-severe psoriasis
have an increased risk of CVD [67]. CVD risks
arise from comorbidities such as obesity and DM
that are associated with psoriatic arthritis
[10]. CVD has been noted in children as well.
The pediatric psoriasis was associated with obe-
sity, HTN, diabetes, arrhythmia, and valvular
heart disease. The highest odds of CVD risk
factors in hospitalized children depended on
race/ethnicity and age and were noted in blacks
and Hispanics and children ages 0–9 years, but
there were no sex differences [46]. In adults,
women have less severe forms of psoriasis
based on a scoring system analysis [32]. An
increase in MI was noted in psoriasis [47]. Some
methods of psoriasis systemic treatment, such as
methotrexate and TNF inhibitors, reduce the
CVD risk [1, 71]. On the other hand, the CVD
may be under-recognized in psoriasis patients.

For example, coronary artery calcification
detected by computed tomography was higher
than in previous investigations without
tomography [37].

Atopic Dermatitis (AD, Atopic Eczema)

Atopic dermatitis (AD) is a chronic relapsing
inflammatory pediatric allergic skin disease,
which may persist into adulthood. A genetic pre-
disposition is common. The barrier dysfunction,
alterations in cell-mediated immune responses,
IgE-mediated hypersensitivity, and environmen-
tal factors are crucial. Loss of function mutations
in filaggrin have been implicated in severe AD
because of a potential increase in transepidermal
water loss, pH alterations, and dehydration [17].

Established adult AD comorbidities include
psychiatric and autoimmune diseases. In a recent
meta-analysis the risk of CVD and T2D was
compared between adult patients with and with-
out AD. Sixteen out of 2855 publications were
included in the qualitative analysis, and no asso-
ciation was observed between AD and T2D,
HTN, CVA, or MI, but a positive association
was observed with angina pectoris. While adults
with AD in some populations have increased
prevalence of cardiovascular risk factors, such as
obesity and smoking, the authors concluded that
it is unlikely that AD represents an independent
and clinically relevant risk factor for
cardiometabolic disease [80]. AD and psoriasis
are known to be comorbid with CVD. Such
cases are known as “inflammatory skin
march” [25].

Incidence M/F Prevalence of adult AD ranges
from 2.1% to 4.9% across countries. The preva-
lence is generally lower for males vs females and
decreases with age [5]. Incidence of AD has
increased two- to threefold in industrialized
countries, impacting approximately 15–20% of
children and 1–3% of adults worldwide [3].

Symptoms, Signs and Laboratory
Findings Dry skin, itching, and redness of the
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skin, as well as lichenificated lesions, are typical.
White dermographism is a well-known sign of
AD, but not obligatory. There is no definitive
laboratory test. However, hypereosinophilia and
increased IgE often accompany clinical features.

Association with CVD Recent investigations
demonstrate that the association between AD
and CVD was at most modest, but in more refined
cohorts the cardiovascular risk profile and genetic
architecture was comparable [55]. Patients with
AD are at significantly higher risk of obesity and
metabolic disorders, thus impacting on CVDs
[31]. The AD blood signature was found to be
largely different compared to psoriasis, with
dysregulation of inflammatory and cardiovascular
risk markers, strongly supporting its systemic
nature beyond atopic/allergic association [14].

Hidradenitis Suppurativa (HS, Acne
Inversa, Morbus Verneuil)

HS is a complex inflammatory suppurative cutane-
ous disorder, mainly with axillary and groin distri-
bution, showing tendency to recurrence and
possibly progressing to a more advanced stage.
The lesions start during late puberty and may last
through the age of 50 years. Unfortunately, there is
a relative paucity of knowledge about HS
[35, 36]. The primary defect in HS pathophysiol-
ogy is proposed to stem from hair follicle obstruc-
tion at the site where the apocrine gland drains,
leading to a cyst followed by rupture, with a robust
immune response [36]. A specific genetic signa-
ture and environmental factors (including smok-
ing), microbial colonization, and adiposity, all
contribute to the HS phenotype [62]. A compari-
son of ultrasound imaging of carotid intima-media
thickness in 60 HD patients to detect subclinical
atherosclerosis found that the FRS underestimates
risks involved [29]. In addition, a population-based
cohort study showed that HS was associated with a
significantly increased risk of adverse cardiovascu-
lar outcomes and all-cause mortality [23].

Incidence M/F 6/100,000, and more common in
women (75%) between 20 and 50 years.

Worldwide prevalence is estimated between
0.05 and 4%, depending on methodology and
population studied. In the USA officially classi-
fied as an orphan disease.

Symptoms, Signs and Laboratory
Findings The HS lesion consists of nodules
and cysts, which are painful and cause suppura-
tion with odiferous discharge with subsequent
scarring. There is no diagnostic test, and the cul-
ture of exudate from a lesion shows a panoply of
organisms, mostly common skin commensals.

Association with CVD and Other
Diseases Atherosclerosis [83] and MetSy.
Some patients with HS may be suffering from
unrecognized cardiovascular risk factors, and
therefore dermatologists have a key role in
detecting these conditions. Besides, associated
rheumatologic disorders such as spondyloar-
thropathy or inflammatory arthritis may occur
[36]. Also, a connection between HS and IBD
has been reported [20, 87].

Sarcoidosis

Sarcoidosis is a systemic connective tissue
disease (CTD) of unknown etiology characterized
by the presence of noncaseating granulomas in
any organ, most commonly the lungs and intra-
thoracic lymph nodes. A diagnosis of sarcoidosis
should be suspected in any young or middle-
aged adult presenting with unexplained
cough, shortness of breath, or constitutional
symptoms, especially among blacks or
Scandinavians. This multisystem disease may
involve almost any organ system; therefore, it
results in various clinical manifestations. Cutane-
ous sarcoidosis occurs in up to one third of
patients with systemic sarcoidosis. Recognition
of cutaneous lesions is important because they
provide a visible clue to the diagnosis and are an
easily accessible source of tissue for histologic
examination. Because lesions can exhibit many
different morphologies, cutaneous sarcoidosis is
known as one of the “great imitators” in
dermatology.
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Sarcoidosis is the result of noncaseating gran-
uloma formation due to ongoing inflammation
that causes the accumulation of activated T cells
and macrophages, which then secrete cytokines
and TNF-α. The precise cause of sarcoidosis
is unknown. However, most studies suggest that
in a susceptible individual this follows from
an exaggerated immune response to an antigen
related to certain environmental factors,
microbes, along with strong evidence of a genetic
predisposition [73].

Symptoms and Findings Papules, plaques,
lupus pernio, scar sarcoidosis, and rare morpho-
logies such as alopecia, ulcers, hypopigmented
patches, and ichthyosis [42].

CVD Associations Coronary flow reserve is
reduced in sarcoidosis [45]. Systemic sclerosis,
vasculitis, and sarcoidosis are among CTDs
with serious cardiovascular involvement; this
is due to multiple causative factors such as
myopericarditis, micro-/macrovascular disease,
coronary artery disease, myocardial fibrosis, pul-
monary hypertension, and finally HF [53]. Despite
aggressive treatment, some patients may develop
life-threatening cardiac complications from
severe, progressive disease, ultimately requiring
heart transplantation [73]. Also, 18F-FDG PET
scans have been employed to evaluate the prog-
nostic impact of extent, severity, and hetero-
geneity of abnormalities in suspected cardiac
sarcoidosis [74].

The Problem of Vulnerable Plaque

Once atheroma was regarded as a graveyard of
acellular lipid debris enrobed by a capsule of
proliferated smooth muscle cells [48]. Gradually
a prominent role for inflammation in atheroscle-
rosis and its complications was appreciated. Cur-
rent notion that inflammation and immune
response contribute to atherogenesis has garnered
increased interest in underlying processes. For-
merly focused on luminal narrowing due to the
bulk of atheroma, modern concepts recognize the
biological attributes as key determinants of its

clinical significance [48]. Circulating monocytes
infiltrate the plaque and differentiate into
macrophages, contributing to an inflammatory
environment associated with higher risk of car-
diovascular events. While the pivotal role of
circulating monocytes is firmly established, the
identification of specific monocyte subsets that
may be particularly atherogenic continues. For
example, using multivariate linear regression,
the relation between monocyte phenotype, nota-
bly surface receptor expression, and arterial wall
inflammation in 79 patients (54% males) with
peripheral artery disease, chronic kidney disease,
or RA was analyzed, using 18F-FDG PET/CT
scan assessment of arterial wall inflammation
and extensive monocyte characterization. The
monocyte chemokine receptor CCR2, essential
for transmigration, was found to significantly
(P ¼ 0.015) correlate with PET/CT-based arterial
wall inflammation, independent of traditional car-
diovascular risk factors and statin use [82].

Conclusions

In general, females are healthier and live longer
than males, and this is true for several mammalian
species, including humans. Additionally, the
course and survival rates from illnesses—includ-
ing infectious diseases, sepsis, trauma, or
injury—are better in women than in men. The
immunological advantage of women has been
long known. Several studies have shown the
superior ability of women to produce more
antibodies and serum IgM. In contrast, the greater
susceptibility of males to infections is evident
from birth. Boys are more prone to septicemia
and meningitis, and the incidence of tuberculosis
is higher in males from infancy to adulthood.
Also, males experience more frequent and severe
infections caused by bacteria or viruses. The X
chromosome is partly responsible for the
hyperresponsiveness of the female immune sys-
tem. Indeed, it has been proposed that males
suffer the equivalent of inbreeding depression
involving 5% of their protein-coding genome
(the X chromosome transcriptome), leading to a
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higher rate of mortality, from infancy to
adulthood [49].

Imaging techniques, such as videocapil-
laroscopy, intravascular ultrasound, FDG PET
scan, (tissue) Doppler imaging, and speckle track-
ing, have great potential for the study of inflam-
matory diseases, especially in combination with
immunological investigations.

Substantial sex-related differences have been
noted regarding symptoms, signs, disease course,
and outcome in cardiovascular comorbidities,
emphasizing the need for intensive coordination
between the primary caregiver, the rheuma-
tologist/dermatologist, immunologist, and
cardiologist [57].
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Abstract

Pulmonary arterial hypertension (PAH) is a
progressive disease characterised by increased
pulmonary vascular resistance and pulmonary
artery remodelling as result of increased
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vascular tone and vascular cell proliferation,
respectively. Eventually, this leads to right
heart failure. Heritable PAH is caused by a
mutation in the bone morphogenetic protein
receptor-II (BMPR-II). Female susceptibility
to PAH has been known for some time, and
most recent figures show a female-to-male
ratio of 4:1. Variations in the female sex hor-
mone estrogen and estrogen metabolism mod-
ify FPAH risk, and penetrance of the disease in
BMPR-II mutation carriers is increased in
females. Several lines of evidence point
towards estrogen being pathogenic in the pul-
monary circulation, and thus increasing the
risk of females developing PAH. Recent stud-
ies have also suggested that estrogen meta-
bolism may be crucial in the development
and progression of PAH with studies indi-
cating that downstream metabolites such as
16α-hydroxyestrone are upregulated in several
forms of experimental pulmonary hyper-
tension (PH) and can cause pulmonary artery
smooth muscle cell proliferation and sub-
sequent vascular remodelling. Conversely,
other estrogen metabolites such as
2-methoxyestradiol have been shown to be
protective in the context of PAH. Estrogen
may also upregulate the signalling pathways
of other key mediators of PAH such as
serotonin.

Keywords

Pulmonary arterial hypertension · Vascular
remodelling · Sex hormones · Estrogen ·
Estrogen metabolites · Serotonin

Introduction

Pulmonary arterial hypertension (PAH) is a
debilitating disease characterised by an increase
in pulmonary artery pressure and pulmonary vas-
cular resistance. The World Health Organization
(WHO) categorises PAH patients into five dis-
tinct functional classifications (Table 31.1) [116].

Occurrence of both idiopathic and familial
PAH ranges from 6–10 cases per million in the

population, whereas the number of those patients
developing PAH as a result of other illness is
estimated to be much higher, although not
reported [8]. PAH is an incurable vasculopathy
which affects the arteries of the pulmonary circu-
lation and contributes to the morbidity and mor-
tality of adult and paediatric patients with a wide
range of lung and heart diseases. PAH is char-
acterised by a progressive obstruction of distal
pulmonary arteries and formation of plexiform
lesions leading to elevated pulmonary vascular
pressures and right heart failure. The pathogene-
sis of PAH is complex and involves numerous
pathophysiological phenotypes including pulmo-
nary artery endothelial cell (PAEC) dysfunction,
pulmonary artery smooth muscle cell (PASMC)
proliferation, apoptotic resistance, metabolic
shift (Warburg effect), impaired angiogenesis,
phenotypic transition and chronic inflammation
[57, 105, 133].

The non-specific nature of early PAH
symptoms, including dizziness, syncope and
fatigue, often leads to delayed diagnosis, which
is achieved definitively by invasive right heart
catheterisation [91]. Consequently, patients
exhibit more advanced pathophysiological
features and therefore a lower quality of life. To
date there is no known cure for PAH although
there are a number of treatment options available
targeting the main pathways involved in the path-
ogenesis of PAH.

Endothelin Receptor Antagonists

Endothelin-1 (ET-1) is a 21 amino acid, vasoac-
tive peptide. Under physiological conditions,
ET-1 is produced in small amounts, mainly in
endothelial cells, acting as an autocrine/paracrine
mediator. The biological effects of ET-1 are trans-
duced by two receptor subtypes, the ETA and ETB

receptors. In the vasculature, the ETA receptor
is mainly located on vascular smooth muscle
cells, whilst ETB receptors are localised on both
endothelial and vascular smooth muscle cells.
Activation of ETA and ETB receptors on vascular
smooth muscle results in vasoconstriction
[87, 112]. The activation of endothelial ETB
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receptors located on the endothelium stimulates
the release of nitric oxide (NO), and prostacyclin
[53] prevents apoptosis and plays a minor role
in endothelial-dependent vasodilation [115]. The
lungs are the major site for both clearance and
production of circulating ET-1: up to 50% of
circulating ET-1 is cleared through the ETB

receptors [29].
In PAH an upregulation of the ET-1 system

occurs. ET-1 plasma levels are elevated and the
increase is correlated with right atrial pressure,
pulmonary artery oxygen saturation and pulmo-
nary vascular resistance [120]. ET-1 precursor,
prepro-ET-1, is also abundantly overexpressed
in endothelial cells from patients with PAH [46]

and stimulates proliferation of PASMCs and
vasoconstriction [145]. ET-1 receptor anta-
gonists, bosentan, macitentan and ambrisentan,
are currently approved for the treatment of
PAH, preventing the aberrant activity of ET-1
observed in patients. Bosentan and macitentan
are dual ETA and ETB receptor antagonist,
whereas ambrisentan is a selective ETA receptor
antagonist [21].

Prostacyclin Analogues

Prostacyclin is a member of the eicosanoid family
of mediators, which include prostaglandins,

Table 31.1 Clinical classification of pulmonary hypertension

Classification of pulmonary hypertension

1. Pulmonary arterial hypertension

1.1. Idiopathic PAH (IPAH)
1.2. Heritable PAH (HPAH)
1.4.1. BMPR-II
1.4.2. ALK-1, ENG, SMAD9, CAV1, KCNK3
1.4.3. Unknown
1.3. Drug and toxin induced
1.4. Associated with
1.4.1. Connective tissue disease
1.4.2. HIV infection
1.4.3. Portal hypertension (PPHTN)
1.4.4. Congenital heart disease
1.4.5. Schistosomiasis
1.4.6. Chronic haemolytic anaemia
1.5. Persistent pulmonary hypertension of the newborn (PPHN)

2. Pulmonary hypertension due to left heart disease

2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4 Congenital/acquired left ventricular inflow/outflow tract obstruction and congenital cardiomyopathies

3. Pulmonary hypertension due to lung diseases and/or hypoxia

3.1 Chronic obstructive pulmonary disease (COPD)
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive patterns
3.4 Sleep-related breathing behaviour
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitudes
3.7 Developmental lung diseases

4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension with unclear multifactorial mechanisms

5.1 Hematologic disorders: chronic haemolytic anaemia, myeloproliferative disorders, splenectomy
5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis
5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure, segmental PH
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thromboxanes and leukotrienes. It is a potent
vasodilator and inhibitor of platelet aggregation.
Prostacyclin is synthesised from arachidonic acid
by the actions of cyclooxygenase and prostacy-
clin synthase, primarily in endothelial cells. In
PAH dysregulation of prostacyclin metabolic
pathways occurs. A reduction in prostacyclin
levels are observed, characterised by a decrease
in urinary metabolites [16] and a decrease in
prostacyclin synthase expression in the lungs of
PAH patients [134]. Several prostacyclin
analogues including epoprostenol, iloprost and
treprostinil are used clinically in the treatment of
PAH [43]. In addition to their vasodilator
properties, prostacyclin analogues can also have
inhibitory effects on PASMC proliferation and
migration [19]. Hence, prostacyclin agonists and
analogues are used to treat severe PAH. The most
recent member of this drug class, selexipag, a
selective prostacyclin receptor agonist, was
approved by the Food and Drug Administration
(FDA) for PAH in 2015 [69, 114].

Phosphodiesterase-5 (PDE-5) Inhibitors

The cyclic nucleotides, cyclic adenosine
monophosphate (cAMP) and cyclic guanosine
monophosphates (cGMP) are important
mediators of pulmonary vasodilation via activa-
tion of protein kinase A (PKA) and protein kinase
G (PKG), respectively [90]. NO is a well-
established mediator involved in activation of
the cGMP pathway. Phosphodiesterases (PDEs)
catalyse the hydrolysis of cAMP and cGMP and
promote vasodilation by increasing the concen-
tration of both cyclic nucleotides intracellularly.
PDE-5 is cGMP selective and is highly expressed
in the lung [80]. Inhibitors of PDE-5 promote
vasodilation via cGMP and are effective in PAH
management. PDE-5 inhibitor drugs approved for
the treatment of PAH include sildenafil, tadalafil
and vardenafil [44, 107].

Soluble Guanylate Cyclase Stimulator

Soluble guanylate cyclase (sGC) is the primary
NO receptor. On binding to NO, sGC catalyses

the synthesis of cGMP, which promotes vasodila-
tion but also inhibits vascular smooth muscle cell
proliferation, leukocyte recruitment, platelet
aggregation and vascular remodelling. There is
dysregulation of NO production, sGC activity
and cGMP degradation in PAH [119]. This
enzyme is a direct target to activate NO-sGC-
cGMP pathway, and targeting of sGC stimulation
by riociguat has consistently improved response
to exercise following treatment in pulmonary
hypertension patients [74]. This occurs via vaso-
dilation within the pulmonary arterial bed, thus
improving haemodynamics and vascular tone.

Sex As a Risk Factor in PAH

In the 1950s, Dresdale first documented an
increased frequency of female PAH patients com-
pared to men [26]. The increased prevalence of
PAH in females remains, evidenced by recent
epidemiological studies highlighting that
70–80% of PAH patients are female [6]. This is
in contrast to other demographics, which have
changed over time, i.e. age of diagnosis ranges
from 50 to 65 years in contemporary registries
compared to 36 years previously reported
[54]. As the age of diagnosis has increased,
patients are presenting with more co-morbidities
and are therefore more difficult to manage clini-
cally. However, reasons underlying the imbal-
anced female-to-male ratio regarding disease
prevalence remain obscure. Conversely, male
PAH patients exhibit poorer survival than female
patients [59], leading to investigation of the phe-
nomenon known as the ‘sex paradox’ in pulmo-
nary hypertension. Recent studies suggest that
males have poorer adaptive remodelling of the
right ventricle (RV) in response to increased
afterload – this may explain the sex differences
in survival in PAH [59]. Such paradoxical
observations suggest a role for complex sex hor-
mone signalling and processing pathways in the
development and progression of PAH [38]. This
sex paradox also seems to be dependent on the
age of PAH patients with the age of onset being
earlier in women than men, perhaps due to altered
estrogen production at menopause. The influence
of sex hormones in women presenting with PAH
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is further suggested by the onset of PAH during
pregnancy and/or post-partum period
[122]. Whilst treatment guidelines now suggest
that female PAH patients do not take estrogen-
based contraceptives [50], current PAH therapies
do not take sex bias into account despite recent
studies having shown sex differences in treatment
response [41, 113]. For example, Gabler and
colleagues reported that ET-1 receptor
antagonists had greater efficacy in females than
males [41]. A more recent study found increased
likelihood of response to PDE-5 inhibitor,
tadalafil, in the treatment of PAH in men com-
pared with women [86]. Sex-specific heterogene-
ity in treatment response may reflect differences
in PAH pathobiology and afford the opportunity
to inform individual treatment decisions and pro-
vide the basis for exploring potential differences
in mechanisms of disease between sexes.

Sex Differences in the BMPR-II
Signalling Pathway in Pulmonary
Hypertension

Bone morphogenetic protein (BMP) receptor type
II (BMPR-II) is a serine/threonine transmembrane
type II receptor kinase, belonging to the
transforming growth factor (TGF)-β super family.
BMPR-II is involved in processes such as devel-
opment, embryogenesis and adult tissue homeo-
stasis. BMP ligands cause the formation of a
heterodimer between BMPR-II and a type I recep-
tor. Following heterodimer formation and the
phosphorylation of the type I receptor, there is
phosphorylation of Smad 1/5/9 proteins which in
turn leads to the upregulation of the expression of
nuclear inhibitors of differentiation 1 and
3 (Id1/Id3); both Id1 and Id3 act to repress prolif-
eration. The proliferation, migration and apopto-
sis of both endothelial cells and smooth muscle
cells within the vasculature can be influenced by
BMP signalling [45]. Mutations in the gene
encoding for BMPR-II is the most well-
established risk factor for heritable PAH. Over
300 different mutations sites within the BMPR-
II gene have been identified in PAH patients and
are associated with PAH development and

progression. Approximately 75% of familial
PAH cases and 20% of idiopathic PAH cases
are associated with a loss-of-function mutation
in this gene [79]. The penetrance of BMPR-II
mutations is particularly low, only approximately
20% of male carriers develop PAH, whilst
approximately 45% of female carriers develop
the disease [100]. Therefore, other genetic and
environmental risk factors must exist. Alternative
splicing of BMPR-II is thought to play a role in
the penetrance of the disease. BMPR-II can be
alternatively spliced producing two different
isoforms – the full transcript and one lacking
exon 12. Exon 12 is the largest exon within
BMPR-II and encodes a cytoplasmic domain
[78]. The ratio of the isoform-B to isoform-A is
increased in PAH patients when compared to
unaffected BMPR-II mutation carriers. Therefore
it has been suggested that expression of isoform B
is involved in the penetrance of the disease [20].

A reduction in BMPR-II signalling and there-
fore a reduction in the anti-proliferative Id1/3 lead
to increased proliferation of the PASMCs [96]
and subsequent pathological remodelling of the
pulmonary vasculature. It has been demonstrated
that PAH patients harbouring a BMPR-II muta-
tion develop the disease at an earlier age and have
worse haemodynamic profiles at the time of diag-
nosis than those patients without a BMPR-II
mutation. As a result, BMPR-II mutation carriers
have an increased mortality [35].

It is well established that a greater number of
females develop PAH. There are sex-specific
differences in the expression and activity of
BMPR-II, even under basal conditions, which
could contribute to the greater number of females
within the PAH patient population. Female
PASMCs obtained from non-PAH subjects have
been shown to have reduced expression of
BMPR-II at both gene and protein levels when
compared to male PASMCs obtained from
non-PAH subjects [83]. Furthermore, the down-
stream factors in the BMPR-II signalling
pathway, Smad 1 and Id1/3, were also
downregulated in female PASMCs. This suggests
that females could be predisposed to PAH
because they have basally lower levels of
BMPR-II. Interestingly, when male non-PAH
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PASMCs were stimulated with estrogen, no
changes were observed in the expression of
BMPR-II and Smad 1, yet there was a reduction
in mRNA and protein levels of the Id genes
[83]. Therefore, estrogen could be responsible
for driving the suppression of the BMPR-II path-
way and the predisposition of females to PAH.
Other sex-specific differences in BMPR-II
expression have been highlighted in PAH
patients. BMPR-II gene expression in lympho-
cytes was approximately 20% lower in female
patients than in male patients [4]. When compar-
ing whole lung BMPR-II expression in male and
female mice, BMPR-II gene expression was
lower in the female compared to male mouse.
The same study also highlighted an estrogen
response element (ERE) in the BMPR-II
promotor. This ERE was found to be a highly
conserved functional binding site for estrogen
receptor alpha (ERα) [4]. Therefore, it is
suggested that estrogen is able to reduce the
expression of BMPR-II through the direct binding
of ERα to the BMPR-II promoter. In addition, we
have demonstrated decreased BMPR-II signalling
in lungs from the Sugen/hypoxic rat model of
pulmonary hypertension [82]. Inhibition of
estrogen synthesis with an aromatase inhibitor
reversed the experimental pulmonary hyperten-
sion in the female rats and restored the deficient
BMPR-II signalling [82], suggesting that endog-
enous estrogen can supress BMPR-II signalling
in vivo. This strengthens the hypothesis that
estrogen can cause sex-specific differences in
BMPR-II expression, which ultimately results in
the predisposition of females to PAH. Despite
dysfunctional BMPR-II signalling being well
characterised in the lung, the downstream effects
in the RV are not well understood. A recent
clinical study suggested BMPR-II mutation
carriers have poorer RV function despite similar
afterload and cardiac adaptation in mutation car-
rier and noncarrier groups [137]. This study
suggests that BMPR-II signalling can influence
RV dysfunction in PAH. Currently, little is
known regarding sex-specific differences in
BMPR-II expression in the RV and the potential
effects this might have on RV function in PAH.

The Influence of Sex Hormones
in Pulmonary Hypertension

A recent comprehensive study by Ventetuolo and
colleagues characterised the relationship of sex
and haemodynamics in PAH [140]. Ventetuolo
et al. also recently demonstrated robust clinical
data outlining significantly increased plasma
estrogen levels in male idiopathic PAH patients
vs control subjects [138]. Differential effects of
estrogen on the pulmonary circulation and RV
and/or differential metabolism of estrogen to
mitogenic or anti-proliferative metabolites may
well explain the differences observed in outcomes
of animal models as well as the notable sex dif-
ference in the incidence of the disease.

One hypothesis that may explain the female
susceptibility in PAH is that the female hormone
estrogen is pathogenic in the pulmonary circula-
tion. The estrogen pathway is known to be
affected in diseases such as systemic lupus
erythematosus and breast cancer, both of which
have a higher female prevalence [101]. Progester-
one, testosterone, DHEA, as well as estrogen and
metabolites have been shown to affect pulmonary
vascular tone and cell proliferation [68]. Male
rodents with hypoxia- or monocrotaline-induced
PH develop more severe experimental PH
than females, whilst there is no sex bias in
Sugen/hypoxic rodent models [81, 136]. In exper-
imental models of PH (hypoxia-induced and
monocrotaline-induced) where male animals are
dosed with exogenous estrogen, this exerts pro-
tective, vasodilatory and anti-proliferative effects
[67]. Exogenously administered estrogen can
improve RV function in the Sugen/hypoxic
model of PH by stimulating RV contractility
and protecting against pulmonary vascular
remodelling [75]. However, inhibiting endoge-
nous estrogen with an aromatase inhibitor
reverses Sugen/hypoxic-induced PH in females
and in BMPR-II mutant mice without affecting
RV function implying that local endogenous
estrogens are protective [14, 23, 82]. However,
eliminating endogenous circulating estrogen via
ovariectomy also abolishes the PH phenotype in
female-susceptible transgenic mice including
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serotonin transporter (SERT) overexpressing
(SERTþ) mice [142], Smad 1+/� mice [83] and
dexfenfluramine-treated mice [24].

The Role of Sex Hormones and Sex
Hormone Metabolites in Pulmonary
Arterial Hypertension

Estrogen Biosynthesis and Metabolism

The female sex hormones are steroid hormones that
comprise both estrogens and progesterones. Steroid
hormones have multifactorial functions throughout
the body and are synthesised fromcholesterol in the
gonads, adrenal glands and placenta and to a lesser
extent in the adipose tissue, liver and skin
[65]. Estrogens are the primary female sex hor-
mone involved in development and maintenance
of the female reproductive system. Evidence also
exists for a significant role for estrogens in other
systems including the cardiovascular system
[65]. Synthesis of estrogen can also take place in
the liver and adipose tissue, and the reported
expression of estrogen-synthesising enzymes in
vascular smooth muscle cells and endothelial cells
[125] implicates the importance of ‘local’ estrogen
synthesis and autocrine/paracrine effects out with
the reproductive organs.

Estrogens exist as three major naturally occur-
ring isoforms: estrone, estrogen and estriol. Estro-
gen is the predominant circulating hormone in
premenopausal women, whilst estrone is impor-
tant during the menopause and estriol during
pregnancy. In the follicular phase, circulating
concentrations of estrogen are about ~0.4 nM,
and during ovulation these levels rise to
~2.2 nM. After menopause, estrogen levels are
reduced up to 20-fold [89]. The biosynthesis of
estrogen is initiated by the synthesis of andro-
stenedione from the precursor cholesterol. Andro-
stenedione provides an intermediate stage in
metabolism from which estrogen can be
synthesised by cytochrome P450 enzyme (CYP)
19A1 (aromatase) which converts androstenedi-
one to estrone, which in turn is converted to
estrogen by 17β hydroxysteroid dehydrogenase
1 (17βHSD1). Alternatively, reduction of

androstenedione to testosterone can occur
via 17β hydroxysteroid dehydrogenase
2 (17βHSD2), followed by aromatisation of tes-
tosterone to estrogen.

As a predominantly female hormone, estrogen
is assumed detrimental in generating the high
prevalence of female PAH patients. For example,
polymorphisms in aromatase, the estrogen
synthesising enzyme, and the gene for ERα
(Esr1) are associated with elevated estrogen
levels in the lungs of female patients and predis-
pose to porto-pulmonary hypertension
[108, 143]. In agreement, heightened exposure
to exogenous estrogen through both use of oral
contraceptives and hormone replacement therapy
is associated with PAH [85]. On the contrary,
there is evidence to suggest hormone replacement
therapy can prevent the development of PH in
patients with systemic sclerosis [10].

Aromatase

Certain tissues can modulate their own estrogenic
milieu by the local conversion of testosterone or
androstenedione to estrogen and estrone, by the
activity of aromatase which is expressed within
the pulmonary arteries [49, 82]. Circulating aro-
matase precursors act as a reservoir for the syn-
thesis of estrogens within extra-gonadal sites,
namely, androstenedione, dehydroepiandroster-
one (DHEA) and DHEA-sulphate (DHEA-S)
[117]. Locally synthesised estrogens can act in a
paracrine or autocrine fashion creating a poten-
tially potent estrogenic milieu that may be supe-
rior to the effects of circulating levels. The
aromatase gene is present in gonadal and extra-
gonadal tissues with its site-specific transcription
being driven by different signalling pathways at
alternative sites in the promoter region.

Expression of aromatase has also been defined
within the lung tissue giving rise to the presence
of a local pulmonary vasculature estrogenic
microenvironment. The aromatase inhibitor
anastrozole has shown remarkable therapeutic
potential in the Sugen/hypoxia rat model and
hypoxic rat model where it successfully reversed
the PH phenotype in female rats, and
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this correlated with reduced plasma estrogen
levels and restored BMPR-II signalling
[82, 126]. Inhibition of aromatase by anastrozole
is now widely recognised for use in estrogen-
sensitive breast cancer [39]. The therapeutic
potential in PAH of anastrozole has very recently
been shown to be safe and effective in a small
proof-of-concept study [63], where anastrozole
significantly reduced estrogen levels and
improved 6-min walk distance (6MWD). These
results are promising and suggest that longer and
larger Phase II trials of anastrozole are warranted.

Oxidative Metabolism of Estrogens:
Cytochrome P450 Enzymes

Estrogen can be rapidly metabolised by oxida-
tion. Oxidative metabolism occurs primarily in
the liver producing non-estrogenic metabolites
ready for elimination from the body. Estrogen
and estrone are in equilibrium with 17βHSD1,
and oxidation/reduction occurs at the carbon
(C)-17 position and favours formation of estrone.
Further metabolism of estrogen occurs, for exam-
ple, at the C16, C4 and C2 positions producing
biologically active metabolites, including 16-
α-hydroxyestrone (16αOHE1). CYPs contain an
iron (Fe3+) docking site for oxygen, which in the
presence of NADPH is reduced (Fe2+). CYP
enzymes are critically involved in xenobiotic
metabolism, as well as metabolism of eicosanoids
and steroids and cholesterol synthesis, amongst
others. Metabolism by the activity of CYP
enzymes has a genotoxic capacity via the genera-
tion of reactive oxygen intermediates that can inter-
act with nucleic acids and proteins and initiate
tumorigenesis [99]. Specifically, CYP1A1,
CYP1A2, CYP1B1 and CYP3A4 appear critical
in the formation of 2- and 4-hydroxy derivatives of
estrogen. The 2-hydroxylation pathway is the
major metabolic pathway in the liver, whereas
4-hydroxylation constitutes a relativelyminor path-
way. The 2-and 4-hydroxy derivatives are then
further converted/deactivated to 2- and 4-methoxy
metabolites by the catechol-O-methyltransferase
(COMT), reducing the capacity to redox cycle/
generate quinones and semiquinones. In a

regulatory feedback mechanism, estrogen can pro-
mote its own breakdown by driving the transcrip-
tion of the human CYP1B1 gene via an ERE in the
promoter region [132].

CYP1B1 in PH

There is evidence that CYP1B1 may play an
important role in the pathogenesis of PAH.
CYP1B1 is highly expressed in pulmonary
arteries from patients with PAH, and the
CYP1B1 inhibitor, 2,30,4, 50-tetramethoxy-
stilbene (TMS), can reverse PH in Sugen/hypoxic
and hypoxic models of PH ([143]). In addition it
increases survival in the monocrotaline rat model
of pulmonary hypertension [60]. TMS also
abolished estrogen-induced proliferation in
hPASMCs from controls and patients
[143]. Genetic polymorphisms in CYP1B1 and
the estrogen metabolites produced by this enzyme
have also been identified as factors influencing
the penetrance of the disease in individuals with
BMPR-II mutations [3]. Indeed a CYP1B1 SNP
in tight linkage disequilibrium with SNPs
associated with pulmonary hypertension has
been identified, suggesting these pathways may
underpin sexual dimorphism in RV failure [139].

Serotonin and dexfenfluramine can also
increase the expression of CYP1B1 in PASMCs
[24, 60, 142]. Indeed, TMS and/or CYP1B1 dele-
tion in mice reverses the development of PH in
SERTþ mice or dexfenfluramine-treated mice
[24, 60]. Dexfenfluramine upregulated expression
of CYP1B1 in PASMCs from PAH patients and
the associated dexfenfluramine-mediated prolifer-
ation was ablated by the CYP1B1 inhibitor, TMS.
Estrogen also increased the expression of
CYP1B1 in PAH-derived PASMCs [24].

The enzyme CYP1B1 is involved in both the
metabolism of estrogen and arachidonic acid. In
the lungs, epoxyeicosatrienoic acids (EETs) and
hydroxyeicosatetraenoic acids (HETEs) have
inflammatory and mitogenic effects. 20-HETEs
increase NADPH oxidase (Nox)-derived reactive
oxygen species (ROS) production in bovine
PAECs [15, 88] and are implicated in the devel-
opment of hypoxic PH [148]. Notably, EETs

518 C. K. Docherty et al.



have opposite effects in the systemic circulation,
which may explain the plausible divergent effects
of estrogen in the systemic versus the pulmonary
circulation [148].

16a-Hydroxyestrone
in the Development of PH

16αOHE1 has been shown to be a biologically
active and significantly more estrogenic than estro-
gen at the classical estrogen receptors ERα and
ERβ [4, 97]. Urinary levels of 16αOHE1 were
elevated in a hypoxia-induced PH model, and
when administered to mice, 16αOHE1 caused a
significant increase in RV hypertrophy (RVH),
pulmonary artery remodelling and RV systolic
pressure (RVSP) [143]. 16αOHE1 also induced
proliferation in PASMCs confirming this
pro-proliferative phenotype in the human setting
[143]. Indeed, an increase in plasma 16αOHE1
levels have been demonstrated in 4,40-
methylenedianiline (DAPM)-induced PH in rats
providing further evidence for a role for
16αOHE1 in the development of experimental PH
[13]. Austin et al. [3] established a link between
altered estrogen metabolism and penetrance in
heritable PAH. Here, a decreased ratio of
2-hydroxyestradiol/16αOHE1 was observed in
affected BMPR-II mutation carriers vs unaffected
BMPR-II mutation carriers, thus suggesting a shift
to the pro-proliferative phenotype observed in her-
itable PAH [3]. The molecular mechanism for
16αOHE1-induced proliferation appears to be
complex and is, at least in part, mediated by ROS.
16αOHE1 induces superoxide and hydrogen per-
oxide production and downregulates the protective
effects of nuclear factor erythroid-derived like fac-
tor 2 (Nrf-2) throughNox1 andERα [56]. Together,
these studies further emphasise the potential role
16αOHE1 may play in the development of PAH.

2-Methoxyestradiol As an Anti-
proliferative Metabolite

There is an increasing body of evidence
suggesting that some estrogen metabolites can

be protective in the setting of PAH. The
2-methoxyestrogens are perhaps the best example
of the estrogen metabolites known to have bene-
ficial effects in the pulmonary vasculature.
Indeed, 2-methoxyestradiol (2ME2) has been
studied extensively in the context of many
cancers, and much research has centred around
the metabolites’ anti-proliferative and potentially
pro-apoptotic nature within this setting. 2ME2 is
metabolised from its precursor metabolite
2-hydroxyestradiol (2OHE2) by the enzyme,
COMT. 2ME2 is also readily converted to its
less biologically active form 2-methoxyestrone
(2ME1) by 17βHSD2 [125].

It is only within the last decade or so that
several studies have outlined the potential benefi-
cial effects of 2ME2 in the context of pulmonary
hypertension. Tofovic et al. have demonstrated
that 2ME2 reversed indices such as RVH, RVSP
and pulmonary artery remodelling and increased
survival in the monocrotaline and bleomycin
models of experimental pulmonary hypertension
[127, 129]. 2ME2 has also been shown to reduce
human PASMC and human lung fibroblast prolif-
eration in a concentration-dependent manner
[130], thus demonstrating that 2ME2 has benefi-
cial effects in PASMC remodelling as well as
pulmonary fibrosis and associated adventitial
remodelling. Indeed, further preclinical studies
have shown that, in the monocrotaline-induced
PH model, combination therapy of 2ME2 and
sildenafil significantly reduced pulmonary artery
remodelling and inflammatory responses as well
as increasing survival [128]. 2-Ethoxyestradiol, a
synthetic analogue of 2ME2, also attenuates
experimental PH and is ten times more potent
than 2ME2 both in vitro and in vivo [131]. The
exact mechanism to which 2ME2 exerts its potent
anti-proliferative effect are unclear. However,
there is evidence to suggest that 2ME2 reduces
endothelial cell production of the potent mitogen
ET-1 through alterations in mitogen-activated
protein kinase (MAPK) activity; this reduction
in ET-1 was also demonstrated to be ERα and
ERβ independent [27]. Further work is required to
elucidate the exact mechanism of action of 2ME2
and whether it may well be useful in a clinical
setting.
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Other Potential Protective Estrogen
Metabolites

To date there is limited data demonstrating other
beneficial estrogen metabolites; however, some
studies have shown that the hydroxy metabolite
2OHE2 can reverse monocrotaline-induced PH in
male rats through a reduction in RVH and pulmo-
nary artery remodelling [129]. 2OHE2 has anti-
proliferative effects in rat cardiac fibroblasts,
and it has been demonstrated that the anti-
proliferative effect of 2OHE2 is mediated through
conversion to 2ME2 by COMT. Furthermore,
2ME2 and 2OHE2’s anti-proliferative effects
are independent of ERα and ERβ [27]. 4-
Hydroxyestradiol (4OHE2) is anti-proliferative
in male human PASMCs [83]. Interestingly,
4OHE2 is pro-proliferative in the breast adeno-
carcinoma cell line, MCF-7, suggesting possible
tissue- and cell-specific effects [111].

Other Sex Hormones of Interest

Although estrogen and its metabolites have been
the focus of research, other sex hormones are
biologically active in the pulmonary vasculature.
For example, the female steroid hormone proges-
terone has been shown to be vasodilatory in sys-
temic and pulmonary arteries mediated through
an endothelium-dependent NO-induced induction
of cGMP as well as inhibition of voltage-gated
and receptor-operated calcium channels [47, 73].
Furthermore, progesterone is anti-proliferative in
aortic smooth muscle cells [72]; however,
whether it is also anti-proliferative in the pulmo-
nary vasculature is unknown. Preclinically,
progesterone attenuates monocrotaline-induced
pulmonary hypertension in rats by reducing
RVSP, RVH and vascular remodelling whilst
also significantly increasing survival [124].
However, the effects of progesterone on the pul-
monary vasculature in the clinical setting are as
yet unknown and an avenue open to future
investigation.

The male sex hormone testosterone has also
been postulated to be beneficial in the setting of
pulmonary hypertension, not only because fewer
males are afflicted with the disease but also

because it has been shown to be a potent vasodi-
lator in isolated pulmonary arteries of both rats
[34] and humans [118]. However, in human pul-
monary arteries, the vasodilatory property of tes-
tosterone is much more efficacious in males
[110]. Indeed, Jones et al. have demonstrated
that testosterone is likely to exert this vasodilatory
effect via calcium antagonistic effects on voltage-
gated calcium channels independent of the andro-
gen receptor [62]. However, in the cardiac setting
testosterone has been shown to promote maladap-
tive RV remodelling and fibrosis, suggesting a
detrimental effect on overall RV function in the
context of increased afterload [51]. This observa-
tion is in line with current clinical data where
males with PAH have worse clinical outcomes
than females [9, 58]. There is little clinical data
regarding testosterone treatment in PAH; how-
ever, there were no differences observed in
plasma testosterone levels between male healthy
and PAH patients in a recent study by Ventetuolo
and colleagues [138].

DHEA, the precursor steroid hormone to tes-
tosterone, can inhibit hypoxia-induced vasocon-
striction of the pulmonary arteries via opening of
Ca2+-activated large-conductance potassium
channels (BKCa) [36]. In vivo, DHEA also
prevents and reverses hypoxia-induced PH in
rats by increasing the expression and functional-
ity of BKCa channels to increase vasodilation of
the pulmonary arteries [11]. Indeed, other groups
have demonstrated the beneficial effects of
DHEAon the pulmonary vasculature [102] as
well as its ability to improve cardiac endpoints
such as increasing tricuspid annular plane systolic
excursion (TAPSE), RV internal diameter during
diastole and cardiac index (CI) ultimately increas-
ing right ventricular function [2]. Interestingly,
DHEA has also been shown to inhibit Src/STAT3
activation and upregulate BMPR-II expression in
PASMCs isolated from human PAH patients, fur-
ther outlining its protective effects in the pulmo-
nary vasculature [104]. Preliminary clinical
studies involving DHEA have been promising;
for example, in a small clinical trial, oral DHEA
treatment improved the 6MWD and pulmonary
haemodynamics in COPD-induced PH [28]. Fur-
thermore, lower plasma DHEA-S levels have
been found in male PAH patients, further

520 C. K. Docherty et al.



suggesting a potential protective role for the hor-
mone in the pulmonary vasculature [138].

Estrogen Receptors and Sex-Specific
Differences

It has become apparent that estrogen receptors
impact a multitude of biological functions includ-
ing inflammatory response, cardiovascular func-
tion [33] and bone homeostasis [7]. The majority
of estrogenic activity is via canonical estrogenic
signalling. Upon high-affinity binding with estro-
gen, these nuclear receptors act as transcription
factors regulating gene activity [71]. Estrogen
signalling targets three main classes of estrogen
receptors: the nuclear ERα, ERβ and a transmem-
brane G protein-coupled estrogen receptor
(GPER). All are located in various target organs
mediating genomic and non-genomic estrogen
signalling. Significantly, in PAH these receptors
localise to the PASMCs that may account for
estrogen-dependant proliferation and remodelling
([146]). Structurally, ERα and ERβ both display
sequence homology comprising of five distinct
domains; two activation domains within the
n-terminal and ligand-binding domains regulate
the transcriptional activity of ER [66]. Due to
alternative splicing, several isoforms of each
also exist with at least three ERα and five ERβ
isoforms discovered to date.

ERα is highly expressed in female hPASMCs
from PAH patients and mediates estrogen-
induced proliferation via MAPK and Akt signal-
ling [146]. High levels of ERα lead to human
PASMC proliferation and remodelling, character-
istic in PAH, through various canonical signalling
pathways [5]. The second receptor ERβ may play
a more beneficial role in protection against PAH
modulating angiogenesis through the production
of various angiogenic factors such as vascular
endothelial growth factor (VEGF) and NO
(de [22]) upon estrogen treatment. Interestingly
use of an ERβ agonist induced reversal of PAH
symptoms with a prevention of the savour by
application of ERβ antagonists. Therefore,
postulations suggest that targeting ERβ in future
therapeutic strategies may lead to the develop-
ment of PAH treatments [135].

The third class and more recently discovered
transmembrane GPER binds estrogen, causing
rapid non-genomic effects [146]. In vascular
physiology, GPER initiates rapid non-genomic
effects via opening of ion channels and activation
of various signalling enzymes. Studies have
shown that GPER may have a beneficial role in
the pulmonary vascualture and RV [68]. The
potential beneficial effects of GPER include
anti-fibrotic effects, enhanced cardiac contract-
ibility and most notably the ability to mediate
the protective effects of estrogen. Whilst GPER
agonists do not exert a proliferative effect on
hPASMCs, they have been shown to reduce RV
overload in PH rats, and so GPERs may play a
role in the development of experimental PH
[1, 146].

Serotonin and Sex Differences
in Pulmonary Hypertension

5-Hydroxytryptamine (5-HT), or ‘serotonin’, was
chemically identified by Rapport et al. [106] as
one of the major vasoconstricting substances in
defibrinated blood, originating from platelets
[106]. Serotonin was subsequently found to also
act as a major neurotransmitter, being involved in
a variety of processes carried out by the central
nervous system, as well as regulating several
functions in the periphery. The biosynthesis
pathway converts dietary tryptophan to
5-hydroxytryptophan by the action of the enzyme
tryptophan hydroxylase (TPH). This process is
the rate-limiting step in the generation of seroto-
nin. Two isoforms of TPH exist; TPH1 is res-
ponsible for synthesis of serotonin in the
periphery, whilst TPH2 is expressed abundantly
in the brain [98]. 5-Hydroxytryptophan is then
decarboxylated by a ubiquitous amino acid decar-
boxylase, resulting in the formation of serotonin.
The physiological effects of serotonin are then
mediated by 14 different 5-HT receptor subtypes.
These receptors are divided into seven distinct
classes (5-HT1–5-HT7), mainly on the basis of
their structural and functional characteristics.
Serotonin is also a substrate for SERT, which
actively uptakes serotonin into cells. In the
lungs, serotonin is locally released from
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pulmonary neuroendocrine cells and
neuroepithelial cell bodies distributed throughout
the airways. Synthesis of serotonin can also occur
in PAECs. Furthermore, the lungs play an impor-
tant role in the removal of serotonin from the
circulation, with as much as 95% being taken up
or inactivated. Under normal circumstances, pul-
monary tissue is exposed to low levels of seroto-
nin as most serotonin is stored in platelets, thus
removing it from the circulation [42, 123,
144]. However, under hypoxic conditions [61],
and during situations involving mechanical strain
[103], large amounts of serotonin are secreted. In
the pulmonary circulation, serotonin promotes
PASMC proliferation, vasoconstriction and
thrombosis, processes involved in the develop-
ment of PAH.

An increased incidence of PH due to the use of
the anorexigenic drugs aminorex and dexfenflur-
amine, SERT substrates and indirect serotonergic
agonists stimulated interest in the role of seroto-
nin in PAH, leading to the ‘serotonin hypothesis
of PAH’. Aminorex increases plasma levels of
serotonin by inducing its release from platelets
and attenuating its breakdown [37, 147]. Dexfen-
fluramine also increases levels of circulating sero-
tonin and interacts with SERT, stimulating the
release of serotonin from platelets and inhibiting
its reuptake [12, 40].

A body of evidence now exists further
implicating serotonin and the development of
PAH. For instance, some cohorts of patients
with PAH have elevated plasma levels of seroto-
nin, in addition to a decrease in the levels of
serotonin stored in platelets due to platelet pool
storage disease [52]. Furthermore, in PAECs
from PAH patients, increased TPH1 expression
and serotonin synthesis has been observed, and
this is thought to contribute to increased
PASMC proliferation [31]. Knockdown of the
TPH1 gene also has beneficial effects in animal
models of PH [92, 95]. Indeed, synthesis of
serotonin has also been associated with the
development of the Sugen/hypoxia model of
PH. Inhibition of the VEGF receptor by Sugen
5416 combined with hypoxia generates a pre-
clinical model of PH that recapitulates human
PAH more closely than previously characterised
models [48]. This model is associated with

increased expression of TPH1, the rate-limiting
enzyme in serotonin synthesis [17, 18].

5-HT receptors, in particular the 5-HT1B
receptor and SERT, contribute to the actions of
serotonin in PH. Serotonin is a potent vasocon-
strictor and in human pulmonary arteries mediates
its effects via the 5-HT1B receptor [93], which is
also overexpressed in PASMCs from female PAH
patients [141] and in the pulmonary circulation of
larger experimental models of PH such as pigs
[109]. In addition to the role of 5-HT1B receptors
in vasoconstriction, they also play a role in
mediating cellular proliferation and vascular
remodelling. Several cellular studies have
demonstrated the mitogenic effects of serotonin
on pulmonary artery endothelial, smooth muscle
and fibroblast cells. Moreover, in experimental
models of PH genetic ablation and pharmacolog-
ical inhibition of the 5-HT1B receptor attenuate
PH and inhibit pulmonary vascular remodelling
[55, 64]. SERT is also critical in mediating the
mitogenic effects of serotonin in the pulmonary
circulation. Augmented proliferative capabilities
of PASMCs from patients with PAH have been
associated with increased expression levels of
SERT [32, 84]. The enhanced proliferation of
these cells to 5-HT or serum can be abolished
by SERT inhibitors such as citalopram and fluox-
etine [84]. In PAH patients, SERT expression
is also located mainly in the medial layer of
remodelled vessels [32]. Hypoxia causes
increased SERT expression and activity, aug-
menting mitogenic responses in PASMCs [30].
Serotonin-induced proliferation requires SERT-
dependent generation of ROS, activation of the
extracellular signal-regulated kinase (ERK) path-
way and the induction of the transcriptional factor
GATA-4. Activation of the Rho kinase pathway
by internalised serotonin may also play a role in
SERT-mediated proliferation [70, 76, 121]. Both
the serotonin receptors and SERT can also inter-
act in a cooperative fashion to mediate serotonin-
induced contraction and proliferation of PASMCs
[70, 76, 94]. Through its actions via SERT
and its receptors, serotonin plays a role in the
development of PAH, contributing to both vaso-
constriction and vascular remodelling. Serotonin
can also influence other pathways associated with
PH and may act as a ‘second hit’ as exogenous
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administration of serotonin uncovers a PH pheno-
type in BMPR-II +/�mice [77].

Models of PH have now been characterised
that mimic the female susceptibility to PH
observed in humans. These models all involve
serotonin-dependent mechanisms and include
SERTþ mice, mice overexpressing the calcium-
binding protein S100A4/mts1 (that function
downstream of serotonin) and mice dosed with
the indirect serotonergic agonist dexfenfluramine
[24, 25, 142]. In each of these models, a PH
phenotype is only observed in female animals
and is estrogen-dependent. For instance, removal
of female sex hormones by ovariectomy reverses
the PH phenotype in SERTþ mice, and the phe-
notype can be reinstated by replacing estrogen in
these animals. Serotonin mechanisms may also be
important in regulating estrogen metabolism as
SERT overexpression and dexfenfluramine can
increase CYP1B1 expression [24, 60]. Further-
more, estrogen has been shown to increase the

expression of TPH1, SERT and the 5-HT1B
receptor in human PASMCs [24, 142]. Indeed,
increased 5-HT1B receptor expression in human
PASMCs for female PH patients may be the con-
sequence of an estrogen-induced decrease in
miRNA-96 expression and contribute to the
development of PH in females [141].

Concluding Statement

Female sex is now recognised as a significant risk
factor in the development of PAH. An increasing
body of evidence now suggests that estrogen and
some of its metabolites may play a role in the
pathogenesis of PAH as well as experimental PH
(Fig. 31.1). Interactions of estrogen with seroto-
nin and other key pathways may contribute to the
development of PH.

Fig. 31.1 The potential effects of sex hormones and
estrogen metabolites on pulmonary artery
(PA) remodelling. In remodelled PAs, excess proliferation
is observed in endothelial cells (blue), smooth muscle cells
(orange) and fibroblasts (purple) eventually leading to
reduced luminal area. Estrogen itself can increase pulmo-
nary artery smooth muscle cell proliferation; however, it
has also been postulated to influence the serotonin and
endothelin-1 pathways as well as reducing BMPR-II sig-
nalling, all of which are recognised to be pro-proliferative
mechanisms. The cytochrome P450 1B1 isoform

(CYP1B1) enzyme converts estrogen to 16-
α-hydroxyestrone (16αOHE1), a metabolite identified to
be pro-proliferative by increasing oxidative stress
responses. Other sex hormones such as testosterone, dehy-
droepiandrosterone (DHEA) and progesterone are known
to be anti-proliferative and have been shown to reverse
experimental PH. Some estrogen metabolites are also
known to be anti-proliferative and reverse experimental
PH such as 2-hydroxyestradiol (2OHE2) and
2-methoxyestradiol (2ME2)
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Abstract

Heart failure (HF) represents a global pan-
demic health problem with a high impact on
health-care costs, affecting about 26 million
adults worldwide. The overall HF prevalence
and incidence are ~2% and ~0.2% per year,
respectively, in Western countries, with half of
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the HF population with reduced ejection
fraction (HFpEF) and half with preserved
(HFpEF) or mid-range ejection fraction
(HFmrEF). Sex differences may exist in
HF. More males have HFrEF or HFmrEF and
an ischemic etiology, whereas more females
have HFpEF and hypertension, diastolic dys-
function, and valvular pathologies as HF
etiologies. Females are generally older, have a
higher EF, higher frequency of HF-related
symptoms, and lower NYHA functional status.
Generally, it is observed that female HF
patients tend to have more comorbidities such
as atrial fibrillation, diabetes, hypertension, ane-
mia, iron deficiency, renal disease, arthritis,
frailty, depression, and thyroid abnormalities.
However, overall, females have better progno-
sis in terms of mortality and hospitalization risk
compared with men, regardless of EF. Potential
sex differences in HF characteristics may be
underestimated because of the underrepresenta-
tion of females in cardiovascular research and,
in particular, the sex imbalance in clinical trial
enrollment may avoid to identify sex-specific
differences in treatments’ benefit.

Keywords

Heart failure · Pathophysiology · Sex
differences · Comorbidities · Treatments

Heart Failure: Definition

Heart failure (HF) represents a global pandemic
health problem with a high impact on health-care
costs, affecting about 26 million adults worldwide
[1, 2].

The current European Society of Cardiology
(ESC) guidelines define HF as a clinical syn-
drome characterized by typical symptoms (e.g.,
breathlessness, ankle swelling, and fatigue) that
may be accompanied by signs (e.g., elevated
jugular venous pressure, pulmonary crackles,
and peripheral edema) caused by a structural
and/or functional cardiac abnormality, resulting
in a reduced cardiac output and/or elevated intra-
cardiac pressures at rest or during stress [3]. In the
past, HF has been defined as systolic or diastolic

HF [4, 5]. However, this definition did not
consider that both systolic and diastolic dysfunc-
tion often coexist; that is the reason why it was
abandoned [6]. Later, left ventricular (LV) ejec-
tion fraction (EF), mainly because of its prognos-
tic role and its use as inclusion criteria in HF
trials, has been considered suitable for HF
patients’ classification, with EF <35% defined as
HF with reduced EF (HFrEF) and EF>50% as
HF with preserved EF (HFpEF) [7]. EF <35–40%
has been widely investigated by randomized
clinical trials, and several effective treatments
are available in this category of patients [8]. EF
>45–50% has become more recently topic of
investigation, with several trials unsuccessfully
testing potential treatments in this field but many
steps forward in patients’ characterization [9–12].
EF 40–50% has represented a gray zone for a long
time [13]. Patients with EF 40–50% have
been inconsistently characterized, studied,
included in trials, and treated in daily clinical
practice. Finally, based on the differences in gen-
der, age, and comorbidity distribution and to the
differential response to therapies reported across
the EF spectrum, 2016 ESC guidelines on HF
[3, 14, 15] proposed three HF phenotypes
according to the following criteria:

• HFpEF: (1) HF symptoms/signs; (1) LVEF
>50%; (2) B-type natriuretic peptide (BNP)
levels >35 pg/mL and/or N-terminal proBNP
(NT-proBNP) >125 pg/mL; and (3) structural
disease (LV hypertrophy and/or left atrial
enlargement) or diastolic dysfunction

• HF with mid-range (HFmrEF): (1) HF
symptoms/signs; (1) LVEF 40–49%; (2)
B-type natriuretic peptide (BNP) levels
>35 pg/mL and/or N-terminal proBNP
(NT-proBNP) >125 pg/mL; and (3) structural
disease (LV hypertrophy and/or left atrial
enlargement) or diastolic dysfunction

• HFrEF: (1) HF symptoms/signs;
(2) LVEF<40%

Thus, EF ¼ 40–50% has been finally
recognized as an independent entity and named
HFmrEF, but studies to define its epidemiology,
characteristics, and prognosis in order to develop
treatments and care strategies are needed.
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Prevalence and Incidence

The prevalence of HF is ~2% in Europe and
North America, raising with age, exceeding 10%
after the age of 65 years [16–20]. Epidemiological
surveys do not report any significant difference in
prevalence between males and females, with
higher rates in younger males and older females
[17, 18, 21–25]. Approximately half of the
HF population has HFrEF and half HFpEF or
HFmrEF [19, 26, 27], with more males with
HFrEF or HFmrEF and more females with
HFpEF [13, 27, 28] (Fig. 32.1).

The incidence of HF in Western countries has
been estimated to be ~0.2% per year [16, 29],
with rates approximately doubling with each
advancing decade after the age of 45 years
[30]. Although males have been shown to report
higher HF incidence as compared with females
at all the ages [23, 24, 29, 31–34], males and
females report a similar 20% lifetime risk of
developing HF because of the longer life span in
females [35]. Additionally, a higher HFpEF inci-
dence has been observed in females and a higher
HFrEF incidence in males [24, 36] with females
but not men developing HFpEF later in life than
HFrEF [31].

The aging of the population, together with the
improved survival in HF patients, is expected to
determine a dramatic increase of HF prevalence,

in particular of HFpEF, despite stable or even
decreasing incidence rate in both males and
females [12, 37].

Prognosis

Despite the advancements in treatments and
diagnostic technology, the outcome in HF is still
poor [38] with high rates of mortality and rehos-
pitalization in both HFrEF and HFpEF/HFmrEF
patients [38].

Sex differences in outcomes have been
investigated in different settings.

In chronic HF, females show lower short- and
long-term mortality and hospitalization rates as
compared with men regardless of EF, especially
when HF etiology is not ischemic [28, 39–
47]. Studies in advanced HF, enrolling mainly
patients with HFrEF, confirm female gender to be
associated with lower mortality/hospitalization
rates [48–50], whereas in acute decompensated
HF, males and females share the same in-hospital
mortality risk regardless of EF [51] and the same
long-term outcome [52–54] but with higher EF
associated with improved prognosis in males [54].

Quality of Life

Patients with HF report significant impairment in
quality of life [55]. Whether there is any differ-
ence in quality of life between men and females is
debated and mainly depending on the method
used to assess it [56–60]. Indeed, some studies
reported females perceiving less quality of life
and more impairment in physical functioning as
compared with males [56, 60], others similar
quality of life in males vs. females [59], and
others that females are more often in ideal cardio-
vascular health and report less premature life
years lost as compared with males [57, 61].

Etiology and Pathophysiology

Etiology of HF is predominantly ischemic (due
to established coronary artery disease (CAD)),
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Fig. 32.1 The distribution of ejection fraction according
to sex in patients with heart failure (defined by Framingham
criteria) from Olmsted County, Minnesota, USA.
(Reproduced with permission from Dunlay, S. M. et al.
Longitudinal changes in ejection fraction in heart failure
patients with preserved and reduced ejection fraction [14])
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followed by hypertension and valvular heart dis-
ease [62–64]. However, differences in clinical,
etiological, and laboratory characteristics exist
between males and females [65–70]. Even though
females make up nearly half of HF patients
worldwide, inclusion and representation of
females in HF-oriented randomized controlled
trials remain low, resulting in modest robustness
of gender-specific data regarding the prognosis,
survival outcomes, and treatment modalities
[66, 67]. The BEST study investigated sex
differences in advanced HF with impaired EF
and revealed that females are younger, more
likely to be black, have higher EF and right ven-
tricular EF values, lower norepinephrine plasma
levels and lower prevalence of atrial fibrillation
with higher prevalence of left bundle branch
block, higher heart rate, and increased cardiotho-
racic ratio compared to males [50]. Additionally,
females had heavier risk factor burden than
males and were more likely to report macro- and
microvasculature abnormalities with more
diffuse atherosclerotic disease accompanied with
endothelial and smooth muscle dysfunction

[71, 72] and cardiac-specific sympathetic
activation [73].

Ischemic etiology for HF is significantly
more common among males (females are less
likely to have an obstructive CAD prior to hospi-
talization and accompanying risk factors),
while hypertension, diastolic dysfunction, and
valvular pathologies are more common HF
etiologies among females [44, 50, 64, 65, 70,
74–76] (Fig. 32.2). Most of HF clinical trials
and registry analyses report that females are
significantly older than males and are smoking
less, have more diabetes mellitus (DM) and
higher LVEF values (consequently having a
higher prevalence of HFpEF), and exhibit more
severe HF symptoms.

Peripheral blood analyses showed lower
levels of inflammatory and extracellular matrix
remodeling biomarkers in females vs. males with
HF [69]. A primary female sex hormone, estro-
gen, especially 17β-estradiol, has a well-
established role in protecting heart by blunting
cytotoxic, apoptotic, ischemic, and hypertrophic
stimuli [78, 79]. Furthermore, female-specific risk

Fig. 32.2 Different pathophysiological characterizations of heart failure in males and females according to EF
distribution. Reproduced with permission from Borlaug BA. Defining HFpEF: where do we draw the line? [77]
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factors and conditions such as hypertensive
disorders during pregnancy, peripartum cardio-
myopathy, menopause, and the use of hormonal
therapies for contraception can all have patho-
physiologic implications in HF development
[80–83].

From the pathophysiological standpoint,
cardiomyocytes obtained from female animal
models demonstrated significantly higher sur-
vival compared to males when exposed to oxida-
tive stress-induced cell death. This was attributed
to the activation of Akt signaling pathway and
the inhibition of pro-apoptotic pathways mediated
through estrogen receptor-alpha (ER-α), that is
expressed to a significantly higher degree in
females [84]. Recent preclinical findings obtained
from HFpEF animal models suggest that
myocardial microvascular inflammatory endothe-
lial activation and oxidative stress reduced nitric
oxide (NO)-dependent signaling from endothelial
cells to cardiomyocytes, thus contributing to the
increased cardiomyocyte stiffness and hypertro-
phy [85]. Clinically, sex differences in HF popula-
tion are also observed in plasma B-type natriuretic
peptide (BNP) levels, peak oxygen consumption
(peak-VO2), LVEF, and LV mass index,
suggesting that myocardial adaptations to hemody-
namic overload are sex-specific and that induction
of LV hypertrophy during myocardial dysfunction
is more rapid and prominent in males [86–88].

In summary, these data show that data col-
lected in females with HF cannot be assumed to
similarly apply to males [89].

Cardiac Structure and Function

Females, on average, have smaller body sizes,
and, therefore, their hearts and coronary vessels
are smaller, resulting in LV volumetric measures
being smaller in females than in males even after
adjustment for body surface area [90, 91]. In con-
trast to males, females have lower prevalence of
structural heart disease (LV dysfunction and/or
CAD) and thus, less risk of sudden cardiac arrest
[92, 93].

Among HFpEF patients, females have
higher indexed LV wall thickness, higher
LVEF, and significantly worse diastolic function,
while global LV strain, LV mass, and LV
volumes indexed for height are similar to males,
as assessed by echocardiography [94]. Further-
more, LV stiffness is significantly higher in
females than males, and there is a trend toward
the association between female gender and higher
prevalence of abnormal LV geometry (concentric
or eccentric hypertrophy or concentric
remodeling) [94]. Ventricular and arterial stiff-
ness, as measures of central hemodynamic pro-
file, physiologically increase with age in both
sexes and are associated with worse LV diastolic
function. These associations are found to be sig-
nificantly more dominant in females, indepen-
dently of body size and heart rate [95, 96].

However, it should be considered that among
patients with HFpEF, resting echocardiographic
parameters, including global longitudinal strain,
poorly identify patients with HFpEF, since
approximately 40% of them do not have LV
hypertrophy or concentric remodeling, 30% do
not have increased left atrial sizes, and 33%
have normal echocardiographic indices of dia-
stolic function at rest [97, 98].

Moreover, since indirect evidences suggest
that on exercise, increased external constraint to
LV filling might contribute to impaired use of the
Starling mechanism in HFpEF patients, future
studies should aim to identify useful exercise
parameters, in order to achieve a simple, repro-
ducible, and standardized exercise-based echo-
cardiographic methodology able to characterize
and to predict prognosis in HFpEF, even indepen-
dently of gender [97].

Finally, the 2016 ESC guidelines on
HF introduced HFmrEF as a potentially distinct
entity in the HF spectrum. To date,
the few observations available suggest that its
characteristics are overall intermediate between
those of HFpEF and HFrEF, with HFmrEF more
similar to HFrEF for prevalence and incidence of
ischemic heart disease [15, 20].

Taken together, these data suggest that dia-
stolic dysfunction is more pronounced in females
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compared to males. Therefore, females are
approximately two times more likely to develop
HFpEF than males [99].

Females seem to be better protected in terms of
cardiomyocyte apoptosis, exhibiting smaller
infarct sizes and less adverse ventricular
remodeling after myocardial infarction when
compared to males [67, 100]. This is probably
due to a significantly more enhanced myocyte pro-
tection from ischemic injury, oxidative stress, and
pressure/volume overload [84, 101–104] in
females vs. males. Moreover, female hormone-
related cardioprotection, that blunts adverse car-
diac remodeling due to volume-stressed myocar-
dium, is linked with altered mast cell phenotype
and/or prevention of mast cell activation,
whereas this is not shown in male rats
[105]. Myocardial contractile reserve, defined as
sarcoplasmic reticulum calcium load, is signifi-
cantly higher in the myocardium of male animals
compared to females, suggesting fundamental sex
differences in cellular calcium regulation under
conditions of increased stress [106].

Clinical Characteristics
and Presentation

Nearly three decades ago, the Studies of Left Ven-
tricular Dysfunction (SOLVD) trials showed dif-
ferent clinical characteristics of HF patients
according to sex and race [107]. Particularly in
HFpEF, females are generally older, have higher
LVEF and more HF-related symptoms, and dis-
play more severe HF (as assessed by NYHA func-
tional status). Similar findings have been observed
also in HFrEF, with females exhibiting higher
LVEF but worse NYHA class [108]. Acute dys-
pnea is a hallmark symptom of HF, and increased
BNP plasma levels significantly correlate with age,
female sex, disease severity, and prognosis
[109]. In the acute setting, increased BNP levels
(>500 pg/mL) are significantly stronger predictors
of death in females than males (5.1 vs. 1.8-fold
increase in mortality odds, respectively), with
higher mortality among females vs. males with
BNP > 500 pg/mL (68% vs. 46%, respectively)
[110]. However, During acute HF hospitalizations,

females exhibit earlier dyspnea relief and improve-
ment in general well-being compared to males
[111]. Moreover, hypertension, diuretic and anti-
depressant use are more prominent in females
vs. males [44, 69]. In the I-PRESERVE trial
enrolling HFpEF patients, females were more
likely to be obese and have chronic kidney disease,
hypertension and nonischemic HF etiology,
whereas they were less likely to have chronic
obstructive pulmonary disease [45].

The EuroHeart Failure survey II and studies on
African and Asian populations confirmed that
atrial fibrillation and preserved LVEF were more
common in females [112]. Moreover, Asian
females are observed to be more likely anemic
and have lower mean hemoglobin, creatinine, and
uric acid plasma levels [113, 114].

Comorbidities

Comorbidities are the rule rather than the excep-
tion in HF and are associated with disease severity
(Fig. 32.3). The analysis of the European Heart
Failure Pilot survey showed that the majority of
HF patients (74%) had at least one comorbidity,
while the presence of DM, chronic kidney disease
(CKD) and anemia was independently related to
increased mortality and/or HF hospitalization risk
[115]. In general, the increased risk for morbidity
and mortality associated with these comorbidities
increases with age and is similar in patients with
HFpEF and HFrEF [116, 117]. Results from an US
community-based study, enrolling a cohort of
patients with first diagnosis of HF, showed that
DM, chronic obstructive pulmonary disease
(COPD), anemia, and creatinine clearance
<30 mL/min/1.73 m2 were independent
predictors of hospitalization together with male
sex [118]. Generally, it is observed that female
HF patients tend to have more comorbidities such
as DM, hypertension, anemia, iron deficiency,
renal disease, arthritis, frailty, depression, and thy-
roid abnormalities compared to males [116].

• Diabetes mellitus: DM conferred a five-fold
increased risk of HF in females and a two-fold
increased risk in men, as showed in the
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Framingham Heart Study [120]. Among
individuals with DM, regardless of CAD
status, HF occurred approximately two-fold
more commonly in females than in men.
These findings imply that females are more
susceptible to the deleterious impact of DM on
the heart [120]. Women with DM had greater
evidence of adverse LV remodeling. Insulin
resistance was associated with increased LV
mass in females alone, but this relation was
attenuated by obesity [120].

• Hypertension: Kenchaiah and colleagues
reported that, even after adjustments for
comorbidities, the presence of hypertension
was associated with a 3.4-fold increased risk
of HF in females and a two-fold increase in
males [120]. Therefore, in the Framingham
Heart Study, although the prevalence of hyper-
tension was similar in both sexes (about 60%),
the population attributable fraction was much
higher in females than in males [120].

• Chronic kidney disease: CKD is one of the
most common comorbidities in HF population,
especially among elderly, and is a well-
established traditional risk factor for poor
outcomes [121]. The cardiorenal syndrome
[122] involves inflammatory, immunologic,

neurohormonal, and stress-mediated mecha-
nisms along with metabolic and nutritional
changes and significant alterations in hemody-
namic and acid-base/fluid status [123, 124].
According to data from Acute Decompensated
Heart Failure National Registry (ADHERE),
kidney disease was present in more than
60% of HF patients, and 52% of them were
females [125]. Generally, CKD has higher
prevalence among females than men in HF;
however, there are also studies report higher
prevalence among men or no significant sex
differences [45, 116, 126].

• Anemia and iron deficiency: There is high
prevalence of anemia in HF. Anemia is
associated with worse symptoms and adverse
clinical outcomes [127, 128]. Anemia and iron
deficiency can coexist, but it should be
stressed that anemia in HF may be not caused
by iron deficiency and iron deficiency can be
an isolated laboratory finding not causing ane-
mia [129]. Importantly, anemia should always
be approached in the context of cardiorenal-
anemia syndrome or “continuum”, and its
severity is often related to renal function
[116]. Recent data suggest that one-third of
HF patients have anemia, most commonly

Fig. 32.3 Multimorbidity in heart failure. Frequency dis-
tribution of the number of comorbid conditions in men and
females with heart failure with preserved (HFpEF) or

reduced ejection fraction (HFrEF). Patients with HFpEF
report higher number of comorbidities. (Modified with
permission from [119])
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normocytic, while iron deficiency is present in
43.2–68.0% of patients with anemia and
among 14.7–35.3% of those without anemia
[130–132]. Iron deficiency seems to be much
more common than anemia across the overall
HF population, with nearly two-fold higher
prevalence according to some reports
[116, 131, 132]. Anemia has a different
gender-specific impact on all-cause death.
Indeed, it increases odds of death in men with
HFrEF but not with HFpEF, while among
females, it is the opposite [133]. Across various
HF populations, prevalence of anemia is higher
in women than men, but the putative patho-
physiological mechanisms for that are still not
clear [133–137].

• Frailty assessment: Frailty is an important
prognostic factor that is observed in a substan-
tial proportion of HF patients. It can be con-
sidered as a biological phenotype or an
accumulation of deficits measured by the defi-
cit index [138]. The biological phenotype of
frailty has been associated with a two-fold
increased odds of death, whereas 0.1 increase
in the deficit index is associated with a 44%
increased risk of death [138]. Frailty, detected
by standardized geriatric scales and/or clinical
parameters such as weak grip strength, physi-
cal exhaustion, slowness, low activity, and
unintentional weight loss >10 lb over a period
of 1 year [138], has not been widely analyzed
according to gender in HF patients. Frailty is
reported to occur in about 40–55% of HF
patients, more commonly in those > or ¼
70 years and in females [138–141]. Moreover,
clinical parameters are usually difficult to
be evaluated in the elderly and reduce the
certainty of diagnosis, especially in HFpEF
that is the most frequent HF type in this subset
of patients. The multifaceted scenario in the
aging population is further jeopardized by the
concomitant changes in the peripheral vascu-
lature and pulmonary and skeletal muscle
function, together with the comorbid
conditions such as chronic obstructive pulmo-
nary disease, that make difficult the evaluation
of HF sign and symptoms, in particular in
presence of HFpEF.

• Chronic obstructive pulmonary disease:
COPD occurs in approximately a third of HF
patients, with a slightly higher prevalence
in HFpEF compared with HFrEF (5), despite
the potential for bias related to the increased
likelihood of COPD diagnosis in HFpEF
patients. Pitt et al. showed that COPD is a
critical independent predictor for hospitaliza-
tion in male patients with HF [118].

• Depression: Prevalence of depression in HF is
substantial, ranging from 30 to 48%, and is
significantly associated with worse quality of
life [139, 142, 143]. Gender-wise, HF females
are more likely to suffer from depression than
HF males (64% vs. 44%) [142]. Even more in
females, the effect of depression on all-cause
mortality in HF persists for many years after
the initial diagnosis, accelerating physical
decline [144, 145].

Treatments

Over the last 30 years, revolutionary
improvements have characterized HF therapy,
from pharmacological to device treatments. Gen-
der differences in HF treatments have been
mainly evaluated in subgroup and post hoc
analyses of randomized clinical trials, but the
limited number of females enrolled in these stud-
ies prevents guidelines to recommend differences
in therapies by gender [146]. Furthermore, not
only the mode of treatment but also the physiolog-
ical response to HF-directed therapy might differ
between females and men [65]. For a long time,
there has been a notion that women are
undertreated or treated less aggressively in the
context of acute coronary syndromes (ACS) and
HF. In the setting of acute myocardial infarction
(AMI), females have been shown to receive less
aggressive treatment in the early phases of AMI;
however, early mortality, defined as 30-day mor-
tality, was similar between genders [147, 148]. In
the setting of HF, females seem to receive more
diuretics and antidepressants but less angiotensin-
converting enzyme inhibitor (ACEI) therapy
compared to males [69].
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Three comprehensive meta-analyses including
trials on ACEI reported a significant reduction of
overall mortality and overall mortality or HF hos-
pitalization in men, but the similar reduction in
risk observed in females was not statistically sig-
nificant. However, this evidence may be more
likely to be explained by the larger confidence
intervals for the hazard ratios in the female analy-
sis due to the limited number of females enrolled
in trials, rather than by any gender difference in
ACEI efficacy [149, 150]. Indeed, observational
data report that ACEIs significantly reduce mor-
tality rates in both males and females, even if the
protective effect appears to be greater in men
[151]. Trials on angiotensin receptor blockers
(ARB) and sacubitril/valsartan have not shown
any gender difference in terms of outcome
[152–154]. When comparing ACEIs with ARBs,
there are signals for ARBs reducing mortality
more than ACEIs in females but no difference in
men [155]. This may be explained by the
modulating effect of estrogen on angiotensin
II receptor expression, by the ACE2 gene on
the X chromosomes or by the higher discontinua-
tion rates for ACEIs due to cough in
females vs. males [146]. Mineralocorticoid-
receptor antagonist [156, 157] and beta-blocker
[158–161] trials have reported no gender
differences in outcomes [149]. Post hoc analyses
of the DIG trial reported different prognosis in
females vs. males receiving digoxin [162]. A
serum digoxin concentration of 1.2–2.0 ng/mL
was associated with higher risk of mortality in
females but not in males, whereas a serum
digoxin concentration of 0.5–0.9 ng/mL was
associated with reduced mortality in men but
neutral effect in women [163].

Regarding HF devices, females are less likely
to receive an implantable cardioverter defibrilla-
tor (ICD) or a cardiac resynchronization therapy-
defibrillator (CRT-D) as compared with men.
One of the explanations for this phenomenon
may be the observed higher risk of complications
[164–166]. Both genders show an ICD/CRT-D-
associated reduction of mortality, with some
studies reportingmajor benefit in terms ofmortality

and hospitalization rates, less inappropriate shocks,
higher CRT response, and ICD efficacy in females
[167–171]. Cardiac resynchronization therapy-
pacemaker (CRT-P) efficacy has shown not to be
different by gender [172, 173], but again the limited
number of females included in trials prevents any
definitive conclusion. Regarding left ventricular
assist devices, several studies report no gender
differences in mortality, time to first infection,
bleeding, or malfunction with either pulsatile- or
continuous-flow devices, but females have shown
an increased risk of a first neurological event [174–
177]. Women and men show the same prognosis
after heart transplant [178].

Final Considerations

HF represents a major global health issue, and
over the last years, it has become more and
more evident that it is not “just a man’s problem”.
Understanding the underlying differences
between males and females may represent a step
forward to precision medicine and tailoring
therapies and health care according to the individ-
ual characteristics of patients. Gender differences
in HF epidemiology, clinical characteristics, and
symptoms exist and have been previously
reported. However, they may be underestimated
because of the underrepresentation of females in
cardiovascular research and, in particular, the sex
imbalance in clinical trial enrollment may avoid
to identify sex-specific differences in treatments’
benefit. Even though women’s health research
continues to advance, there is still a long way
to go.
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are the cornerstones for the diagnosis of acute
myocardial infarction (AMI) and for the diag-
nosis of heart failure (HF), respectively. Current
guidelines do not make a distinction between
women and men. However, the commonly used
“one size fits all” algorithms are topic of debate
to improve assessment of prognosis, particu-
larly in women. Due to the high-sensitivity
assays (hs-cTn), lower cTn levels (and 99th
percentile upper reference limits) were
observed in women as compared with men.
Sex-specific diagnostic thresholds may improve
the diagnosis of AMI in women, though clinical
relevance remains controversial and more trials
are needed. Also other diagnostic aspects are
under investigation, like combined biomarkers
approach and rapid measurement strategies. For
the natriuretic peptides, previous studies
observed higher concentrations in women than
in men, especially in premenopausal women
who might benefit from the cardioprotective
actions. Contrary to hs-cTn, natriuretic peptides
are particularly incorporated in the ruling-out
algorithms for the diagnosis of HF and not
ruling-in. Clinical relevance of sex differences
here seems marginal, as clinical research has
shown that negative predictive values for
ruling-out HF were hardly effected when apply-
ing a universal diagnostic threshold that is inde-
pendent from sex or other risk factors. Apart
from the diagnostic issues of AMI in women,
we believe that in the future most sex-specific
benefits of cardiac biomarkers can be obtained
in patient follow-up (guiding therapy) and prog-
nostic applications, fitting modern ideas on pre-
ventive and personalized medicine.
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Introduction

Biomarkers play an important role in the clinical
management of cardiac care and risk stratification
for cardiovascular diseases (CVD) [72, 84] and
heart failure [68, 94]. Although over the last
decades the number of deaths attributable to
CVD has declined globally [59], the reduction
on CVD-related deaths is less pronounced for
women than men [65]. With respect to
sex-specific analysis, the common cardiac care
guidelines do not make a distinction between
women and men on the use of cardiac
biomarkers [68, 72, 84, 94]. However, the aware-
ness has been raised that sex inequalities,
and hence, the use of the “one size fits all”
algorithms that comprises cardiac biomarkers,
may hamper the diagnosis and treatment in
women [22, 72].

A number of biomarkers such as lactate dehy-
drogenase, creatine kinase (CK), or creatine
kinase muscle-brain (CKMB) type were used in
the past for the diagnosis of acute myocardial
infarction (AMI) (Fig. 33.1). Though most of
these biomarkers are run in every clinical labora-
tory today, also for other purposes, their main
disadvantage is the lack in cardiac specificity
and so none of them are preferred anymore in
the diagnosis of cardiac diseases [2, 72, 84].

At this point, cardiac troponins (cTn) are, due
to their outperformance on cardiac specificity,
incorporated in common guidelines and clinical
practice for diagnosis, risk stratification, and
prognosis of acute coronary syndrome (ACS)
(Fig. 33.1) [72, 84].

That no sex-based differences are made in cTn
algorithms can be explained from a historical
point of view, since the “older” assays were not
able to detect any sex differences. Due to the
analytical improvement of these laboratory assays
over the last years, nowadays, even basal levels of
cTn in healthy individuals can be measured
[5]. This improvement resulted in the observation
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that disparities between women and men on cTn
levels became apparent [58]. Hence, the technical
progress has led to the ongoing debate whether
the “one size fits all” strategy is sufficiently sen-
sitive for women.

Also regarding the use of natriuretic peptides,
no sex-based differences are incorporated in the
guidelines and clinical practice [68, 94], despite
the fact that it has clearly been shown that natri-
uretic peptide concentrations differ between men
and women [70, 71].

In this chapter we will provide an overview of
the current knowledge and existing gaps on sex
differences of cardiac biomarkers. We focus on
cTn as the gold standard for the diagnosis of
AMI, and we focus on natriuretic peptides
(B-type natriuretic peptic, BNP and N-terminal
proBNP, NT-proBNP) in the area of diagnosis
and prognosis of heart failure (HF).

Cardiac Troponins

The Basics of Cardiac Troponins

The contractile apparatus of cardiac and skeletal
muscle cells consists of thick and thin filaments
that slide along each other upon muscle contrac-
tion and relaxation. Thick filaments are built up
from myosin; thin filaments are built up from
actin with tropomyosin wrapped around and at
regular sites a troponin complex of troponin T
(TnT), troponin I (TnI), and troponin C (TnC).
TnT, TnI, and TnC are tropomyosin binding,
inhibition, and calcium binding components,
respectively [4]. Upon stimulation of the
myocytes, calcium ions are released and bound
to TnC, and subsequently there is a conforma-
tional change of the troponin complex, resulting

Fig. 33.1 History of cardiac biomarkers for the diagnosis
of acute myocardial infarction (AMI). Abbreviations: AMI
acute myocardial infarction, AP angina pectoris, ASAT
aspartate aminotransferase, CK creatine kinase, CKMB
creatine kinase muscle-brain type, cTnI cardiac

troponin I, cTnT cardiac troponin T, hs-cTnI high-
sensitivity cardiac troponin I, hs-cTnT high-sensitivity
cardiac troponin T, LD lactate dehydrogenase, WHO
World Health Organization
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in accessible binding sites between actin and
myosin and leading to contraction of the muscles.
TnT and TnI isoforms are characterized by a
cardiac-specific N-terminal extension, while
TnC in cardiac and slow skeletal muscle is similar
(Swiss-Prot, P19429, P45379, and P63316,
respectively), which makes them highly valuable
for detection of cardiac injury and thus for the
management of cardiac diseases. It has been
estimated that around 5–10% of the total cTnT
and cTnI content is present free and unbound in
the cytosol, but this statement has been
questioned by others. TnC, on the other hand, is
not a cardiac-specific biomarker and will be there-
fore left out of consideration in this chapter.

After cardiac injury, e.g., in acute myocardial
infarction (AMI), cardiac troponin T (cTnT) and
cardiac troponin I (cTnI) are released in the
bloodstream and detectable for diagnostic and
prognostic purposes [72, 84]. In AMI patients, a
main peak is typically shown within 1 day after
onset of symptoms of acute chest pain and
remains elevated for approximately 1 week, as
depicted in Fig. 33.2. It was hypothesized that
the first peak reflects the relatively fast release of
cytosolic cTn, while the second broader peak
represents the slower dissociation of cTn from
the sarcomeres. If this is true, it is quite remark-
able that cTnT and cTnI show a slight difference
in their return to baseline. We believe this is due
to differences between cTnT and cTnI clearance,

as there are differences observed between cTnT
and cTnI in patients with reduced kidney function
[26], but also both proteins differ in their bio-
chemical composition and their molecular
weights (cTnT and cTnI being 37 kDa and
26 kDa, respectively), plus they are both suscep-
tible to degradation [16, 47].

Cardiac Troponins in Healthy Women
and Men

In the past, due to the restriction of conventional
cTn assays, clinicians and scientists could easily
discriminate “patients with AMI” from “patients
without AMI” by the ability to detect positive
cTn levels in case of clinical cardiac injury. How-
ever, a higher prevalence of cTn levels, particu-
larly cTnT, was also seen in patients with
kidney diseases [1, 13, 35]. Furthermore, also in
particular subsets of individuals with several car-
diac phenotypes like left ventricular hypertrophy
(LVH) and congestive heart failure (CHF), ele-
vated troponins were present [87]. The prominent
factor that shed new light on the thought that
cTn are not only the result of clinical cardiac
injury was the technical improvement of the
cTn assays. At this point, using the so-called
“high-sensitivity” assays, we now know that
cTn levels are also present in apparently healthy
individuals [5]. In particular subgroups, and now

Fig. 33.2 Release patterns
of cardiac troponin after
AMI. Reprinted with
permission from
InTechOpen
[39]. Abbreviations: AMI
acute myocardial infarction,
cTnI cardiac troponin I,
cTnT cardiac troponin T
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to an even larger and more obvious extent,
a higher prevalence of cTn elevations is observed,
mainly in individuals who are at risk for
cardiovascular events, like in individuals with
diabetes mellitus, hypertension, and reduced kid-
ney function [35, 45, 54, 79, 87]. The current
guidelines listed the conditions whereby elevated
levels of cTn are observed other than AMI
to consider for further diagnostic workup
(Table 33.1) [72].

With the shift to more sensitive cTn assays,
also sex inequalities of cTn levels in apparently
healthy women and men became evident
[58]. Although it is nowadays well established
that basal levels of cTn are significantly lower in
women than men, the underlying mechanisms of
these divergence are still not completely
unraveled and understood, but these are most
likely multifactorial [30].

The pathogenesis of coronary artery disease
(CAD) between women and men seems to differ.
Women with CAD are more often presented with
endothelial dysfunction than men, while men are
more often present with more localized, i.e., less
diffuse, coronary disease [40, 88]. The sex

hormone estrogen seems to play a protective
role in the pathogenesis of several cardiac
pathologies [30]. It turned out that estrogen
attenuates the processes of atherosclerosis, LVH,
and cardiomyocyte apoptosis, possibly resulting
into lower cTn levels in women than men [28, 67,
88].

Another important contributor to sex-based
differences of cTn levels seems to be the left
ventricular (LV) anatomy. The LV mass differs
between women and men, whereby men have a
higher LV mass as compared with women
[24]. Previous studies showed a strong relation-
ship between LV mass and circulating cTn levels
[23, 61], and the higher cardiac mass of men
probably leads to more release of cTn, which
results into a higher basal circulating cTn levels
in men than women.

Cardiac Troponins for the Diagnosis
of Acute Myocardial Infarction

The cornerstones in the diagnosis of AMI are
the clinical presentation, electrocardiography

Table 33.1 Conditions or procedures whereby elevated levels of cTn are observed other than AMI

Most frequent conditions
Tachyarrhythmias

Heart failure

Critical illness (e.g., shock/sepsis/burns)

Myocarditis (incl. myocardial extension of endocarditis or pericarditis)

Takotsubo cardiomyopathy

Structural heart disease (e.g., aortic stenosis)

Aortic dissection

Pulmonary embolism, pulmonary hypertension

Renal dysfunction and associated cardiac disease

Other conditions or procedures
Coronary spasm

Acute neurological event (e.g., stroke or subarachnoid hemorrhage)

Cardiac contusion or cardiac procedures (CABG, PCI, ablation, pacing, cardioversion, or endomyocardial biopsy)

Hypo- and hyperthyroidism

Infiltrative diseases (e.g., amyloidosis, hemochromatosis, sarcoidosis, scleroderma)

Myocardial drug toxicity or poisoning (e.g., doxorubicin, 5-fluorouracil, Herceptin, snake venoms)

Extreme endurance efforts

Rhabdomyolysis

Adapted from ESC guidelines 2016 [72]
Abbreviations: AMI acute myocardial infarction, CABG coronary artery bypass graft, cTn cardiac troponin, PCI
percutaneous coronary intervention
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(ECG) findings, and cardiac troponin measure-
ments (Fig. 33.3). For patients with ST-elevation
myocardial infarction (STEMI), the ECG findings
are the gold standard to establish AMI diagnosis.
However, patients with non-ST-elevation myo-
cardial infarction (NSTEMI) show no diagnostic
or inconclusive ECG elevations, whereby the
clinical presentation of the patient, in conjunction
with cTn measurements, establishes the diagnosis
of AMI.

The current guidelines require a significant
“rise and/or fall” of high-sensitivity cardiac tro-
ponin T (hs-cTnT) or I (hs-cTnI) between serial
measurements with at least one value above the
99th percentile upper reference limit of hs-cTn
from a healthy reference population
[72, 84]. Although the ESC guidelines recom-
mend this 0 h/3 h algorithm, they incorporated
also an 0 h/1 h algorithm as alternative approach
[72]. The 0 h/1 h algorithm handles other diag-
nostic thresholds for hs-cTnT and hs-cTnI, depen-
dent of which hs-cTn assay is used [72].

The diagnosis of AMI in women is particularly
challenging, as women with suspected ACS are
more likely to present with an atypical clinical
presentation and/or inconclusive ECG, which
may hamper the diagnosis of AMI [15, 32,
43]. Besides, women have a higher prevalence
of unrecognized (silent) AMIs as compared with
men (women 54% vs men 33%) [25]. All in all
this may lead to worse prognosis after AMI in
women, and therefore an optimized diagnostic
cTn algorithm is of great clinical importance.

Over the last years, we may already have
booked some progress on closing the diagnostic
gap between women and men. As stated previ-
ously, the common guidelines prefer hs-cTn
assays above the conventional cTn assays,
which have been introduced in Europe around
2012 [84]. Hs-cTn assays should meet two ana-
lytical criteria: (1) the 99th percentile upper refer-
ence limit of hs-cTn should not be lower than the
10% coefficient of variation (CV) cutoff, and
(2) the proportion of individuals with measurable

Fig. 33.3 Diagnostic assessment tools for AMI.
Reprinted with permissions from Oxford University
Press [72]. Abbreviations: ECG electrocardiography,

NSTEMI non-ST-elevation myocardial infarction, STEMI
ST-elevation myocardial infarction, UA unstable angina
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cTn concentrations (above the assay’s limit of
detection) should be �50% [7]. Troponin assays
that do not meet these criteria are defined as
conventional cTn assays. Today there are two
assays available which meet the high-sensitivity
criteria: the hs-cTnT assay from Roche and
Architect hs-cTnI assay from Abbott [7]. Whereas
clinical cutoff values of conventional cTn assays
were limited to 10% CV, the technical improve-
ment of hs-cTn assays has led that the clinical
cutoff values of hs-cTn assays are lowered
corresponding to the 99th percentile upper refer-
ence limits from a reference population (hs-cTnT,
14 ng/L; hs-cTnI, 26 ng/L, package insert). This
enabled that cTn concentrations could now be
detected also in other high-risk CVD patients, as
described above (Table 33.1). Somewhat
misleading is that the higher prevalence of ele-
vated cTn levels found by hs-cTn assays resulted
into more “false-positive” results. Most of these
unexpected hs-cTn elevations are “true positive”
for (subclinical) myocardial injury (rather than
AMI) and thus still require diagnostic workup
[86]. Thus, the change from conventional cTn
assays to hs-cTn assays, and thereby the lowering
of the AMI cutoff values, has led to a higher
proportion of individuals suitable for beneficial
therapies [31]. Thus far, no studies investigated
the clinical impact of change over from conven-
tional to hs-cTn assays for diagnosis of AMI in
women and men separately. However, hypotheti-
cally, the change over from cTn to hs-cTn assays
may have led that unrecognized AMIs in women
who were missed in the past could now be
detected with hs-cTn assays. At this moment the
available evidence supporting this hypothesis is
scarce and this topic is currently under
investigation.

Another important aspect is that women have
lower troponin levels as compared with men
[58]. A number of studies determined
sex-specific 99th percentile upper reference limits
of hs-cTnT and hs-cTnI and showed that women-
specific thresholds are remarkably lower as com-
pared with men-specific thresholds [5, 37, 44,
58]. As currently a universal diagnostic threshold
of hs-cTn is recommended for diagnosing AMI,
which is higher than women-specific thresholds,

this may contribute to underdiagnosis of AMI in
women. In addition, the recommended universal
hs-cTnT and hs-cTnI thresholds (14 ng/L vs
26 ng/L, respectively) are not biologically equiv-
alent [89]. A direct comparison of (sex-specific)
99th percentile upper reference limits of hs-cTnT
and hs-cTnI from a single reference population
revealed numerically similar 99th percentile
upper reference limits (hs-cTnT, 15 ng/L;
hs-cTnI, 13 ng/L) and enhanced further investiga-
tion into sex-specific analysis and downward
adjustment of hs-cTnI threshold (Fig. 33.4) [44].

Whether these sex inequalities are of such
clinical relevance that the use of universal
hs-cTn thresholds hampers the diagnosis of AMI
in women, and sex-specific thresholds should be
incorporated in diagnostic cTn algorithms,
remains controversial. The consideration of
sex-specific analysis should be carefully
weighted, as this implementation also will result
into more complexity of acute cardiac care man-
agement. Thus far, the limited number of studies
who investigated these issue showed contradic-
tory findings [9, 73, 76, 80, 81, 85]. Two studies
recommended to remain the universal thresholds,
as they did not observe differences in sex-specific
diagnostic and prognostic performance of
hs-cTnT on clinical outcome [9], even when
sex-specific thresholds were applied [73]. Con-
trary to these findings, Schofer et al. found sex
disparities in the diagnostic performance of AMI
using hs-cTnI, particularly into the rule-in perfor-
mance [80]. The hypothesis that sex-specific
thresholds reduce the underdiagnosis of AMI in
women is reinforced by the findings of Shah et al.,
showing that the use of sex-specific hs-cTnI
thresholds resulted into a doubling of AMI diag-
nosis in women but also that the prevalence of
AMI diagnosis became similar for women and
men [81]. They concluded that sex-specific clini-
cal decision limits of hs-cTnI should be consid-
ered for further investigation to close the
diagnostic gap between women and men. Two
studies showed that applying sex-specific hs-cTnI
thresholds did not lead to excessively false-
positive AMI diagnosis [76, 85]. Altogether, this
finding suggests that sex inequalities may be
more relevant for the hs-cTnI assay than for the
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Fig. 33.4 Universal and sex-specific 99th percentile
upper reference limits of hs-cTnT (a) and hs-cTnI (b).
Adapted from Kimenai et al. with permission from BMJ

Publishing Group Ltd. [44]. Abbreviations: hs-cTnI high-
sensitivity cardiac troponin I, hs-cTnT high-sensitivity
cardiac troponin T, URL upper reference limit
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hs-cTnT assay. Large multicenter randomized
controlled trials (e.g., clinical trials.gov
NCT01852123) are currently ongoing that should
clarify the clinical impact of incorporation of
sex-specific cardiac troponin thresholds in the
diagnostic algorithm of AMI.

Cardiac Troponins As Prognostic
Biomarker

Despite conventional cTn assays were able to
detect troponin levels in the clinical range seen
in AMI patients, they were not suitable for further
risk stratification or prognosis in lower-risk
populations. With the shift to hs-cTn assays,
cTn could also be detected in the general popula-
tion, which makes cTn a new promising bio-
marker for risk stratification and prognosis of
CVD morbidity and mortality in the general pop-
ulation. Thus far, a number of epidemiological
studies have shown that basal hs-cTn levels are
associated with cardiac morbidity and mortality in
the general population [11, 23, 82, 90].

Due to fact that there are pathophysiological
differences between sexes resulting into different
cTn levels in women and men (Sect. “Cardiac
troponins in healthy women and men”), the clini-
cal impact of sex on the associations between
hs-cTn and CVD mortality is a topic of debate
[21, 29, 63, 77]. While some studies showed no
interaction of sex on the relationships with tropo-
nin and CVD mortality [29, 77], other studies did
[21, 63] (Table 33.2). The inconsistency between
these studies is probably a result of the divergence
of age. Besides the sex effect, also age modifies
the association between hs-cTn and mortality. In
individuals �70 years, the impact of sex seems
not of clinical importance, as nonsignificant
interaction terms of sex were found (all-cause
mortality, Pinteraction ¼ 0.74; incident CVD,
Pinteraction ¼ 0.71) [29]. However, in the lower
age range, both for hs-cTnT and hs-cTnI, higher
prognostic values on CVDmortality and all-cause
mortality were observed in women than in men,
whereby the risk on mortality of both sexes
increased in older individuals �65 years [21, 51,
63, 96].

The prognostic impact of sex-specific hs-cTn
thresholds in the subgroup of patients with
suspected ACS on CVD mortality is also not
clarified yet [20, 60, 73, 81]. Shah et al.
observed that both women and men susceptive
of AMI that were reclassified as having AMI
after using sex-specific thresholds had the
highest risk on death and recurrent AMI after
1 year as compared with subjects without having
AMI [81]. In line with these results, Cullen et al.
showed that particularly for women, sex-specific
hs-cTnI thresholds improved the identification of
women for CVD events [20, 81]. However, thus
far, these observations are not confirmed for
sex-specific hs-cTnT thresholds [60, 73].
Mueller-Hennessen stated that age might be the
crucial factor that should be taken into account,
instead of sex-specific analysis [60]. Further
study is needed to draw conclusions about this
statement, and whether or not sex-specific
thresholds of hs-cTnT and/or hs-cTnI improve
the long-term prognosis in individuals with
suspected ACS.

Natriuretic Peptides

The Basics of Natriuretic Peptides

The heart muscle has an endocrine phenotype
as it produces the cardiac hormones atrial natri-
uretic peptide (ANP) and B-type natriuretic
peptide (BNP). ANP (28 amino acids (aa),
Swiss-Prot P01160) is primarily derived from
cardiomyocytes from the atria, and BNP (32 aa,
Swiss-Prot P16860) is derived from
cardiomyocytes from the ventricles, although it
was first identified in porcine brain (brain-type).
ANP and BNP are quite similar peptides that are
released upon stimulation by stretching of the
myocyte, as often seen with an overfilled heart,
thereby causing excretion of sodium and water.
Besides promoting natriuresis and diuresis
functionalities, their counterregulatory function
also comprises vasodilation and inhibition of the
renin-angiotensin-aldosterone and sympathetic
nervous system. The release of ANP is regulated
by its release from storage granules into the
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circulation, while on the other hand the release of
BNP is regulated on the level of its gene expres-
sion. C-type natriuretic peptide (CNP) (Swiss-
Prot P23582) and D-type natriuretic peptide
(DNP) are also part of the natriuretic peptide
family but should not be considered as cardiac
peptides in humans.

The bioactive hormonal end products ANP
and BNP are derived from their precursors, first
in the form of preprohormones and next as
prohormones. Human proBNP (108 aa) is cleaved

at position 73–76, leading to the inactive side-
product N-terminal fragment proBNP 1–76
(NT-proBNP) and the active C-terminal fragment
proBNP 77–108 being known as BNP or BNP-
32. Intact proBNP has an expected mass of
11 kDa, but in the mid-region (proBNP 36–71),
glycosylation occurs to a fully or partially extent
leading to unclarified masses that are estimated to
be around 25 kDa. For the bioactivity of BNP, the
ring structure is essential, formed by a disulfide
bond, as is synthesized in the endoplasmic

Table 33.2 Characteristics and main findings of studies investigating clinical impact of sex on the relationship with
hs-cTn and CVD morbidity and mortality in the general population

Publication Population
Median
follow-up

Women/
men Outcome (HR, 95% CI)

Zeller
2014

Scottish Heart Health Extended
Cohort (30–74 years)

20 years 7742/7598 CVD events per cubic root hs-cTnI
increase
Women: 1.35 (1.18–1.53)

Men: 1.26 (1.15–1.38)

Coronary mortality per cubic root
hs-cTnI increase
Women: 1.53 (1.23–1.92)

Men: 1.35 (1.21–1.50)

Dallmeier
2015

The ActiFE study (�65 years) 4.0 years 618/804 All-cause mortality per ln hs-cTnT
increase
Women: 3.67 (2.31–5.81)

Men: 2.15 (1.61–2.87)

All-cause mortality per ln hs-cTnI
increase
Women: 3.33 (2.15–5.18)

Men: 1.92 (1.55–2.38)

Eggers
2015

PIVUS study (70 years) 10 years 502/502 All-cause mortality per ln hs-cTnI
increase
Women: 1.59 (1.11–2.28)

Men: 1.38 (1.12–1.70)

Cardiac morbidity: incident CVD
per ln hs-cTnI increase
Women: 1.23 (0.82–1.86)

Men: 1.14 (0.88–1.47)

Omland
2015

HUNT study (�20 years) 13.9 years 5281/4431 CVD mortality per 1-SD in ln
hs-cTnI increase
Women: 1.44 (1.31–1.58)

Men: 1.10 (1.00–1.20)

All-cause mortality per 1-SD in ln
hs-cTnI increase
Women: 1.33 (1.24–1.42)

Men: 1.08 (1.01–1.15)

Abbreviations: AMI acute myocardial infarction, CVD cardiovascular disease, HF heart failure, hs-cTnI high-sensitivity
cardiac troponin I, hs-cTnT high-sensitivity cardiac troponin T, ln natural log-transformed
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reticulum and as is necessary for receptor binding
and biological activity.

Natriuretic peptide concentrations in the blood
circulation are fully integrated into clinical prac-
tice as important diagnostic and prognostic
biomarkers. A number of different commercial
immunoassays are available, especially for BNP
and NT-proBNP; for NT-proBNP there is just
one source of antibodies and calibrators (Roche
Diagnostics). In 2005 the IFCC initiated recom-
mendations on analytical and pre-analytical
quality specifications and to improve assay
harmonization [6, 8, 75]. BNP is especially sus-
ceptible to degradation that may affect antibody
affinity. Only EDTA-anticoagulated plastic tubes
are acceptable and samples should be immedi-
ately put on ice and measured as soon as possible,
since BNP is not stable at room temperature
and at 2–8 �C it is stable for just a few hours
[95]. For NT-proBNP the main issue is the poten-
tial of cross-reactivity with split products of
NT-proBNP and proBNP [50]. The extent of gly-
cosylation does not play a role since antibodies
are selected outside the region with glycosylation
sites. NT-proBNP is measurable in serum or
plasma (10% lower in EDTA plasma) and is
stable for at least 48 h at room temperature [95].

Upon stretching of cardiomyocytes, proBNP is
split into equimolar amounts of BNP and
NT-proBNP, and indeed, they are used for similar
clinical purposes as is pointed out further in this
chapter [68, 94]. However, their concentrations
in the blood circulation are absolutely different
and values are not interchangeable, also for
other reasons than the previously discussed
pre-analytics and stability. Namely, BNP and
NT-proBNP are both cleared by the kidneys, but
BNP is besides that also cleared by natriuretic
peptide receptor type C (NPR-C) and neural
endopeptidases. This results in a half-life for
BNP of approximately 25 min, and for
NT-proBNP, this is estimated to be twice as
long with approximately 120 min. Finally, both
peptides have different molecular weights, with
the conversion factor for BNP from pmol/L to
pg/mL being 3.460 and for NT-proBNP 8.457.

Natriuretic Peptides in Healthy Women
and Men

Early studies already illustrated significantly higher
natriuretic peptide concentrations in women than in
men [19, 70, 71] suggesting a close relation
between the cardiac endocrine function and the
sex steroid hormones. Figure 33.5 illustrates a typi-
cal NT-proBNP distribution as found in our refer-
ence population [58]. The sex effect remained true
even after correction for differences in body com-
position and LV mass [49].

Interestingly, sex-based differences in natri-
uretic peptide concentrations seem to be more
pronounced for premenopausal women than for
postmenopausal women. It was observed that
BNP and NT-proBNP concentrations were
lower in postmenopausal women as compared to
premenopausal women [48, 49] though this dif-
ference could not be confirmed by others
[17]. Also, BNP and NT-proBNP concentrations
in postmenopausal women seem to become closer
to the concentrations as found in men, as was
especially true for older adults of 70–75 years
and older [21, 56], while others reported higher
NT-proBNP concentrations for women indepen-
dent of their hormonal and menopausal status
[19]. Table 33.3 illustrates that we also found
higher NT-proBNP concentrations for women
when compared to men, irrespective of their age,
with the lowest NT-proBNP concentrations for
women who almost reached or just reached their
menopause (40–50 years). The latter was found by
some [19] but not by all [21, 56] as discussed in
more detail in Sect “Natriuretic peptides and age”.

It has been hypothesized that the sex effect
on natriuretic peptides is caused by a stimulatory
effect of estrogens and an inhibitory effect
of androgens, as schematically illustrated
in Fig. 33.6. NT-proBNP levels indeed were
inversely associated with androgen concen-
trations (total and free testosterone) [17, 48],
though the association with estradiol was found
to be weak or not significant at all [17, 74]. The
latter is not completely surprising because of the
following issues. The biological variation in
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estradiol concentrations is great, up to fivefold
during a menstrual cycle. Strikingly, NT-proBNP
concentrations were lower in the midcycle phase
than in the follicular or luteal phase and thus
completely opposite to the fluctuations of estra-
diol [48]. Moreover, estradiol ranges in cycling

women are �2 times greater than in men, while
testosterone ranges in women are hardly to men-
tion in comparison to the concentrations found in
men (total testosterone, factor 10; free testoster-
one, factor 30). There might also be an alternative
explanation via the indirect role of sex hormone-

Table 33.3 NT-proBNP (pmol/L) concentrations in a healthy population [58], stratified by sex and age

Age n Total Women Men

NT-proBNP (pmol/L), median [IQR]
<30 years 17 3.7 [2.0–6.3] 5.6 [3.1–6.6] 1.6 [0.9–3.5]

30–39 years 49 5.2 [2.4–9.7] 7.6 [3.2–10.7] 3.9 [1.4–6.7]

40–49 years 144 4.0 [1.9–6.5] 4.8 [3.7–8.0] 2.7 [1.1–5.1]

50–59 years 177 6.2 [2.8–9.5] 7.2 [5.0–12.1] 3.4 [1.7–8.5]

�60 years 84 9.6 [4.9–13.5] 11.7 [6.6–17.3] 7.6 [4.2–12.4]

NT-proBNP � 15 pmol/L, n (%)
<30 years 17 1 (6) 1 (9) 0 (0)

30–39 years 49 5 (10) 4 (14) 1 (5)

40–49 years 144 5 (3) 4 (6) 1 (1)

50–59 years 177 22 (12) 15 (19) 7 (7)

�60 years 84 17 (20) 10 (33) 7 (13)

NT-proBNP (pmol/L) concentrations are expressed as median (IQR) and as n (%) (>125 pg/mL or 15 pmol/L, universal
diagnostic threshold to rule out chronic HF)
Abbreviation: HF heart failure

Fig. 33.5 Distribution of NT-proBNP concentrations
(pmol/L) in healthy women (left, n ¼ 212, mean age
50 � 11 years) and men (right, n ¼ 259, mean age
53 � 10 years) [58]. Indicated are the number of

individuals with elevated concentrations above the univer-
sal diagnostic threshold (125 pg/mL/15 pmol/L) used to
rule out chronic HF
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binding globulin (SHBG) which synthesis is
stimulated by estrogens and inhibited by
androgens [18] and SHBG was indeed positively
associated with BNP and NT-proBNP concen-
trations [17]. Anyway, the explanation for this
sex hormone phenomenon is not understood yet.
The current hypothesis is that fertile women
benefit from the cardioprotective actions of natri-
uretic peptides, including vasodilation and diure-
sis/natriuresis, as is also noticed by the lower risk
for cardiovascular events for women during their
cycling [59].

Clinical studies demonstrate that also
interventions that affect sex hormones in women
and men fit with previous observations. For
instance, BNP and NT-proBNP concentrations
were higher in premenopausal women who
receive estrogens for contraception [48] or post-
menopausal women who receive estrogens
for hormone replacement therapy [52], as com-
pared to premenopausal women. Moreover,
androgen receptor blockage and, to a lesser
extent, androgen suppression in men with pros-
tate cancer also result in increased NT-proBNP
concentrations [27].

Natriuretic Peptides During Pregnancy

Of special clinical interest is the relation of natri-
uretic peptides with pregnancy. Normal preg-
nancy goes along with median concentrations
about twice that of nonpregnant controls, rising
early in pregnancy and remaining high through-
out gestation until �72 h after delivery
[14]. Complications including acute HF may be
triggered by eclampsia or preeclampsia and in
such situations NT-proBNP might possibly help
in the diagnosis [83] though this is not (yet)
widely established in routine clinical care
[38]. It has been proven though that in preeclamp-
sia NT-proBNP may reflect ventricular stress and
subclinical cardiac dysfunction worsening if fetal
growth restriction is present [36].

Natriuretic Peptides and Age

Also the influence of age on baseline natriuretic
peptide concentrations is very strong [8] and
might even more be important in clinical patients
than in healthy individuals [19]. Table 33.3
shows that we indeed found substantially higher
NT-proBNP concentrations for older adults.
Moreover, as mentioned before, NT-proBNP
concentrations in our population were higher for
women than for men and this was true for all age
categories (P < 0.05), similar to what was found
by some [19], while others found equal
NT-proBNP concentrations for postmenopausal
women and men [21, 56]. When focusing on the
age effect, it is immediately clear that many of the
older healthy individuals exceed the diagnostic
cutoff that is used to rule out (chronic) HF. This
is especially the case for adults with an age of
70–75 years and older, as also illustrated by
Fig. 33.7. It is therefore crucial to remind that the
current cutoffs are designed for ruling out HF but
that other diagnostic tools are necessary for further
diagnostic workup in the ruling in [68, 94].

Other clinical factors that influence natriuretic
peptide concentrations are body mass index or

Fig. 33.6 Schematic representation of the relationship
between cardiac endocrine and gonadal functions in
women and men, showing a stimulatory effect of estrogens
and an inhibitory effect of androgens. Reprinted with
permission from Elsevier [18]. Abbreviations: ANP atrial
natriuretic peptide, BNP brain-type natriuretic peptide,
SHBG sex hormone-binding globulin
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obesity, ethnicity, and non-HF pathologies
[68, 91, 94] and are not described here in great
detail. Explicit attention should be given to
renal impairment which substantially increases
NT-proBNP concentrations and to a lesser extent
also BNP concentrations [3, 55].

Natriuretic Peptides for the Diagnosis
of Heart Failure

The definition of HF is mainly based on the
measurement of the left ventricular ejection frac-
tion (LVEF) and includes a wide range of
patients, from those with normal to reduced
LVEF. Table 33.4 shows that natriuretic peptides
are also part of the criteria for HF, and with the

recent ESC and ACC/AHA guideline updates
[68, 95] their role became even more important
for diagnostic purposes, establishing disease
severity, and prognosis.

In the diagnostic workup, two algorithms
are prescribed as summarized in the following
part [68]. They use either BNP or NT-proBNP,
though absolute values and diagnostic
thresholds are not interchangeable [94], and to a
lesser extent also mid-regional proANP
(MR-proANP). There are also several analytical
and clinical aspects like sex and age that should
be considered when using natriuretic peptides for
clinical use [8].

• In the non-acute setting [68], the diagnosis
of HF is assessed by clinical history,
physical examination, and ECG. If all
elements are normal, HF is highly unlikely
and other diagnoses need to be considered. If
at least one element is abnormal, natriuretic
peptides should be measured, if available, to
identify those who need echocardiography.
The upper limit of normal in the non-acute
setting for BNP is 35 pg/mL (10 pmol/L),
and for NT-proBNP, it is 125 pg/mL
(15 pmol/L).

• In the acute setting [68], the diagnostic workup
is somewhat different. Upon presentation with
acute dyspnea and the suspicion of acute HF,
several diagnostic tests are recommended to
differentiate cardiac causes of acute dyspnea
from noncardiac causes. Natriuretic peptides
should be assessed in all patients, and here
higher thresholds should be used, namely, for
BNP 100 pg/mL (35 pmol/L) and for

Fig. 33.7 Age- and sex-specific 80th percentile upper
reference limits for NT-proBNP concentrations in healthy
individuals and stage A/B HF subjects. The universal
diagnostic threshold to rule out chronic HF is set at
125 pg/mL or 15 pmol/L. Reprinted with permission
from Elsevier [56]

Table 33.4 Definition of heart failure (HF)

Criteria HFrEF HFmrEF HFpEF

1 Symptoms � signs Symptoms � signs Symptoms � signs

2 LVEF <40% LVEF 40–49% LVEF �50%

3 1. Elevated levels of natriuretic peptidesa 1. Elevated levels of natriuretic peptidesa

2. At least one additional criterionb 2. At least one additional criterionb

Adapted from ESC guidelines 2016; see also for further details [68]
Abbreviations: HFrEF heart failure with reduced ejection fraction, HFmrEF heart failure with midrange ejection
fraction, HFpEF heart failure with preserved ejection fraction, LVEF left ventricular ejection fraction
aBNP >35 pg/mL (10 pmol/L); NT-proBNP >125 pg/mL (15 pmol/L)
bRelevant structural disease or diastolic dysfunction
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NT-proBNP 300 pg/mL (35 pmol/L) and/or
MR-proANP 120 pmol/L. Other diagnostic
tests that are recommended include ECG;
X-thorax; other laboratory assessments like
cTn, urea, creatinine, electrolytes (sodium,
potassium), glucose, complete blood count,
liver function tests, and thyroid-stimulating
hormone (TSH); and finally, echocardiography.

The use of natriuretic peptides is especially
recommended for ruling out HF in patients who
present with dyspnea, since their negative predic-
tive values are very high (0.94–1.00), both in the
non-acute and the acute settings [41, 46, 68]. This
remains true even when using a universal diag-
nostic threshold that are regardless of age [41] or
sex [46] or any of the other risk factors. It was first
thought to use age-dependent cutoffs (US Food
and Drug Administration, FDA-cleared cutoffs),
125 pg/mL (15 pmol/L) for patients younger than
75 years and 450 pg/mL (50 pmol/L) for patients
of 75 years and older, and/or renal-dependent
cutoffs for eGFR <60 ml/min/1.72m2

[3, 55]. However, clinical research has inevitably

shown that negative predictive values were hardly
affected when applying a single and relatively
low cutoff that is independent from risk factors
and thus easier to use in daily practice and still
safe for all types of patients.

In contrast, natriuretic peptides are less
appropriate for establishing the diagnosis of HF
with positive predictive values in the non-acute
setting of only 0.44–0.57 and in the acute
setting of 0.66–0.67 [68]. This could be mainly
explained by the numerous cardiovascular and
non-cardiovascular causes of elevated natriuretic
peptides, as summarized in Table 33.5 [68, 91,
94] with atrial fibrillation, age, and renal failure
being important, if not the most important
factors [68].

The severity of CHF is significantly associated
with natriuretic peptide concentrations as, for
instance, determined by the New York Heart
Association classification [41, 53]. Concentrations
are lower for HF patients with preserved ejection
fraction (HFpEF) than for patients with reduced
ejection fraction (HFrEF) [12], but diagnostic
values apply similarly to both groups [68].

Table 33.5 Causes of elevated natriuretic peptide concentrations

Cardiac
HF, including RV syndromes

Acute coronary syndromes

Heart muscle disease, including LVH

Valvular heart disease

Pericardial disease

Atrial fibrillation

Myocarditis

Cardiac surgery

Cardioversion

Toxic-metabolic myocardial insults, including cancer chemotherapy

Noncardiac
Advancing age

Anemia

Renal failure

Pulmonary: obstructive sleep apnea, severe pneumonia

Pulmonary hypertension

Critical illness

Bacterial sepsis

Severe burns

Adapted from ACC guidelines 2017 [94]
Abbreviations: HF heart failure, LVH left ventricular hypertrophy, and RV right ventricular
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Natriuretic Peptides
for the Management of Heart Failure

Over the last 15 years, it has been hypothesized
that natriuretic peptides might be helpful as objec-
tive measures in the management of HF patients.
Most of the prospective clinical trials investigated
whether it is useful to titrate the pharmacologic
therapy to a fixed target concentration. Results of
single studies have been quite conflicting, unfor-
tunately, whereas meta-analyses overall show
promising effects. The most recent and largest
meta-analysis by Savarese et al. included 2686
patients from 12 studies [78]. They reported
benefits on both hospitalization and mortality of
the HF patients. Significant results were obtained
specifically for NT-proBNP-guided studies, in
contrast to the BNP-guided studies. The final
evidence was expected from the GUIDE-IT
(Guiding Evidence Based Therapy Using Bio-
marker Intensified Treatment in Heart Failure)
study by investigating high-risk patients with rel-
atively advanced HFrEF [33], but NT-proBNP-
guided therapy turned out not to be more effective
in hospitalization or mortality than usual care
strategy nor were doses of medical therapy differ-
ent between the groups; this study was therefore
stopped for futility when 894 of the 1100 patients
were enrolled [34].

Sex-based differences for natriuretic peptide-
guided therapy have not been reported, though
this is different for the influence of age. The
benefits for NT-proBNP guidance appear at least
to be true for individuals of 75 years or younger
[10, 12, 66] and for patients with HFrEF but not
for HFpEF [12]. It is conceivable that the more
frequent presence of comorbidities in elderly may
prevent or even promote potentially harmful
up-titration of drugs.

Unfortunately, the concept of serial sampling
of natriuretic peptides is quite limited because of a
great biological variation which is of course cru-
cial for successful HF management. Changes in
concentration of more than 50 to 100% are neces-
sary to be sure that the changes observed are
“real” (exceeding reference change values) and
are indeed due to therapy interventions
[92, 93]. It was recently validated and confirmed

that the biological variation is independent from
the clinical condition of the patient, thus being
equal in healthy individuals and chronic HF
patients [57].

Natriuretic Peptides for Prevention,
Prognosis, and Risk Stratification

Numerous prognostic markers of death and hos-
pitalization have been identified in HF patients.
Extensive review and meta-analysis illustrate that
especially age and to a lesser extent also sex are
strong predictors for cardiac death and hospitali-
zation in patients with HF, if not the most impor-
tant ones [64, 69]. In the top ten of the most
prominent predictors is also space for a couple
of biomarkers that are related to renal function
(sodium, creatinine, urea), oxygen supply (hemo-
globin), and cardiac function (NT-proBNP) [64].

The use of natriuretic peptides as prognostic
predictors remains however challenging for daily
practice [68]. Nevertheless, the recent American
guideline included new level 1 recommendations
on the use of natriuretic peptides as powerful
predictors with a specific role for (1) screening
in patients at risk for developing HF (presence of
hypertension, diabetes mellitus, or vascular dis-
ease), (2) baseline levels on admission to the
hospital in case of acutely decompensated HF,
(3) a predischarge level during hospitalization,
and (4) in case of chronic HF to consider also
biomarkers of myocardial injury (cTn) or fibrosis
[94]. It seems almost logical that sex and proba-
bly also age are very important predictors that
should always be considered when using these
applications, but future evidence has to proof
this first.

An interesting sex aspect is the benefit that
fertile women gather from their higher baseline
natriuretic peptide concentrations, as previously
discussed in Sect. “Natriuretic peptides in healthy
women and men” [59]. The survival advantage of
women though was canceled out in case of con-
genital heart disease what might be related to the
higher prevalence of severe pulmonary hyperten-
sion [62]. Also, despite that, marked sex
differences were found in acute HF patients with
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preserved versus reduced ejection fractions with
opposite associations of anemia and LVEF
requiring further attention [42]. Even in
community-dwelling older adults, sex-based
differences remain an ongoing research topic
where associations of NT-proBNP with all-cause
mortality were substantially stronger among
women [21].

Conclusions and Future Perspectives

Taken together, the cardiac biomarkers cTn,
NT-proBNP, and BNP are the cornerstones in
the diagnosis and clinical management of AMI
and HF, respectively. Current cardiac care
guidelines do not make a distinction between
women and men and make use of “one size fits
all” algorithms.

The debate on sex-specific analysis mainly
concerns the underdiagnosis of AMI in women.
Due to the improvement of the cTn assays, a new
era arose where cTn levels became measurable in
apparently healthy individuals, whereby lower
cTn levels (and 99th percentile upper reference
limits) were observed in women as compared
with men. The evidence for sex-specific diagnos-
tic thresholds remains though controversial, and
ongoing and future trials will clarify whether or
not sex-specific analysis should be incorporated
in the diagnostic algorithm of AMI.

Also other aspects of cTn algorithms are under
investigation that may improve the diagnosis of
AMI. For instance, combined biomarker
approaches are investigated, as promising new
biomarkers such as copeptin, heart fatty acid-
binding protein, ST2, and growth differentiation
factor-15 may have additive diagnostic value over
hs-cTn. Up till now, however, the results are quite
controversial, probably due to the already high
diagnostic performance of hs-cTn. Furthermore,
the hs-cTn assays allow further investigation to
rapid measurement strategies, which could lead to
faster diagnosis of AMI and, eventually, resulting
into better prognosis after AMI.

For the natriuretic peptides, previous studies
observed higher natriuretic peptide concentrations
in women, especially in premenopausal women,

than in men. Natriuretic peptides are particularly
incorporated in the ruling-out algorithms for the
diagnosis of HF and, in contrast, to hs-cTn, where
clinical research has shown that negative predic-
tive values for ruling out HF were hardly affected
when applying a universal diagnostic threshold of
natriuretic peptides that is independent from sex or
other risk factors.

Finally, we believe that in the future most
sex-specific benefits of cardiac biomarkers can
be obtained in the field of patient follow-up and
in the field of cardiac risk prevention and risk
stratification. Both are unfinished areas and fit
the modern ideas of preventive and personalized
medicine: from guiding therapy and prognostic
applications for patients who are already
diagnosed to patients at risk and in the future
possibly to even healthy individuals.
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disease, systolic heart failure, and other
cardiac rehabilitation indications. Worldwide,
cardiac rehabilitation services are under-
utilized. Underutilization is more common
among women than in men. This chapter
reviews barriers to referral, enrollment, and
adherence among women and potential inter-
ventions to improve women’s participation
in cardiac rehabilitation. Gender similarities
and differences in clinical, behavioral, and
health outcomes of cardiac rehabilitation are
addressed, and gaps in the evidence base are
discussed, pointing to areas of future research.

Keywords

Cardiac rehabilitation · Secondary prevention ·
Coronary heart disease · Heart failure · Cardio-
oncology · Gender gap · Coronary artery
dissection

Introduction: Definition and Core
Components

The World Health Organization has defined car-
diac rehabilitation as “the sum of activities
required to influence favourably the underlying
cause of the disease, as well as to provide the best
possible physical, mental and social conditions,
so that the patients may, by their own efforts,
preserve or resume when lost as normal a place

as possible in the community” [1]. Cardiac reha-
bilitation has evolved from supervised exercise
training after myocardial infarction to the provi-
sion of comprehensive secondary prevention
services for coronary heart disease and multiple
other disease states (Table 34.1).

Core components of cardiac rehabilitation
(Table 34.2) have been codified bymultiple profes-
sional organizations and form the basis for certifi-
cation of cardiac rehabilitation programs in some
countries [2–5]. Specifics of each core component
should conform to current national guidelines. Reg-
ular program review and updates as appropriate
are thus essential. Core competencies have been
defined for medical directors of cardiac rehabilita-
tion programs and for members of the multidisci-
plinary care team [6, 7].

Cardiac Rehabilitation Outcomes

Outcomes assessment can be broadly divided
into health outcomes (morbidity, mortality, health-
related quality of life), clinical outcomes (e.g.,
improvements in risk factors, in functional capacity,
and in psychosocial measures), behavioral out-
comes (e.g., appropriate response to symptoms,
improvements in diet and physical activity), and
service outcomes (e.g., patient and staff satisfaction,
access and utilization of services, patient health-
care utilization, and other financial and economic
outcomes) [8]. Data from randomized clinical trials,

Table 34.1 Indications for cardiac rehabilitation

US Medicare-covered indications
Myocardial infarction within the last 12 months
Coronary angioplasty or coronary stenting
Stable angina pectoris
Coronary artery bypass surgery
Heart valve repair or replacement
Heart or heart-lung transplant
Stable chronic systolic heart failure
Peripheral arterial disease

Potential indications, not currently covered by most insurance providers
Diastolic heart failure
Metabolic syndrome
“Pre-habilitation” prior to cardiac surgery or percutaneous structural cardiac interventions
Cardio-oncology patients
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clinical databases, claims data, and national
registries document clinically and statistically sig-
nificant improvements in these outcome measures
across patient populations, disease states, different
care settings, and across countries [4, 9].

A 2016 Cochrane systematic review and meta-
analysis of randomized controlled trials of cardiac
rehabilitation for coronary heart disease (includ-
ing data from 63 studies through July 2014)
demonstrated a 26% reduction in cardiovascular
mortality (RR: 0.74; 95% CI 0.64–0.86) and an
18% reduction in the risk of hospital admission
(RR 0.82; 95% CI 0.70–0.96). In contrast to sev-
eral prior reviews summarizing earlier trials, this

new analysis showed no effect on total mortality,
and there was no impact on recurrent myocardial
infarction or revascularization. Improvements in
health-related quality of life were evident in the
majority of studies [10]. Observational data in
less selected contemporary patient populations
tend to show significant reductions in total
mortality estimated as high as 53% in a recent
meta-analysis [11]. Studies that match for propen-
sity to participate in cardiac rehabilitation to
decrease the potential for confounding provide
similar estimates [12–14]. Several analyses have
suggested a “dose response” with greater mortal-
ity benefit as the number of attended cardiac
rehabilitation sessions increases [13, 15, 16]. A
similar “dose response” is also apparent in health
services expenditures including hospitalizations,
physician visits, diagnostic tests, and drugs
among patients eligible for cardiac rehabilitation
[15]. Compared to those who were not referred
to cardiac rehabilitation, patients with high car-
diac rehabilitation participation rates (�67% of
sessions) had 53% lower costs, and patients with
lower participation rates had 38% lower costs,
while those who were referred but did not attend
had 23% higher costs over 3 years of follow-up
(Fig. 34.1) [15]. It has been estimated that an

0
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Fig. 34.1 Relative difference in daily costs as a function
of participation in cardiac rehabilitation. Marked
reductions in costs are evident for high adherers of cardiac
rehabilitation, intermediate costs for those who are lower

adherers, and increased costs for those who were referred,
but did not attend cardiac rehabilitation. Non-referred
patients are the referent group (relative difference ¼ 1).
(Based on data from Alter et al. [15])

Table 34.2 Core components for cardiac rehabilitation

Patient assessment

Exercise training

Physical activity counseling

Nutritional counseling

Weight management

Blood pressure management

Lipid management

Diabetes management

Tobacco cessation

Psychosocial management
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increase in cardiac rehabilitation participation
rates from 20 to 70% could save 25,000 lives
and 180,000 hospitalizations annually among car-
diac rehabilitation-eligible individuals in the
United States [17].

Mortality benefits and cost savings are not
apparent for cardiac rehabilitation in the setting
of chronic systolic heart failure, but exercise
training is associated with a reduction in hospital
admissions up to 12 months of follow-up [18, 19].

Subgroup data consistently show that both
women and men who participate in cardiac reha-
bilitation benefit in health and clinical outcomes
and in behavioral and psychosocial outcomes.
Utilization of cardiac rehabilitation services,
however, is lower in women than in men, and
the degree of improvement in the various out-
come domains may vary by gender. The remain-
der of this chapter will focus on these differences.

Gender Gaps in Referral, Enrollment,
and Adherence

Cardiac rehabilitation services are underutilized.
Most of the available data focus on individuals
after myocardial infarction or with other
manifestations of coronary heart disease. Utiliza-
tion rates for other eligible diagnoses such as
systolic heart failure are even lower [20].

Most recent US data published by the Centers
for Disease Control and Prevention indicate par-
ticipation rates for cardiac rehabilitation services
of 33.7% in 2013 and 35.5% in 2015 [21]. Com-
parable rates were 34% in Canada [22], 36.5% in
Europe (with considerable between country vari-
ation) [23], and < 10% in Japan [24] suggesting
that underutilization of cardiac rehabilitation is a
global issue. Within countries, access to cardiac
rehabilitation varies geographically depending on
the number and distribution of cardiac rehabilita-
tion programs, depends on insurance coverage
if there is no universal coverage, and is associated
with a multitude of provider and patient char-
acteristics [25]. Among referred patients, many
do not enroll and, among those who enroll, adher-
ence is often low and dropout rates are substantial

[25]. Few patients thus realize the full potential
benefit of cardiac rehabilitation participation.

Women are less likely to be referred to cardiac
rehabilitation, are less likely to enroll, and tend to
have poorer adherence and higher dropout rates.
For individuals eligible for cardiac rehabilitation
(Table 34.1), Samayoa et al., aggregating data
from studies considered to be of “good quality,”
reported enrollment rates for men from 22.1 to
67% and for women from 14.3 to 38.2% [26]. The
summary odds ratio for female versus male
enrollment in these studies was 0.56 (95% CI
0.45–0.70; P < 0.00001). Data were comparable
when all studies were included in the meta-
analysis. More recent multivariably adjusted
data from the Centers for Disease Control and
Prevention show cardiac rehabilitation utilization
rates after myocardial infarction of 36.4% among
men and 28.8% among women [21].

Supervia et al. recently published a systematic
review of barriers to women’s cardiac rehabilita-
tion referral, enrollment, and completion,
stratifying by patient-, provider-, and system-
related barriers [27]. Many of these barriers are
not unique to women but may be present dispro-
portionately among female patients eligible for
cardiac rehabilitations at least in part due to later
age of onset of cardiac rehabilitation-eligible dis-
ease states among women compared to men.
However, provider referral bias may play a sig-
nificant role. When presented with 32 case
scenarios of cardiac rehabilitation-eligible post-
surgical patients, nearly one third of 36 physicians
(42% of whom were women) showed evidence
of gender bias, judging female patients less likely
to benefit from cardiac rehabilitation compared
to male patients with comparable characteristics.
This judgment was not affected by the
physician’s gender, length in practice, or
subspecialty [28].

Adherence to cardiac rehabilitation among
enrolled patients shows significant heterogeneity.
In an analysis of the Medicare database, the
median number of sessions attended was
25 with an interquartile range of 13–34
[16]. More than 40% of patients attended 30 or
more sessions, while 13% attended <6 sessions,
and only 18% attended all 36 sessions.
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Attendance varied by indication for cardiac reha-
bilitation and severity of illness as indicated by
the importance of comorbidities and the pro-
nounced negative impact of hospitalization dur-
ing the course of cardiac rehabilitation. Advanced
age, nonwhite race, and female gender also nega-
tively predicted adherence. However, the R2 for
the overall model was only 0.05 suggesting that
administrative databases provide only a limited
understanding of adherence determinants.
Marzolini and colleagues analyzed determinants
of non-completion in a large clinical dataset from
Canada [29]. Women were more likely to with-
draw than men (35% vs. 29%). The relative
importance of reasons for withdrawal differed
by gender with lack of interest, a new cardiac
diagnosis, musculoskeletal issues, and lack of
transportation being most important among
women. Smaller, often single center, studies
among women have pointed toward psychologi-
cal factors such as symptoms of depression and
anxiety and lack of social support [30, 31]. Youn-
ger women have the lowest attendance rates.
Clinical experience suggests that barriers often
cluster in individual patients, making it less likely
that single factor interventions will be successful.

Cardiac Rehabilitation Outcomes
Stratified by Gender

Propensity matched analyses from Olmsted
County in Minnesota showed a comparable post
myocardial infarction survival benefit in women
and men associated with participation in cardiac
rehabilitation [14]. Goel et al. replicated these
analyses for a population of individuals in
Olmsted County who had undergone percutane-
ous coronary intervention, and Pack et al. did the
same for those who had undergone coronary
artery bypass surgery [32, 33]. After percutane-
ous intervention, the mortality reduction over
10 years ranged from 45 to 47% depending on
statistical technique employed (matched pair
analysis, propensity matching, or landmark anal-
ysis) [32]. After CABG, participation in cardiac
rehabilitation was associated with a 46% reduc-
tion in mortality at 10 years (hazard ratio

(HR) 0.54; 95% confidence interval, 0.40–0.74;
P < 0.001) and a 10-year absolute risk reduction
of 12.7% (number needed to treat of 8) [33]. Both
analyses showed a significant mortality benefit
for women and men associated with participation
in cardiac rehabilitation and no gender disparity
[32, 33]. Mortality benefit of a similar order of
magnitude and without gender disparity was also
evident among individuals who had undergone
combined coronary artery bypass grafting and
valvular surgery [34].

Suaya and colleagues using claims data from
Medicare reported on 5-year mortality after hos-
pitalization for coronary conditions or cardiac
revascularization among users and nonusers of
cardiac rehabilitation, stratified by age and gender
[13]. Among men, the absolute differences in
mortality in favor of cardiac rehabilitation users
ranged from 5.7% among 65–74 year-old
individuals, to 9.8% among those 75–84 years
old, and 14.9% among those 85 years and older.
For women, the respective mortality differences
were 8.2%, 13.4%, and 19.5%. Overall, the
cumulative 5-year mortality reduction was greater
in women than men (10.4% vs. 7.1%). A large
population-based study in the Netherlands
reached the opposite conclusion: the mortality
benefit among women was lower than among
men in a mixed population of cardiac rehabilita-
tion attendees including those after acute coro-
nary syndrome and those who had undergone
percutaneous or surgical revascularization
[35]. The investigators reported hazard ratios for
mortality for 6–12 months, 6–24 months, and
6–48 months. While the point estimates for the
adjusted hazard ratios for women were consis-
tently below 1 (ranging from 0.67 to 0.79), the
mortality reduction reached statistical signifi-
cance only for the 6–24 month period. Among
men, point estimates of the hazard ratio ranged
from 0.45 to 0.62 and were statistically significant
for all time frames [35]. In a contemporary cohort
of participants in a French acute coronary syn-
drome registry, the mortality reduction associated
with cardiac rehabilitation was numerically
greater among men than women (51% vs. 37%),
but there was no statistically significant interac-
tion by gender [36].
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In clinical trials of cardiac rehabilitation,
participants randomized to the intervention
group have lower rehospitalization rates than
their usual care counterparts, but gender-specific
estimates are not available due to underrepresen-
tation of women in these clinical trials (<15%).
The analyses showed no decrease in subsequent
myocardial infarction rates or need for revascu-
larization following the index admission
[10]. Analyses from observational datasets have
reported lower rates of subsequent myocardial
infarction among cardiac rehabilitation parti-
cipants, but do not provide gender-specific
estimates for this endpoint [14, 16].

In the Heart Failure–A Controlled Trial
Investigating Outcomes of Exercise TraiNing
(HF-ACTION), exercise training in patients with
systolic heart failure was associated with a non-
significant reduction in the primary endpoint of
all-cause mortality or hospitalization (hazard
ratio [HR], 0.93 [95% CI, 0.84–1.02]; p ¼ 0.13)
and nonsignificant reductions in the secondary
endpoints of mortality, cardiovascular mortality
or cardiovascular hospitalization, and cardiovas-
cular mortality or heart failure hospitalization
[37]. In an exploratory analysis of the impact of
gender on outcomes, exercise training in women
was associated with a significant reduction in the
combined endpoint of all-cause mortality and
hospitalization (HR 0.74; 95% CI, 0.59–0.92)
compared with men (HR 0.99; 95% CI,
0.86–1.13) with a significant treatment by gender
interaction ( p ¼ 0.027) [38]. Only one study to
date has explored the link between survival after
heart transplantation and participation in cardiac
rehabilitation and showed that attendance at car-
diac rehabilitation within the first 90 days
after transplantation was a predictor of improved
survival; gender-specific estimates are not
available [39].

Exercise capacity is a powerful prognostic fac-
tor among healthy individuals and patients with
coronary artery disease [40]. Functional capacity
at entry and functional capacity at the end of
cardiac rehabilitation are both associated with
long-term prognosis (combined outcome of mor-
tality, myocardial infarction, and heart failure
hospitalization) [41]. Functional capacity is thus

a key outcome in cardiac rehabilitation. The
greatest predictor of exercise capacity at the end
of cardiac rehabilitation is aerobic capacity at
entry to the cardiac rehabilitation program. Aero-
bic capacity at entry is higher among men than
women. Due to a greater age-related decline in
aerobic capacity among men than women, the
gender difference in aerobic capacity is most pro-
nounced at younger ages and narrows progres-
sively among those in their 70s and 80s
[42]. While most studies show improvements in
exercise capacity during cardiac rehabilitation for
men and women, the degree of improvement may
differ by gender. Gee et al. retrospectively
analyzed data in 758 men and 346 women and
showed that men had not only greater exercise
capacity at entry to the cardiac rehabilitation pro-
gram but increased their exercise capacity to a
greater degree (2.16 METS) than women (1.65
METS), a result that held up after adjusting for
age, body mass index, and indication for cardiac
rehabilitation [43]. The authors acknowledge,
however, that they were unable to assess the
impact of important comorbidities which may
have affected the degree of improvement and
which may have varied in prevalence or severity
between women and men.

Gender differences may be further modified by
ethnicity. African-American participants tend to
have worse risk factor profiles than their Cauca-
sian counterparts at entry to cardiac rehabilitation
[44, 45]. In a retrospective analysis of pros-
pectively collected data from a single-center car-
diac rehabilitation program, women had less
improvement in 6 min walk distance than men
over the course of cardiac rehabilitation. African-
American women had the least improvement
even after adjustment for age, number of sessions
attended, and baseline exercise capacity
[44]. Lower gains in functional capacity among
women, and particularly among African-
American women, were also reported by Johnson
et al., using steady-state MET levels during exer-
cise in cardiac rehabilitation as the outcome [45].

Cardiac events and hospitalization among the
elderly are potential threats to their ability to live
independently. A small study in 10 women and
12 men assessed their ability to do basic activities
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of daily living and household chores pre- and post-
cardiac rehabilitation. At entry, women had lower
scores than men, both women and men improved
by their post-cardiac rehabilitation assessment, but
women improved to a greater degree than men. As
a result, the gender difference was no longer statis-
tically significant after cardiac rehabilitation
[46]. Patients undergoing transcatheter aortic
valve replacement are often elderly and frail. Inpa-
tient rehabilitation for 3 weeks improved submaxi-
mal and maximal exercise capacity in a cohort of
136 such patients, over half women, and also
improved mental and physical function scores
[47]. These results require confirmation in larger
populations, but the data suggest that participation
in cardiac rehabilitation may be particularly impor-
tant among older women to preserve their ability to
live independently and that assessment of frailty
should become routine in cardiac rehabilitation
programs [48].

Exercise training improves functional capacity
among patients with systolic heart failure. In the
HF-ACTION trial, peak oxygen consumption and
6 min walk distance were significantly lower
among women than men at baseline despite similar
health status and left ventricular ejection fraction
[49]. However, the improvement in peak oxygen
consumption (ml/kg/min) between baseline and
3 months was numerically similar among men
(adjusted model estimate of least-squares mean
0.50, 95% CI 0.22–0.79) and women (adjusted
model estimate of least-squares mean 0.73, 95%
CI 0.27–1.19), and the gender-by-treatment inter-
action was not statistically significant (p ¼ 0.42),
despite lower exercise adherence among women
[38]. Exercise training also improves exercise
capacity among individuals with heart failure and
preserved ejection fraction as shown in a recent
meta-analysis of 6 trials (266 patients, 55%
women) [50]. Gender-specific results were not
reported. Exercise capacity is also favorably
affected by cardiac rehabilitation participation
among recipients of left ventricular assist devices
and recipients of cardiac transplants, but the stud-
ies are small and include too few women to pro-
vide gender-specific estimates [39, 51, 52].

Physical activity levels tend to be lower in
women than men at entry to cardiac

rehabilitation. In the Wisconsin Outcomes Regis-
try of 8929 individuals who completed the car-
diac rehabilitation program, only 10.6% of
women and 17.1% of men reported �150 min
of physical activity per week at program entry
[53]. Self-reported physical activity above this
threshold improved significantly in both genders
(to 57.7% among women and 69.7% in men), but
the adjusted odds of achieving the milestone of
�150 min/week at graduation from the cardiac
rehabilitation program were significantly lower
among women than men (adjusted odds ratio
(AOR), 0.66; 95% CI, 0.59–0.74) [53].

Achievement of secondary prevention goals is
similar among women and men, including guide-
line determined pharmacologic therapies (aspirin,
renin-angiotensin system inhibition, beta-blockade
and statins), numerical goals for blood pressure,
lipoprotein measures, and blood glucose, indices
of body weight, and smoking cessation [53]. Little
is known about gender differences in long-term
retention of benefits achieved in cardiac rehabilita-
tion. In an analysis by Gupta et al., retention of
gains achieved during cardiac rehabilitation at
1 year was generally similar among women and
men, although women had better retention of self-
reported dietary behavior than men [54]. As all
studies of longer-term outcomes, this study was
limited to participants who returned for their reas-
sessment visit, and caution is advised in
extrapolating results to all patients who complete
a cardiac rehabilitation program.

Most, but not all, studies suggest that psycho-
social distress at entry to cardiac rehabilitation
tends to be higher among women than men.
Depressive symptoms at entry to cardiac rehabili-
tation are a risk factor for non-completion of
cardiac rehabilitation among women [30].
Whether early recognition of depression and
treatment of depression could change adherence
is unknown. Psychosocial distress levels improve
during the course of cardiac rehabilitation, but
with considerable variability between parti-
cipants. Few studies have specifically examined
gender differences. Hazelton et al. evaluated psy-
chosocial characteristics pre- and post-cardiac
rehabilitation among 380 women and men at a
Southeastern US academic facility [55]. They
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evaluated self-reported depressive symptoms,
anxiety, panic, anger, and relationship satisfac-
tion. Psychosocial distress was generally higher
among women than men. Cardiac rehabilitation
did not affect relationship satisfaction in either
gender (men remained generally satisfied,
women generally dissatisfied). Depressive
symptoms and anxiety improved in both genders,
while women had a more favorable reduction in
panic symptoms. Clinically relevant anger, how-
ever, improved only among men, not among
women [55]. The reasons for these differences
are unknown.

Cardiac Rehabilitation in Spontaneous
Coronary Artery Dissection
and Microvascular Angina

Spontaneous coronary artery dissection is a rare
cause of myocardial infarction which tends to
occur almost exclusively in younger women with-
out major atherosclerotic risk factors. Data on
safety and efficacy of cardiac rehabilitation are
limited. Investigators from the Mayo Clinic
published a case series of nine women in 2015
showing improvements in exercise capacity and
psychosocial measures without adverse events
[56]. Subjective benefits of participation were
confirmed through surveys among patients
participating in the Mayo Clinic Spontaneous
Coronary Artery Dissection Registry, and adverse
effects were not apparent. In this group, partici-
pation rates in cardiac rehabilitation were higher
than usually seen among more typical patients
with atherosclerotic coronary artery disease
[57]. Whether additional benefits accrue with car-
diac rehabilitation initiatives dedicated to
individuals with spontaneous coronary artery dis-
section is unclear [58].

Data on safety and efficacy of cardiac rehabil-
itation in microvascular angina, a cause of
myocardial ischemia that disproportionately
affects women, are similarly limited. Szot et al.
studied 55 women with microvascular angina and
documented not only improvements in functional
capacity with cardiac rehabilitation but also
improvements in quality of life and myocardial

perfusion by radioisotope imaging [59, 60].
Improvements in exercise capacity, metabolic
parameters, and psychosocial variables were
also seen in a small randomized trial by Asbury
et al. [61].

Interventions to Close the Gender Gap

Interventions that have been shown to improve
utilization of cardiac rehabilitation services for
women and men are detailed in a Presidential
Advisory from the American Heart Association
and the excellent systematic review by Supervia
[25, 27]. As is evident from the compilations,
while many interventions have shown benefit,
most interventions have been tested only in a
single setting, few of the studies are randomized
controlled trials, women tend to be under-
represented, and gender-specific data on interven-
tion outcomes are often lacking.

Systematizing referral to cardiac rehabilitation
is fairly easy to implement, eliminates referral
bias and errors of omission, and increases referral
rates [25, 27]. It is clear, however, that care
pathways such as Get With The Guidelines
which automate referral and increase referral
rates are not sufficient to improve enrollment
rates [62]. The Cardiac Rehabilitation Care Con-
tinuity through Automatic Referral Evaluation
(CRCARE) study compared usual care with sys-
tematic referral, liaison referral, and combined
systematic and liaison strategies [63]. While all
strategies resulted in better referral and enroll-
ment rates than usual care, the combined strategy
had the best results with referral and enrollment
rates of 84% and 70% compared to 29% and 26%
with usual care, respectively. Importantly, the
combined strategy eliminated the gender gap.
Referral bias in favor of men was apparent in
the liaison referral only arm, suggesting that
automating the referral process is a critical step
in eliminating the gender gap. Additional research
is needed to determine whether the strength of
referral differed by gender in the liaison-only arm
or whether women and men respond differently to
verbal descriptions of a cardiac rehabilitation pro-
gram and encouragement to attend cardiac
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rehabilitation. A hospitalized woman’s percep-
tion of how likely it is that she will attend cardiac
rehabilitation after discharge is an important
predictor of subsequent enrollment [64]. Whether
this perception is amenable to change is
unknown.

Serial program changes such as standardizing
the number of prescribed cardiac rehabilitation
sessions, showing patients a video outlining the
benefits of cardiac rehabilitation, and imple-
menting a dual incentive program for both
patients and staff using small token gifts and
recognizing adherence can lead to sustained
improvements in cardiac rehabilitation adherence
over time and appear to be effective for women
and men to a similar degree [65]. Taking the
concept of motivational programming a step
further, a small pilot study in 13 patients
(among them 4 women) suggested recently that
financial incentives among patients with limited
resources may significantly increase program
adherence [66].

Several investigators have shown gender
differences in illness perception, recovery goals
after myocardial infarction, psychosocial char-
acteristics, and comfort with the traditional
in-center cardiac rehabilitation environment giv-
ing rise to the notion that women-specific pro-
gramming may enhance utilization rates,
adherence, and potentially outcomes among
women [67]. A small pilot trial in Toronto tested
whether individualized telephone coaching
designed to support self-management prior to
intake in the cardiac rehabilitation program
could impact women’s attendance at the program
intake visit. Attendance at the intake visit was
higher in the intervention than usual care group
(57.6% vs. 33.3%, p ¼ 0.048), but neither atten-
dance beyond the intake visit nor program
outcomes were reported [68]. Midence et al. com-
pared outcomes of cardiac rehabilitation in a
small group of women randomized to attend
mixed-sex or women-only cardiac rehabilitation
groups [69]. In adjusted analyses, outcomes
such as changes in exercise capacity and risk
factors were equivalent in the two program
types. There was a suggestion in the data that
women randomized to the women-only cardiac
rehabilitation group had lower levels of anxiety

and depression than their counterparts assigned
to mixed-sex cardiac rehabilitation groups.

Beckie et al. randomized women who had
been referred to cardiac rehabilitation to tradi-
tional mixed-gender cardiac rehabilitation versus
a gender-tailored women-only intervention.
The 12-week intervention consisted of 36
electrocardiogram-monitored exercise sessions
and 10 psychoeducational sessions based on the
transtheoretical stages of change and motivational
interviewing strategies [70]. Mirroring the multi-
tude of barriers to participation in traditional
cardiac rehabilitation, recruitment into the trial
proved challenging [71]. Ultimately, 252 women
were randomized. Attendance at exercise
(90% vs. 77%) and educational sessions
(87% vs. 56%) were better in the intervention
group than in the traditional cardiac rehabilitation
group [31]. The two programs equally improved
exercise capacity [72] and heart rate recovery
after exercise [73]. The group randomized to the
women-only intervention had greater improve-
ments in inflammatory markers, depressive
symptoms, quality of life, and perceptions of
health [73–77]. To date, these results have not
been reproduced in other cohorts.

Given women’s higher burden of barriers to
participation in traditional center-based cardiac
rehabilitation programs, home-based programs
have been increasingly advocated to broaden
access to cardiac rehabilitation among women.
In a recent Cochrane review, Anderson et al.
included 23 trials among 2890 patients with his-
tory of acute myocardial infarction, coronary
revascularization, or heart failure and found no
differences in major outcomes such as mortality,
exercise capacity, changes in cardiovascular risk
factors, and health-related quality of life between
home and in-center cardiac rehabilitation
programs [78]. There was a slightly higher rate
of program completion among the participants
assigned to the home-based intervention (risk
ratio 1.04; 95% confidence interval 1.0–1.08).
The authors emphasized, however, that only
19% of the participants were women, and 4 of
the 23 studies didn’t include any women. In a
randomized study assigning women to mixed-
sex supervised cardiac rehabilitation, a women-
only supervised program, or home-based cardiac
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rehabilitation, Grace et al. found no improvement
in adherence with alternate programming [79]. It
is thus unclear whether home-based programs
could narrow or eliminate the gender gap in car-
diac rehabilitation participation.

Gaps in Evidence and Future
Directions

Much is to be learned about optimizing the car-
diac rehabilitation experience and cardiac rehabil-
itation outcomes in general and for women in
particular. While data suggest that more rehabili-
tation sessions correlate with better prognosis, we
do not know the optimal duration of cardiac reha-
bilitation nor the optimal frequency of sessions
for various rehabilitation outcomes in different
disease states, and we don’t know whether these
differ by gender. While most in the field agree
that a course of cardiac rehabilitation should
include both aerobic training and resistance train-
ing, it is likely that the “optimal exercise prescrip-
tion” will not only vary by specific rehabilitation
outcomes but that it will vary by a multitude of
patient characteristics with gender being just one
of many variables to be considered. Behavior
change and maintenance of behavior change are
difficult to achieve. There are no large high qual-
ity head-to-head studies comparing different
strategies to achieve behavior change in cardiac
rehabilitation and their impact on outcomes
stratified by gender. Data on long-term outcomes
of cardiac rehabilitation are limited at best.
Investigations of rehabilitation settings other
than the classic in-center exercise, evaluation of
women-specific programming, and investigations
of the potential impact of “smart-technologies”
are in their infancy, and it is too early to tell
whether these will help to lessen gender
disparities in enrollment and adherence and
improve outcomes of cardiac rehabilitation. Car-
diac rehabilitation is a multimodality intervention
which, in aggregate, improves outcomes. How-
ever, we know little about the impact of individ-
ual components of cardiac rehabilitation on
outcomes nor how impact of individual
components may differ by gender and other

patient characteristics. Hopefully, analyses of
large registries and clinical trials (including prag-
matic trials within large registries) will close
some of the many evidence gaps. Once clinical
trials have shown benefits for specific cardiac
rehabilitation approaches, clinical trial results
must be translated into clinical practice. Our abil-
ity to apply evidence-based approaches is contin-
gent on appropriate representation of patients
eligible for cardiac rehabilitation and clear
descriptions of the interventions utilized. As
shown throughout this chapter, many studies in
cardiac rehabilitation do not provide gender-
specific data, in part due to underrepresentation
of women in published studies. Furthermore, a
recent analysis of 63 clinical trials of exercise-
based cardiac rehabilitation showed that over half
the publications lacked a complete description of
the exercise schedule and did not adequately
describe its tailoring and progression through
the course of the cardiac rehabilitation program
[80]. Clinical trials of cardiac rehabilitation
should aim for sample sizes that allow robust
subgroup analyses by gender, and authors and
editors must work together to improve the
reporting of such trials.

Lack of definitive data should not dissuade us
from fully implementing cardiac rehabilitation for
women (and men) with qualifying diagnoses/dis-
ease states. Automated referral should be standard
in all care settings to eliminate gender bias in
referral, and additional strategies should be
employed to maximize attendance in traditional
cardiac rehabilitation programs or their commu-
nity or home-based equivalents (Table 34.3).
Given lower long-term healthcare expenditures
among cardiac rehabilitation attendees, health
systems and third party payors would be well
advised to incentivize cardiac rehabilitation atten-
dance instead of discouraging attendance by
co-pays that are often unaffordable for patients.

Conclusion

Underutilization of cardiac rehabilitation services
is widespread and is more pronounced among
women than men. Automating referral to cardiac
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rehabilitation eliminates referral bias and, com-
bined with other interventions, can substantially
improve participation rates. Participation in car-
diac rehabilitation improves clinical, behavioral,
and health outcomes among patients with a vari-
ety of cardiovascular diagnoses and decreases
health service utilization and costs. Innovative
delivery models need additional validation but
may ultimately make “cardiac rehabilitation for
all” feasible even in low resource settings.
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Abstract

Motor impairments after stroke are often per-
sistent and disabling, and women are less
likely to recover and show poorer functional
outcomes. To regain motor function after
stroke, rehabilitation robots are increasingly
integrated into clinics. The devices fall into
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two main classes: robots developed to train
lost motor function after stroke (therapy
devices) and robots designed to compensate
for lost skills (i.e., assistive devices). The arti-
cle provides an overview of therapeutic
options with robots for motor rehabilitation
after stroke.

Keywords

Rehabilitation robots · Brain injury · Sex
differences · Motor function ·
Neurorehabilitation · Therapy device ·
Telerehabilitation · Locomotor training ·
Multiplayer strategy

Sex Disparities in Stroke
Epidemiology, Pathophysiology,
Treatment, and Outcomes After Stroke

Stroke is a worldwide health concern and one of
the main causes of disability. An estimated 17mil-
lion people worldwide experience a stroke each
year [1]. In high-income countries, the incidence
decreases, probably due to improved risk factor
control and better healthcare interventions. How-
ever, the incidence in low-income and middle-
income countries, and thus the global number, is
increasing [2]. With a declining rate of stroke
mortality and increasing aging populations world-
wide, the prevalence of stroke survivors rises and
is estimated to reach 70 million subjects world-
wide by 2030 [1]. It is clear, therefore, that both
the financial and human impacts of stroke are
immense for patient, family, and society.

There are differences between women and
men regarding stroke which are increasingly
being recognized and have even led to specific
guidelines for the prevention of stroke in women
by the American Heart Association [3]. For
instance, the incidence of stroke is different in
men and women. During most of the lifetime,
men are at a higher risk to experience a stroke
compared to women. But in the young popula-
tion, the risk for women is higher than in men of
the same age, probably due to oral contraceptive
use and pregnancy. Moreover, in postmenopausal
women, a steep increase in the incidence of stroke

occurs [4]. Due to the higher life expectancy of
women and much higher incidence of stroke in
older ages, women suffer more strokes than men.
Furthermore, there are more overall stroke deaths
among women. Stroke is the second leading
cause of death in women and only the fifth lead-
ing cause in men in the USA [5]. But of note,
women are on average 4.5 years older when they
get their first stroke, and when adjusting for age,
the death rates are similar between men and
women [6, 7].

Sex disparities in the etiology of stroke are also
well documented: cardioembolism is the main
cause of stroke in women, whereas large and
small vessel disease is the main cause among
men. The differences may be due not only to
genetic and hormonal factors but also to lifestyle
differences between men and women. Many sig-
nificant risk factors for stroke are modifiable:
Hypertension, smoking, body fat distribution,
diet, physical inactivity, diabetes mellitus, alcohol
intake, psychosocial stress, depression, cardiac
causes, and ratio of apolipoproteins B to A1 are
all associated with stroke [8]. They are controllable
and should be targets for population-based
programs that are sex-specific. For instance, men
are more often smokers and consume more alcohol
than women, while other risk factors such as obe-
sity/metabolic syndrome, atrial fibrillation, and
migraine with aura are more common in women
[9]. Accordingly, preventive measures may have
different effects in men and women: Aspirin seems
to be more effective in women at preventing first-
ever strokes [10]. Of interest, the effect of aspirin
on secondary stroke prevention seems not different
between sexes [11, 12].

Several studies suggest that different cell
pathways are activated in males and females
after ischemic stroke [13]. This may also have
an influence on the effect of treatment. For
instance, in animal models, progesterone treat-
ment after neonatal brain injury resulted in
reduced tissue loss only in males but not in
females [14]. Similarly, there is some evidence
from animal studies that differences in the effec-
tiveness of steroid hormones after stroke exist.
While estrogens appeared to be effective in
young adult rodent males and ovariectomized
females, they might have been hazardous in intact
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females [15]. In humans, there exist differences
between sexes in the acute care which is provided.
A European study showed that investigations such
as Doppler examination, echocardiogram, and
angiography were less frequently performed in
women than in men [16]. Women are also less
likely to receive intravenous alteplase treatment
for thrombolytic therapy while in hospital
[12]. And these differences cannot be explained
by age or severity of stroke alone. So, what is the
reason for these disparities between men and
women? It is assumed that a complex interplay of
demographic factors, pre-existing health state, and
psychosocial functioning, together with age and
disease severity, may explain the described
differences [12].

The outcome after stroke is mainly defined by
motor impairment. It affects about 80% of stroke
survivors and typically involves movements of the
face, arm, and leg on one side of the body [17]. So
far, there is hardly any complete cure for the dam-
age to the central nervous system. Although the
successes of acute treatment after neurological
diseases such as stroke are considerable (e.g., by
intravenous thrombolysis), the therapies are appli-
cable only in narrow time windows and rarely lead
to a complete decline in symptoms. Therefore, the
motor consequences of stroke continue to be
treated mainly with permanent forms of physical
therapy.

Physiotherapy and occupational therapy aim
primarily at restoring and maintaining the motor
function to perform activities of daily living
(ADLs). No major differences between men and
women were observed regarding the amount of
physical therapy received [16]. Nevertheless, sex
seems to be a prognostic factor in stroke rehabili-
tation [18]. Several studies have shown that
women have a worse functional outcome with
more disabilities and handicaps within the first
3 months after stroke [12, 17]. Results among
studies in this subacute phase are divergent and
may be partly attributed to age at stroke onset or
other demographic or clinical characteristics
[17]. Few studies have assessed functional out-
come beyond these 3 months. In a study where
observation was prolonged to cover the whole first
year after stroke, deterioration was more common

in women [18]. Male patients have a higher proba-
bility to be independent in both ADLs and stair
climbing [18]. This better outcome in men may be
partly attributable to differences in muscular
strength between men and women. Strength tends
to decline more with age in women than men and
plays an important role for an independent living
[19, 20]. Muscle weakness may be directly respon-
sible for compromised motor function after stroke,
and several studies showed that strengthening
interventions increase strength and improve activ-
ity [21]. But rather than just strength or fitness,
motor control is essential for skilled use of the
limbs.

Neurorehabilitation of Motor Function
After Stroke

Various therapeutic approaches for stroke rehabili-
tation exist, and a large debate about the relative
effectiveness of these approaches on motor func-
tion after stroke is ongoing [22]. Take, for exam-
ple, constraint-induced movement therapy
(CIMT). CIMT is a promising therapy form
where the less affected limb is restricted. The
affected arm must be used instead to perform
tasks and exercises which are tailored to the
person’s capacity. Although the therapy is well
known and is supposed to be a useful tool for
recovering the ability to perform ADLs, a
Cochrane review found that CIMT was associated
with only limited improvements in motor
impairment and motor function, and in the author’s
opinion, these benefits did “not convincingly
reduce disability” [23]. Besides the limited out-
come, the inclusion criteria for CIMT are strict,
and the majority of patients (>75%) does not even
meet the minimum motor ability required for
CIMT [24]. CIMT is one example that highlights
the generally modest therapeutic success of con-
ventional therapy forms. As a consequence, neuro-
logical research is strongly focused on optimizing
learning strategies in order to boost recovery.

There is strong evidence that a therapy that
includes intensive, high-repetition, task-oriented
training improves motor function after stroke
[22]. A Cochrane review on such repetitive and
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task-oriented training after stroke showed
improvements, although small, in arm and hand
functions as well as walking distance and walking
ability [25].

How is high repetition in neurorehabilitation
defined? From animal studies, we can conclude
that large doses of practice in the order of
hundreds of daily repetitions of upper extremity
practice and thousands of daily repetitions of gait
may be required [26]. But this amount is seldom
reached in neurorehabilitation therapy. A study
investigated the numbers of repetitions performed
in a typical training session of physical and occu-
pational therapies post-stroke [26]. The average
number of gait steps in a training session was 357.
In upper limb rehabilitation, the average number
of repetitions per training session reached a
mere 32. How can we explain this discrepancy
between the required and achieved numbers?
Tasks performed with the upper limb are often
complex. Most tasks are composed of several
movement components, namely reaching for,
grasping, moving/manipulating, and then releas-
ing an object [27]. An intense training with a high
number of repetitions of these coordinated
movements requires a lot of physical and mental
effort by the therapist who is assisting the patient.

Robots can relieve the therapist. Robots, as
described here, are machines that are equipped
with advanced control techniques to interact
with the user. As they enable to offer highly
repetitive therapy over a longer period, robotic
devices for the treatment of the upper and lower
extremities are increasingly being integrated into
everyday clinical practice.

Robots for Motor Training
of the Upper Extremity

A variety of therapy robots for neurorehabilitation
are under development and clinically tested. More
than 120 devices for therapy of the upper extrem-
ity only are described [28]. The diverse technical
solutions differ in actuation, sensors, and control
strategies. The aim of the devices is to provide
motion assistance during physical therapy.
Regarding the mechanical structure, there are
two main categories: end-effector-based and

exoskeleton-based robots. Both types allow for
intense, high-repetition therapy. They differ in
the interaction with the user. End-effectors are
attached to the human limb at only one, usually
distal, point (e.g., the lower arm). Movement of
the end-effector changes the position of the arm at
this connection point. It also indirectly changes
the position of other limb segments (e.g., the
upper arm) and creates interaction torques in
each limb segment that are not fully determined
by the device [28]. In patients, the movement may
provoke pathologic compensatory movements
that can be harmful. Modular systems overcome
this limitation by combining several end-effector
devices that are connected at the single limb
segments [29].

Exoskeletons are orthoses that surround the arm
like a scaffold. The device segments align to the
anatomical segments of the human arm to which
they are attached at multiple locations. The rota-
tional axes of the device correspond largely to
the rotational axes of the human arm. Exoskeletons
require more complex compensation and control
algorithms than end-effectors. But they allow
more naturalistic movements of the arm. The
arm positions can be precisely defined in each
segment, and each joint can be controlled
independently [30].

ARMin is an example of an exoskeleton robot
for therapy of the upper extremity after brain
injury. It allows for functional shoulder, elbow,
and wrist movements and hand opening/closing
(Fig. 35.1 [31, 32]). As the device is connected
with a graphical display (i.e., a screen), the user
can perform games, for example, air hockey,
where highly repetitive movements are presented
in a motivating scenario. Instant audio, visual,
and haptic feedbacks are given. The level of
game difficulty can be adapted to the abilities of
the user. Additionally, the device provides assis-
tance when the user is not able to execute a
movement alone (assistance as needed) [33]. For
example, when the user attempts to catch a ball in
the game and does not succeed to finalize the
movement, the robot guides the arm to the target
point. This guidance is supposed to support motor
learning by providing sensorimotor input.
Besides games, ARMin allows to train activities
that are relevant in daily life (ADL), for example,
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cooking or buying a train ticket from an automatic
ticket counter.

The ARMin robot was already successfully
tested in subjects in the chronic phase (i.e., mini-
mum of 6 months) post-stroke [34]. After 8 weeks
of therapy (i.e., 24 h of therapy), robot-assisted
therapy with ARMin led to significantly higher
gains in motor function than did conventional
(physical and occupational) therapy. Further-
more, the same gains were achieved faster with
the robot. It seems that particularly patients with
severe impairment benefit from therapy with
ARMin. Looking at the other outcomes of the
clinical study, strength gains were significantly
higher with conventional therapy. Secondary
analysis of the data implies that the gains in
motor function in the conventional group were
partly attributable to these strength gains [35]. In
contrast, the ARMin group seemed to gain rather
motor skills (i.e., the ability to reliably deliver
accurate execution of motor tasks) [36]. No dif-
ference in outcome between men and women
could be observed in this study.

Robots for Motor Training
of the Lower Extremity

Three months after stroke, 20% of patients remain
wheelchair bound, and most of those who are
ambulatory present with a disrupted, asymmetric

walking pattern [37]. Motor weakness and bal-
ance disturbances make locomotor training chal-
lenging as it may require two or more therapists to
assist the legs and trunk during movement.
Robotic devices are helpful tools in training of
gait by providing body weight support and guid-
ance of the legs. Some devices are equipped with
sensors that provide information regarding forces
and torques, angles, and movement trajectories
and give feedback to the user.

As for the upper extremity, the devices can be
differentiated into end-effectors and exoskeletons.
An example of a stationary end-effector robot is
the Gangtrainer® (Reha-Stim). The robot device
guides the legs through two footplates which sim-
ulate the bilateral joint stance and swing phases of
walking in a coordinated way, on fixed trajectories.
An extension of the Gangtrainer® is the
HapticWalker®, a robot with separately program-
mable footplates which allow also more sophisti-
cated walking tasks, such as stair climbing, and
the simulation of gait perturbations such as stum-
bling [38]. These functions come at the cost of
bigger dimensions of the device. A smaller version
of the HapticWalker® for clinical use is the
Geo-System® that enables the practice of
simulated floor walking and stair descending and
ascending [39].

Regarding exoskeletons for the lower extrem-
ity, several solutions combine the orthosis with a
harness for body weight support and a treadmill.

Fig. 35.1 Two ARMins with subjects for Beam Me In setup
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The devices can be adjusted in walking speed, the
amount of body weight support, and the amount of
assistance provided to the individual needs of the
users. Examples of commercially available devices
are the Lokomat® (Hocoma), the ReoAmbulator®
(Motorika), and the LokoHelp® (Woodway).

Overground gait trainers are mobile exoskele-
ton solutions. In rehabilitation, they are mainly
developed for training purposes. But the use is
rapidly increasing toward assistive purposes for
use at home and even in the community. The
wearable robots surround the body like a scaffold.
Using crutches, the user can stand, walk, get up
from the chair, and sit down. Even sideways
movements and climbing stairs are possible. The
rigid yet movable metal structures can enable
even completely paralyzed people to walk.

Some groups develop soft mobile exoskeletons.
Such lightweight and flexible exoskeletons (i.e.,
exosuits) can be discretely worn under clothing.
The straps on the legs mimic the muscles and
ligaments of the body. The power of the motors
is transmitted via cables to the joints. Subjects who
can stand but are restricted in mobility, being due
to age or a partial weakness, is given assistance in
everyday life by these devices. An example is the
Myosuit (Fig. 35.2) [40]. If the user needs help
with physically demanding activities such as trans-
fer from sitting to standing, ascending or
descending stairs, or walking short distances, the
soft exoskeleton can aid in the movement [40, 41].

An exosuit for unilateral use assists ankle
plantarflexion and dorsiflexion and was success-
fully tested in hemiparetic subjects post-stroke
where it led to a reduction in paretic hip hiking
and circumduction during walking [42].

Summarizing the current status of clinical
research on electromechanical-assisted gait train-
ing, a Cochrane review found moderate-quality
evidence that such training combined with physio-
therapy improves recovery of independent walking
in people after stroke more than does physiother-
apy alone [43]. The increase in walking ability was
not dependent on the type of device used. Whether
end-effector devices improve walking velocity
more than exoskeleton devices needs studies that
aim at comparing the different devices.

Robots for Basic Research

Robots bear more advantages than only intense,
high-repetition training in a motivating environ-
ment. Robots can provide optimized learning
strategies which are not achieved with conven-
tional therapy forms. Error amplification is an
example of a learning strategy that was success-
fully implemented with robots. The principle
behind error amplification is to amplify the trajec-
tory errors throughout a movement, usually
haptically by the robot or visually by the display.
This amplification may bring the error to the
attention of the performer. The success of error
amplification depends on the subjects’ skill level
[44]. It seems helpful particularly in those stroke
patients who are only moderately affected and
helps to learn the spatial components of
trajectories [45]. For more severely affected
patients, not the haptic amplification of an error

Fig. 35.2 Subject wearing the Myosuit for stair climbing
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but rather the haptic guidance through a move-
ment is beneficial. This passive movement alone
as a kind of “proprioceptive observation” can
teach the movement and induces cortical changes
[46, 47].

In addition to providing new treatment
options, robots may deepen the understanding
about the mechanisms and the time course of the
recovery of motor control. The abnormalities in
motor control after stroke are not entirely subject-
specific. Typical patterns of impairments are
observed across subjects and are part of the recov-
ery process (e.g., pathological synergies)
[48]. Robots that are equipped with sensors can
reveal these patterns in much more depth and
finer time resolution than clinical tests or
motion-capturing systems. The latter provide
kinematic information (e.g., position, velocity,
and acceleration) of a movement. Robots with
haptic sensors can additionally record kinetic
information, i.e., forces or torques [49].

An example is the time course of recovery. It is
generally accepted that true recovery of motor
control, i.e., the ability to perform a movement
in the same manner as before injury, takes place
in the first 3–6 months after stroke
[50]. Improvements beyond this sensitive period
may be mediated almost entirely by compensa-
tion, meaning that alternative movement patterns
which are different from those originally used
before the injury are learned (for instance, using
the trunk for reaching movements of the arm).

By analyzing movements that were performed
in a robot, it could be recently shown that true
recovery (i.e., motor control) and compensation
are dissociated already early after stroke. The true
recovery of arm motor control seems to plateau
after only 5 weeks [51]. Beyond this time, com-
pensation and strength gains dominate the func-
tional improvement.

Analyzing data recorded during robotic ther-
apy on large groups of patients and application of
machine learning will change our understanding
of the different variables affecting recovery after
stroke. It may reveal how sex can impede or
promote stroke recovery. This is important since
little is known about differences among men and
women regarding long-term recovery. Novel

ways to improve neurorehabilitation therapies
will emerge. The rehabilitation therapy will be
individually adapted depending on the phase,
the observed deficits, and the severity of
impairment. The goal is to improve performance
in the early as well as in later chronic stages.

Rehab Gyms

Another important advantage of robots is the pos-
sibility that a single therapist can effectively super-
vise multiple subjects. Rehab gyms allow such a
training scenario. A therapist supervises a group of
patients who train on different robotic devices.
Subjects can even interact through the devices by
playing games in virtual scenarios. Users can com-
pete against each other or play with each other
against the computer. The input device can be a
robot or other devices such as Nintendo Wii® or a
computer mouse. Although both users play the
same game, the difficulty of the virtual game is
customized for each individual. For instance, the
resistance to the movement can be increased for
the “better” player or the “worse” player receives
more support during a movement. Even ADLs
such as cooking can be practiced together in virtual
reality. This so-called multiplayer strategy allows
social interaction with others during therapy, being
patients, friends, or family members. Whether this
cooperation promotes motivation and gains in
motor function is currently being investigated in
a clinical study involving the partner. Preliminary
data suggests that women and men differ in
preferences how these games should be set
up. Men seem to enjoy competitive gaming
scenarios more than do women.

Robot-Assisted Telerehabilitation

Remote therapy (i.e., telerehabilitation) with
robotic devices can improve the access to therapy
and provides an opportunity to increase the dura-
tion and the frequency of training. Several
telerehabilitation systems with remote auditory
and/or visual interactions between therapist and
patient already exist and were clinically tested in
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stroke patients [52, 53]. Remote connection with
not only visual and auditory but also haptic
devices is increasingly investigated. To do so,
therapy robots are placed at the home of patients.
They communicate with the therapist to exchange
information regarding daily usage and functional
performance (e.g., training angles achieved, diffi-
culty levels across exercises) [54, 55].

We extended haptic telerehabilitation by
providing both the therapist and the patient with
a robot (Fig. 35.2). This system enables therapists
to haptically interact with the patient, i.e., to guide
the patient’s arm through a movement, but also to
assess the impairment of the arm remotely. As the
therapist can feel the patient impairment via the
robot in his own limb, we call it the “Beam Me
In” setup.

The Role of the Therapist in Robot-
Assisted Therapy

Robots do not replace the therapist but provide him
with a tool that allows him to use his skills and
knowledge. But while conventional therapy allows
the therapist to interact directly with the patient and
feel the constraints of a limb, in robot-assisted
therapy, it is the therapist’s primary responsibility
to operate the device. Interactions of the therapist
with the robot are not intended. They are
interpreted by the robot as an external disturbance.
We aim to integrate the therapist into the robot-
assisted therapy. In the BridgeT project, the thera-
pist can operate the ARMin robot (see above) via
handgrips that are equipped with sensors. The
therapist teaches the device by directly guiding it
through movements that the patient should per-
form [56]. The device learns from the therapist,
repeats the movement, and adjusts the difficulty to
the patient’s abilities, e.g., if the patient becomes
tired or stronger during the therapy.

Conclusion

Although sex differences regarding stroke are
recognized, little information on differences
among men and women regarding motor recovery
after stroke is available. Robots with sensors have

the potential to monitor slight changes in motor
function. Thus, they are suitable to deepen the
understanding of the individual recovery process
and to find patterns among different groups, e.g.,
among men and women. Eventually, robot-
assisted therapy will optimize treatment strategies
for patients of both sexes.
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Abstract

Precision medicine aims to offer “the right
treatment to the right patient at the right
time.” In cardiovascular medicine the potential

of precision medicine applies to all stages of
the disease development and includes risk pre-
diction, preventative measures, and targeted
therapeutic approaches. Precision medicine
will benefit from new developments in the
area of genomics and other omics but equally
heavily depends on established biomarkers,
functional tests, and imaging. Cardiovascular
medicine often relies on noninvasive diagnostic
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procedures and symptom-based disease man-
agement. In contrast, other clinical disciplines
including oncology and immunology have
already moved to molecular diagnostics that
lend themselves to precision medicine
approaches. There are opportunities to imple-
ment precision medicine approaches by focus-
ing on common diseases such as hypertension,
conditions with diagnostic and prognostic
uncertainty such as angina, and conditions that
are associated with high mortality and involve
costly and potentially harmful interventions
such as dilated cardiomyopathy and cardiac
resynchronization therapy. Sex and gender
issues have not yet been fully explored in pre-
cision medicine although the opportunity to use
molecular data to more accurately manage men
and women with cardiovascular disease has
been acknowledged. A mindshift is required in
order to fully exploit the potential of precision
medicine to tackle the global burden of cardio-
vascular diseases.

Keywords

Precision medicine · Stratified medicine ·
Personalized medicine · Genomics ·
Proteomics · Metabolomics · Biomarker · Sex ·
Gender · Big data · Prevention

Introduction

The concept of personalized medicine is not new.
Doctors have always tried to see features of health
and disease in the context of an individual patient’s
medical, social, and personal circumstances. The
notion of “treating the patient, not the disease” is
one of the basic principles of clinical medicine that
extends to sex and gender issues and features
throughout this book. At the same time, it is evi-
dent that patients share factors that determine risk,
natural progression of disease, and response to
treatment. Identification of such shared factors
has been one of the main achievements of recent
years, facilitating transition from an experience-
driven approach in individual patients to

evidence-based medicine based on data derived
from experimental work and large clinical trials.

In cardiovascular medicine we are used to bio-
marker-based diagnostic criteria, criteria-led thera-
peutic approaches, and monitoring of therapeutic
approaches using imaging and other techniques.
Prominent examples include the definitions of
acute coronary syndromes based on cardiac
troponins [1], hypertension based on blood pres-
sure or thresholds [2], diabetes based on measures
of glycemic control [3], and heart failure not only
based on symptoms but also on ejection fraction
[4]. In all these examples depending on precise
characterization of disease, the appropriate thera-
peutic approach can be chosen. With recent
advances in molecular medicine, in particular
with the widespread availability of genetic and
genomic data in large population and the ability
to genotype or even sequence the whole genome of
individual patients at reasonable cost, cardiovascu-
lar medicine is currently facing new challenges and
promising opportunities.

Unfortunately, terminology in the area of pre-
cision medicine is confusing and reflects the con-
flict between treating patients based on their
individual clinical and social features and treating
groups of patients based on shared characteristics.
The matter has been complicated by the firm
belief of most doctors that they have always
employed a personalized approach and do not
need a new word describing their established
clinical practice. The terms “stratified medicine,”
“personalized medicine,” and “precision medi-
cine” have been introduced but are often used
interchangeably. In this chapter we will use the
expression “precision medicine” but not without
briefly acknowledging the development of termi-
nology (Fig. 36.1).

The Medical Research Council in the UK
states that “Stratified medicine is based on
identifying subgroups of patients with distinct
mechanisms of disease, or particular responses
to treatments. This allows us to identify and
develop treatments that are effective for particular
groups of patients. Ultimately stratified medicine
will ensure that the “right patient gets the right
treatment at the right time” [5]. Where such strat-
ification is increasingly precise and “subgroups of
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develop
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Fig. 36.1 Idealized principles of stratified and
personalized medicine approaches. (a) Stratified
approaches group individuals based on criteria such as
sex, age, genetic background, ethnicity, biomarker studies,
or imaging studies into groups that will then be managed
uniformly. The panel shows a general population that
undergoes testing for risk stratification. In this example
we do not know how well the test performs as nothing is
known about the group that is considered not to be at risk.
We have chosen a condition that is associated with higher
risk in women. Of the at-risk population, 40% develop
disease despite preventative treatment. Here we do not
know whether this is because of poor efficacy of the
treatment or because the test wrongly classified subjects

into the at-risk group despite being at no risk. Treatment of
disease will then be based on further tests but also on other
aspects including age and sex. In this example Treatment
A is only appropriate for female patients. (b) Personalized
approaches collect as much information as possible
including genetic/genomic, imaging, and functional stud-
ies, individual lifestyle factors, and medical records and
use integrative analysis methods to develop precise and
individualized management strategies that will include all
areas from disease prevention to therapeutic strategies. As
all patients are seen individually, sex and gender aspects
are only one of many factors and do not immediately
feature in this figure



patients” are sufficiently small, this “stratified”
approach evolves into a “personalized” approach.
In the 2016 strategy paper “Improving Outcomes
Through Personalized Medicine,” the National
Health Service (NHS) in England has described
changes in the way how medicine will be deliv-
ered and how new targeted treatment approaches
will be developed [6]. In the context of cardiovas-
cular medicine, it is encouraging to read in this
document that “Personalised medicine is impor-
tant not only for the 1 in 17 people who have a
rare disease, or for those living with cancer, but
also for the many others who have or are at risk of
developing other common diseases.”Despite this,
the document is mainly based on the
opportunities provided by the era of genomic
medicine, and we will explore in this chapter
how other biomarkers and omics techniques can
contribute to precision medicine. The term preci-
sion medicine has indeed been used by a US
National Research Council publication Toward
Precision Medicine [7], and particularly after the
launch of President Obama’s Precision Medicine
Initiative in January 2015 [8], it has become the
preferred term by many working in this area of
medicine.

More recently the areas covered by precision
medicine have been further expanded, recognizing
the broad medical and societal aspects of this new
approach. The abovementioned NHS document
defines four areas covered by personalized medi-
cine: prediction and prevention of disease, more
precise diagnosis, and targeted and personalized
interventions [6]. These four “P”s can be further
complemented by the participatory nature of mod-
ern medicine, involving patients and the wider
public especially when it comes to radical changes
in the way we practice medicine [9].

There are a number of excellent overview
articles available that explore the development
and opportunities of precision medicine in more
detail, and we would like to refer the reader to
these documents [10, 11]. Moreover, many
chapters of this book already directly or indirectly
address areas of precision medicine by defining
differences, for example, between men and
women in pathophysiology, risk, treatment goals,
and response to treatment development. In this

chapter we will therefore not provide a compre-
hensive review of precision medicine in cardiovas-
cular diseases but rather guide the reader through
this rapidly evolving area along selected examples.

Finally, it is important to see the development of
precision medicine as part of the battle against
chronic diseases worldwide. With global
improvements in social circumstances and nutrition
and the increasingly successful fight against infec-
tious diseases and cancer, cardiovascular diseases
are the major driver of morbidity and mortality
worldwide [12]. From a health-economic perspec-
tive, further reductions in the prevalence of cardio-
vascular and cardiometabolic diseases such as
hypertension and diabetes will have far greater
impact than similar efforts in the area of cancer
[13]. While it is not our intention to discourage
the community from fighting against cancer and
other conditions, we would like to emphasize that
new approaches including precision medicine
strategies are required to tackle the global cardio-
vascular disease challenge.

Is Current Cardiovascular Medicine
Imprecise?

The present book covers a wide range of cardio-
vascular conditions, and from the information
provided, one would not immediately assume that
cardiovascular medicine is imprecise. It is indeed
true that precision medicine will be less of a revo-
lution of contemporary clinical practice than an
evolution, building on currently employed predic-
tive, diagnostic, and therapeutic strategies. The
interest in precision medicine has, however,
grown with the availability of mature molecular
medicine methods, particularly in the area of geno-
mics. There is a strong belief that the increasingly
detailed molecular characterization of disease has
the potential to translate into equally precise
therapies. This belief has been fueled by successes
in other areas of medicine which we will briefly
mention below in Sect. “Precision Medicine in the
Non-cardiovascular Field.” Despite apparent
successes in prevention and treatment of cardio-
vascular diseases, there is still room for improve-
ment. Many of these potential improvements are
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related to recognition of sex differences in devel-
opment and progression of cardiovascular diseases
as highlighted throughout this book.

Definition of Disease The precise definition of a
disease phenotype is a notoriously underexplored
area in cardiovascular medicine. In contrast to
cancer and immunological and neurological
diseases, cardiovascular diseases are often
defined by symptoms or relatively simple diag-
nostic tests. For example, the stratification of the
majority of patients with diabetes into two major
forms depending on insulin production and insu-
lin resistance does not take individual differences
in disease pathogenesis into account. We have
only recently learned from clinical experience in
patients with maturity onset diabetes of the young
(MODY), patients with “double diabetes,” other
states of insulin resistance such as overweight and
obesity, pancreatogenic diabetes, and differences
in incidence of diabetes across ethnicities that the
categorization into “Type 1” and “Type 2” does
not always meet clinical needs [14]. Recent data
from genome-wide association studies (GWAS)
provide novel insights into the pathophysiology
of diabetes and may translate into more precise
preventative and therapeutic approaches [15].

Similarly, hypertension is exclusively defined
on a readout (blood pressure) which does not take
the pathophysiological origin of the condition into
account. Constructs such as “prehypertension” or
“high normal blood pressure” suggest that the dis-
ease process starts early but do not define its path-
ophysiology. Furthermore, the dichotomous
classification into “primary” and “secondary”
forms of hypertension is too simplistic from a
mechanistic point of view. Firstly, we have, for
example, learned that with more precise assess-
ment of renin and aldosterone concentrations com-
bined with specific sampling techniques,
functional tests, and up-to-date imaging, the num-
ber of patients with primary aldosteronism is much
higher than originally thought [16, 17]. There are
similar examples including novel forms of renal
hypertension based on newly detected mutations in
electrolyte transporters and their regulation [18]
and new insights in the relationship between salt
and the pathogenesis of hypertension beyond

osmotic effects [19]. Secondly, even in patients
with “primary” hypertension, the notion that this
condition is simply the result ofmany small changes
in numerous contributing pathways may not be
correct. People with primary hypertension are still
different from each other; knowing more about the
relative contribution of key pathways including the
renin-angiotensin-aldosterone system, the sympa-
thetic nervous system, and the immune system or
the role of large and small vessels in the pathogene-
sis of hypertension can help in finding the right
treatment. The National Institute for Health and
Care Excellence (NICE) guidance on hypertension
[20], for example, stratifies patients according to
age as a surrogate of plasma renin activity [21] to
decide on the most appropriate first-line treatment.
This approach has recently been refined by the
Prevention And Treatment of Hypertension With
Algorithm-based therapy (PATHWAY)-2 study
where patients with the lowest plasma renin
concentrations were most likely to benefit from
spironolactone as antihypertensive agent [22].

Stratified Treatment The above example on
treatment of hypertension illustrates that more
precise information on individual pathogenetic
factors of disease can indeed translate into more
precise treatments. The definition of heart failure
remains based on clinical symptoms, but the rec-
ognition of differences in etiology, natural pro-
gression, and response to treatment of heart
failure with reduced as opposed to preserved
ejection fraction now explains the poor response
rate to established treatment in some patients
and has led to the design of specific studies
addressing particularly those with heart failure
with preserved ejection fraction who do not
respond to the majority of conventional therapies
[23, 24]. This exemplifies how a previously
imprecise disease definition (“heart failure”) has
become more precise recently by taking ejection
fraction into account, and there is room for further
precision by recognizing sex differences in ejec-
tion fraction as outlined in more detail in
Chapter 8 in this book. One can speculate that
other features including molecular factors will
also help to reach a more precise diagnosis and
thereby inform more precise treatment.
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Response to Treatment Despite the increasing
knowledge of pathophysiology and attempts to
provide evidence-based therapies, the overall
response to treatment of cardiovascular diseases
remains poor. Of those who are diagnosed with
hypertension and started on drug therapy, only
about a third achieve target blood pressure, with
some variation across regions and countries
[25]. Similar figures have been seen for diabetes
and other cardiometabolic and cardiovascular
conditions [12] and are a major challenge not
only to individual patients but also to healthcare
systems. For some commonly used drugs includ-
ing warfarin and clopidogrel, the response to
treatment and thereby the required doses depend
on the genetic makeup, and genotype-led pre-
scription has been implemented in some
healthcare systems [26, 27].

Therefore, while contemporary cardiovascular
medicine is not necessarily imprecise, it appears
evident that more precise definition of disease,
while considering differences between men and
women, has the potential to translate into targeted
treatments with improved response rates
(Fig. 36.2). Molecular methods including geno-
mics have the potential to add significantly to this
precision, but as the above examples have shown,
precision medicine also critically involves
established biomarkers such as cardiac troponins
and imaging techniques, particularly in the car-
diovascular field.

Domains of Precision Medicine
Throughout the Life Course

Cardiovascular but also other chronic diseases
typically develop over a long period of time.
Preventative measures as well as intervention
strategies will therefore be required in a large
number of people over many years or even life-
long. It has been argued that with the availability
of efficient, low-risk, and low-cost medicines
including aspirin and statins, pharmacological
preventative strategies can be prescribed to every-
body and only depending on age [28]. This

polypill concept is indeed attractive and may
well reduce incidence and prevalence of cardio-
vascular diseases substantially. The same is true
for other preventative measures such as healthy
diet and other lifestyle measures where there is
unopposed agreement that these should apply to
everybody and not require stratification. How-
ever, the “dosage” and types of lifestyle modifi-
cation may well require some thought in
individual patients and move even such basic
measures into the area of precision medicine.

In contrast to the polypill concept, it has also
been argued that preventative measures should
focus on those at highest risk and therapeutic
measures should be optimized in order to achieve
the best possible effect. This would define groups
or individual patients who are more or less likely
to be at risk in the first place and subsequently
benefit from preventative or therapeutic
approaches. Health economic benefits of a preci-
sion medicine approach clearly depend on a num-
ber of factors including:

• Costs of the stratification test. Such tests can
be inexpensive as in the case of testing for
NT-proBNP to support the diagnosis of heart
failure; more costly, for example, if echocardi-
ography is involved for subtyping of heart fail-
ure and diagnosis of concomitant disease; and
very expensive if it involves genome sequenc-
ing, MRI scanning, or proteomic analysis.

• Precision of the stratification test. False-
positive and false-negative test results will
add imprecision rather than precision, and
especially where a single test result determines
clinical management, precision of the test has
to be high.

• Population-specific risk. As with any diagnos-
tic testing, the results of a test have to be
interpreted in the context of population risk
or, more generally, pretest probability.
Conditions with high prevalence (e.g., hyper-
tension in the elderly) are less likely to benefit
from sophisticated stratification approaches
than rarer conditions (e.g., insulin resistance
after gestational diabetes). Similarly, for drugs
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that work well in the vast majority of patients,
stratification for response to treatment may be
less attractive than for drugs with less robust
therapeutic effects.

• Relationship between pathophysiology, test,
and therapeutic approach. The closer a test is
related to the pathophysiology of disease and
to the mechanism of action of the proposed

A

effective and safe

not effective but safe

effective but with adverse effects

not effective and with adverse effects

B

correct treatment

correct treatment

correct treatment

correct treatmentIndividualized characterization

Fig. 36.2 Precision medicine and response to treatment.
(a) Conventional strategies assign treatments to large
groups of individuals but take the risk that treatment may
not be effective and/or not safe. (b) In precision medicine
individuals undergo comprehensive individualized charac-
terization to decide about the right treatment for the right

person. Depending on test performance, this precise treat-
ment will be effective and free of adverse effects. In this
example, sex plays a role in the allocation of treatment
with the blue and orange treatments being the right choice
only for men and women, respectively
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treatment, the better will be its precision and
thereby its usefulness as stratification tool or to
inform personalized approaches.

• Natural course of disease. Diseases with
greater risks of unfavorable outcomes includ-
ing disability and death and diseases reaching
these outcomes faster than others may benefit
more from precision medicine approaches than
those with more benign clinical course. This
may be one of the reasons why cancer has
attracted so much attention for implementation
of precision medicine, but one should remem-
ber that conditions such as heart failure, pul-
monary hypertension, and stroke can be
associated with equally short or shorter
lifespan compared to many types of cancer or
lead to disability and associated personal and
societal costs.

• Onset and duration of treatment. The costs of
diagnostic testing have to be seen in the con-
text of treatment resulting from such testing. In
particular genetic testing can be performed
early in life and may result in lifelong preven-
tative or therapeutic approaches. The costs of
such strategies have to be balanced against
other factors in this list.

• Cost of treatment. As mentioned above, for
low-cost treatments such as statins and aspirin,
expensive stratification may be less attractive
than for more expensive treatments including
patent-protected drugs or interventional or sur-
gical approaches. While cardiovascular drugs
are not generally thought to be particularly
expensive compared to, for example, drugs
used in the treatment of cancers and rheumato-
logical and immunological diseases, the long-
term nature of treatment of cardiovascular con-
dition, the advent of new and expensive drugs,
and the increasing number of devices and
interventions in cardiovascular medicine
should be taken into account.

• Efficacy and adverse effects of treatment.
These are again main factors that will decide
if stratification and personalized approaches
are indicated and cost-effective. Providing
poorly efficient treatments to carefully selected
patients may not necessarily be more cost-

effective than prescribing such treatments to
unselected populations.

As evident from the list above, the domains of
precision medicine span across the whole life
course and include risk prediction, preventative
strategies, and therapeutic approaches. In a
review article by Topol [29], this potential has
been highlighted as “from prewomb to tomb” as
precision medicine can indeed include conception
planning, prenatal diagnostics, disease preven-
tion, molecular diagnosis of disease, personalized
treatment, prediction of lifespan, and molecular
autopsy and genetic tests that can inform clinical
management of family members and other
patients.

Indeed, adoption of precision medicine
principles by some of the leading stakeholders
including the US Department of Veterans Affairs’
VA Million Veteran Program [31], and the previ-
ously mentioned US Precision Medicine Initiative
[8], the NHS in the UK [6], and large-scale
biobanking initiatives including the UK Biobank
[32] demonstrate the momentum in precision
medicine.

Precision Medicine Within
the Cardiovascular Continuum: Tools
and Applications

Cardiovascular diseases have long been neglected
in precision medicine initiatives. Compared to
other conditions, cardiovascular diseases often
develop slowly and over the course of many
decades and are (wrongly) perceived to be more
benign than other conditions including cancers
and rheumatological diseases. However, due to
the large amount of people who are potentially
affected by cardiovascular diseases, these
conditions are indeed an ideal case for precision
medicine approaches. And in fact, the relatively
slow development of many cardiovascular
conditions provides ample opportunity to identify
those at risk, offer preventative strategies, and
start therapies early in the course of disease.
Within the cardiovascular continuum [33], there
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are options to address risk factors, identify dis-
ease at subclinical stages, treat disease on the
basis of diagnostic tests, and prevent further dis-
ease progression.

A number of cardiovascular disease areas are
already subject to precision medicine approaches,
and it appears that there is a particular focus on
common conditions such as hypertension [34–
36], conditions with diagnostic and therapeutic
uncertainty such as angina and coronary artery
disease [37, 38], and conditions that are
associated with high mortality and/or require
complex and expensive interventions such as
dilated cardiomyopathy and cardiac resynchro-
nization therapy [39–41]. It should be
emphasized yet again that such approaches not
only refer to novel molecular and genetic diag-
nostic approaches [34, 36, 38] but also to
improved risk scores based on existing data
[35, 37]. Here we will look into the tools that
are available for precision medicine approaches.

Genetics and Genomics Recent advances in
analysis of the human genome have led to the
discovery of genetic variants that are robustly
associated with cardiovascular conditions includ-
ing hypertension, coronary artery disease, and
chronic kidney disease [26]. Cardiovascular risk
scores based on such genetic variants have been
developed and shown to add significantly to the
predictive power of traditional risk factors
[42]. Genetic and genomic factors are indeed
suitable precision medicine tools in areas of risk
prediction and response to treatment as the
genome is largely stable throughout the life
course. Testing can therefore be performed at
any point in life and inform clinical management.
We have already referred to the potential of
pharmacogenetics for treatment with warfarin
and clopidogrel [26, 27], but this further extends
to assessing the risk of adverse effects and
response efficacy of statins, aspirin, β-blockers,
dalcetrapib, and vitamin E [43] where some
centers have started implementing such tests
[27, 44].

“Higher” Omics The advantage of a stable
genome can be a disadvantage in cardiovascular

medicine where environmental factors including
diet, exercise, smoking, and air pollution have a
major impact on disease development and pro-
gression. Epigenetic tools and studies of gene
expression (transcriptomics) and protein expres-
sion (proteomics) and the comprehensive assess-
ment of the metabolome (metabolomics) of
biofluids, tissue samples, and the gut microbiome
[45] are better suited to reflect the interaction
between the genetic background and the environ-
ment. It is a common feature of these “higher”
omics that results are much more dependent on
sample collection, analysis platforms, and data
processing and interpretation as compared to
genetic and genomic studies. Therefore the imme-
diate use of such techniques in precision medicine
approaches is currently limited for technical
reasons, despite their enormous theoretical
potential.

• Epigenetics generally refers to studies into
gene function beyond changes in the DNA
sequence. Epigenetic studies therefore include
assessment of DNA damage, telomere length,
DNA methylation, and studies into noncoding
RNAs. Where such changes are assessed com-
prehensively, they are sometimes called
epigenomic studies. Recent studies in humans
have provided robust evidence for the critical
role of epigenetic changes in the development
of cardiovascular disease including hyperten-
sion [46], chronic kidney disease [47], acute
coronary syndrome [48], and other complex
diseases [49]. Indeed, the plasticity of the
epigenome facilitates studies to examine the
causal relationship between metabolic factors
such as body mass index and the risk of car-
diovascular diseases [50].

• Proteomics refers to studies into the expres-
sion of a large number of proteins in a
biological sample. The majority of biomarkers
in cardiovascular medicine such as
NT-proBNP or cardiac troponins are indeed
peptides or proteins, and the potential of pro-
teomics to inform diagnosis and disease man-
agement is evident [51]. Proteomic signatures
of cardiovascular conditions including
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coronary artery disease [52], chronic kidney
disease [53], and preeclampsia [54, 55] have
been defined, and clinical proteomic studies
have been conducted, for example, into the
prediction of cardiovascular events [56] and
adverse effects of treatment [57]. As with
other “higher” omics studies, there is an ongo-
ing effort to standardize and simplify
proteomic analyses in order to translate these
techniques into routine clinical care [51, 58].

• Metabolomics studies the expression of small
molecules and metabolites in biological
samples and is probably closest to the actual
state of an organism compared to other omics
techniques. This apparent advantage is, how-
ever, associated with disadvantages.
Confounding factors such as diet or exercise,
variation in sample handling, and performance
of different metabolomic platforms are
challenges related to current metabolomic
approaches [59]. From the perspective of data
analysis, the fact that a single metabolite can
be substrate and product of multiple biochem-
ical pathways is a particular problem of
metabolomic studies. However, there is robust
evidence of a relationship between the genome
and the metabolome [60]. Metabolomic
signatures of cardiovascular diseases including
heart failure [61] and hypertension [62] have
been described, and the potential of
metabolomics in precision medicine has been
recognized [63].

Biomarkers and Imaging We cannot empha-
size enough that precision medicine is not neces-
sarily dependent on large and complex omics-
derived data but can also be informed by tradi-
tional biomarkers, imaging studies, and func-
tional tests. Three points are worth mentioning
in this context. First, in order to make medicine
more precise, biomarkers have to add value to
existing diagnostic tests and stratification
approaches. This challenge is well known for
traditional biomarkers but also affects other
areas such as omics studies where strong associa-
tion and low P-values do not necessarily translate
into improved prediction on the individual patient
level. Second, in order to implement biomarkers

into clinical practice, their use has to be evaluated
in robust trials supported by well-defined regu-
latory requirements. We will refer to this chal-
lenge that applies to precision medicine in general
in more detail below. Third, in order to provide
more precise information, biomarker analyses
may have to be more precise as well. For exam-
ple, studying lipid subfractions can explain resid-
ual risk of atherosclerotic events beyond standard
lipid profiles [64] or dissect cardiovascular effects
of drugs such as interleukin-6 blockers [65], and
novel imaging modalities such as PET-CT have
to be explored systematically [66] to define their
role in clinical management and detailed charac-
terization of disease [67]. This further extends to
functional data such as assessment of blood pres-
sure and fractional flow reserve not only as strati-
fication tools but in the first instance to find out
which patients will benefit from additional tests or
more intensive use of existing tests [68, 69].

Big Data While considerable precision can be
achieved by assessment of a limited number of
risk factors and biomarkers (cardiovascular risk
scores such as the Framingham score are prime
examples), it is clear that residual risk and diag-
nostic accuracy will require larger amounts of
data. Not all of these data have to be generated
in new studies but are already available in routine
practice. The challenges lie in the integration of
health records, standardization of coding systems,
and use of such data for precision medicine
purposes. The introduction of electronic health
records and systems to integrate data without
breaching confidentiality in some healthcare
systems has already paved the way to explore
available information for more precise risk strati-
fication and individual management of disease
[70, 71]. Such efforts extend further from routine
clinical data to data obtained from research, for
example, by integrating genomic and multi-omic
data with phenotypes and epidemiological
data [72].

Bioinformatics and Modeling As mentioned
above, the large amounts of data that are already
available together with complex phenotypes and
newly generated biomarker and omics data
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require new approaches to data analysis and inte-
gration. Traditional approaches such as regres-
sion analysis to test incremental benefits of new
biomarkers may fail especially when large num-
bers of markers are explored; new analytical
techniques have been proposed in this context
and include artificial intelligence and machine-
learning approaches [73, 74]. However, the need
to improve analysis and modeling capacities also
extends to functional and imaging data that are
currently not exploited to their full potential and
often not integrated across different imaging
modalities. There are proposals to improve func-
tional modeling especially in cardiac imaging by
simplifying and standardizing imaging
modalities, assessment of novel biomechanical
parameters, and integration of different imaging
modalities to inform precise patient management
[75, 76].

Patient Factors The changes that precision
medicine may bring to clinical practice have the
potential to reshape the way we practice medi-
cine. It is therefore important that all stakeholders
including physicians, healthcare providers, and
regulatory authorities work jointly toward this
aim. Most importantly, however, patients and
the wider public have to be an integral part of
the move to precision medicine as areas such as
confidentiality of data and adherence to therapy
that are of key interest to patients are involved
[9, 77]. This important aspect of implementation
has, as yet, been underexplored although smaller
studies indicate generally favorable attitudes
toward implementation of precision medicine
approaches in cardiovascular medicine and oncol-
ogy [78, 79].

New Trial Designs Current clinical trials are in
the first instance designed to test the effectiveness
of preventative or therapeutic strategies. Inclusion
and exclusion criteria are predefined and not sub-
ject to assessment within the trial. For example,
the Justification for the Use of Statins in Primary
Prevention: An Intervention Trial Evaluating
Rosuvastatin (JUPITER) trial [80] has provided
robust data on the effectiveness of statin therapy,
where incidence of major cardiovascular events

was reduced in people with CRP levels higher
than 2.0 mg/dL. The study did, however, not
aim to test whether people with lower CRP levels
would also benefit from statin therapy or whether
a different cutoff level would provide more pre-
cise stratification. Similarly, many studies into
treatment of heart failure employ ejection fraction
as one of the inclusion criteria but do not test
whether the predefined ejection fraction cutoff
provides the best possible stratification or
whether, for example, echocardiography-based
assessment of ejection fraction is as reliable as
MRI-based assessment. Most recently, the Sys-
tolic Blood Pressure Intervention Trial (SPRINT)
[81] provided evidence for reduced cardiovascu-
lar risk with lower blood pressure targets but has
not assessed whether the specific method that was
used to assess blood pressure in this trial is supe-
rior to assessment methods more commonly used
in clinical practice. In order to robustly assess
stratification tools that will inform precision med-
icine, these tools have to be tested as rigorously as
treatments are currently being tested in clinical
trials. Novel clinical trial designs that assess both
the stratification test and efficacy of the interven-
tion have been proposed in this context [24]. As
an example, the ongoing Proteomic prediction and
Renin angiotensin aldosterone system Inhibition
prevention Of early diabetic nephRopathy In
TYpe 2 diabetic patients with normoalbuminuria
(PRIORITY) trial [82] employs a proteomics-
based classifier to stratify patients with Type 2 dia-
betes and normoalbuminuria into those at low and
high risk of progressing to microalbuminuria and
tests the preventative effect of treatment with
spironolactone in the high-risk arm. The study
design focuses on assessment of the diagnostic
test as primary outcome but uses the infrastructure
of a stratified trial to study an interventional strat-
egy at the same time.

Precision Medicine in the Non-
cardiovascular Field

We have outlined the potential of stratified medi-
cine in the cardiovascular field and the tools that
are already available or have to be developed
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to support this task. However, even if the poten-
tial to tackle chronic diseases including cardio-
vascular diseases has been widely acknowledged,
the majority of case studies and in fact mature
clinical implementation are happening in
non-cardiovascular areas of medicine, namely,
oncology, immunology, infectious diseases, and
rheumatology [83]. The reasons are manifold but
provide opportunities for cardiovascular re-
searchers to learn from successes but also from
errors in other areas of medicine. We would like
to briefly mention three notions that are being
discussed in this context.

• Cancers are commonly believed to be
associated with high morbidity and mortality
and high treatment costs, which makes them
ideally suited for any attempts to improve pre-
ventative and therapeutic strategies. It is an
important task for the cardiovascular commu-
nity to further raise awareness of the serious
risks associated with conditions such as heart
failure and pulmonary hypertension and the
contribution of common and yet only
suboptimally treated conditions such as hyper-
tension, chronic kidney disease, and diabetes.
This mindshift is required to engage
stakeholders and the wider public in develop-
ment and implementation of precision medi-
cine approaches in cardiovascular diseases.

• A much more specific reason for the apparent
success of precision medicine in
non-cardiovascular areas is the fact that
conditions such as cancer or organ transplan-
tation are limited to single or few organ
systems that can be subject to representative
and meaningful tissue-based molecular diag-
nosis. Subtyping of, for example, pancreatic
cancer can be performed on small biopsy
specimens and inform risk stratification and
treatment strategies, whereas such tissue-
based molecular diagnosis is not possible or
at least not generally implemented in cardio-
vascular conditions that develop over long
periods of time, often involve multiple genetic
variations, and affect multiple organ systems.

• Finally, while in vitro experiments and experi-
mental models provide invaluable information

in all areas of medicine, the philosophy of
employing molecular pathology in human
samples to understand disease mechanisms,
secure the diagnosis, and inform and monitor
treatment has always been present in areas
such as oncology or rheumatology, although
it is less established in cardiovascular medi-
cine where noninvasive tests, biomarkers, and
imaging are preferred [84]. In this context
Feldman et al. [85] rightly state that “a princi-
pal difference between the translational
sciences in HF [heart failure] and in cancer
biology that might explain in part the relative
lack of precision therapy in the treatment of
HF is that HF research has been driven in large
part by discoveries in investigational models
of HF, whereas drug discovery in cancer has
been driven by the elucidation of altered biol-
ogy of human tumors.”

In this context it is important to recognize that
medical disciplines should not be seen in isolation
and that patients can indeed be affected by more
than one disease. The growing clinical need to
address cardiovascular conditions in patients with
cancer [86, 87] and patients with other, previ-
ously incurable, chronic diseases may help to
build bridges between disciplines and to adopt
existing stratification strategies into the wider
management of cardiovascular diseases.

Sex Differences and Precision
Medicine in Cardiovascular Diseases

Sex-specific aspects of cardiovascular medicine
have been explored in detail throughout this
book. Common themes across all cardiovascular
disciplines include the underrepresentation of
women in major cardiovascular trials [88], lack
of sex-specific analysis of study data instead of
simple statistical analysis for a binary “con-
founder,” and lack of mechanistic studies into
differences between men and women in the patho-
genesis of cardiovascular diseases. It is therefore
not surprising that these shortfalls also translate
into the area of precision medicine. It is evident
from other chapters in this book that men and
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women in many cases require different risk strati-
fication, diagnostic tests, and therapeutic strategies,
and we do not have to repeat these notions here.
They are, however, a key principle of precision
medicine in cardiovascular diseases with sex and
gender being important stratification tools to facil-
itate personalized approaches. The key role of
precision medicine to address sex and gender
issues has been outlined recently by Reckelhoff
and Cordozo [89]. The potential includes female-
specific aspects of cardiovascular disease [90] but
also men’s health [91]. As with other areas in
precision medicine, clinical decision will ulti-
mately not only be determined by novel omics-
based data but also by traditional but sex-specific
risk assessment [37] and analysis of known
pathways such as the renin-angiotensin-aldoste-
rone system for sex-specific regulation [92].

As with many other clinical studies into diag-
nostic tests and therapeutic strategies, there are
few omics studies available that specifically
investigate sex and gender aspects beyond adjust-
ment of data for biological sex. The potential
especially of epigenetic studies to inform
sex-specific precision medicine approaches has,
however, been recognized [93]. Indeed, for exam-
ple, proteomic studies can explore sex and gender
differences throughout all stages of the cardiovas-
cular continuum [94].

Among the most relevant and probably rela-
tively easily addressable issues are different
responses to pharmacological treatment between
men and women [95]. Pharmacogenetic and
pharmacogenomic studies could benefit enor-
mously from deep integration of sex in the design
and analysis of studies [96].

Challenges and Barriers

The implementation of precision medicine in the
management of cardiovascular diseases faces
challenges that are similar in other areas of medi-
cine. We have already discussed technical
challenges such as standardization of omics
experiments and some of the requirements of
tests and available data to serve as stratification
tools.

The major challenge, however, lies in the
acceptance of precision medicine by society and
key stakeholders. In a recent blog article, Richard
Smith mentions the example of mustard makers
who make most of their money from the unused
mustard leftover on the plate and draws parallels
to the current prescription practice where the
pharmaceutical industry earns money from
drugs that are not effective and potentially even
harmful in sizeable groups of patients [9]. It
remains unproven, however, that more precise
prescribing with better chances of success would
necessarily reduce revenue for the pharmaceutical
industry. In fact, more precise definition of
groups of patients who will benefit from preven-
tative and therapeutic approaches could even
increase the target population for a specific drug.

Beyond the general societal challenges, we
believe that one of the most important issues in
precision medicine is the move from stratified and
guideline-based approaches to increasingly
personalized and still evidence-based strategies.
The complexities of the technologies involved in
this new area of medicine such as genomics,
bioinformatics, and analysis of big data are by
far beyond the current curriculum at medical
schools and probably even further away from
training programs for qualified and practicing
doctors [97]. Precision medicine in cardiovascu-
lar diseases can only succeed if it is firmly embed-
ded in training of future and present doctors,
learning again from how colleagues in oncology
practice medicine.

Summary and Conclusions

We appreciate that for a chapter on precision
medicine we remain vague and imprecise
throughout large parts of this article. This is
mainly because of the lack of robust data that
demonstrate specific successes of cardiovascular
precision medicine and especially of the role of
sex in precision medicine approaches – in con-
trast to the large amount of opinion papers,
reviews, and policy documents. We would there-
fore like to propose a few specific steps that
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should help translating precision medicine into
cardiology practice.

1. Explore low-hanging fruit. We suggest that
areas with the greatest chances of success and
impact should be used for well-designed stud-
ies into precision medicine approaches. These
should include studies integrating sex in the
design and analysis and probably focus on
pharmacogenomics and imaging aspects.

2. Make use of existing data. While it is impor-
tant to generate new and especially omics-
based data, strategies to make use of existing
data by forming international research consor-
tia and using electronic health records should
be supported.

3. Improve diagnostic tests. We have witnessed
the potential of high-sensitivity biomarker
assays for CRP and cardiac troponins and
expect further potential for other biomarkers
but also for imaging and functional studies
where data individual integration and
modeling are currently underused.

4. Standardize phenotypes. Data can only be
integrated where the high precision of diag-
nostic tests and the quality of research data are
matched by the quality of clinical phenotypes.

5. Standardize and simplify omics techniques to
support large-scale epidemiological studies.
The potential of omics studies has been exten-
sively demonstrated in recent years. However,
in order to move to clinical applicability, large-
scale studies with reproducible techniques
have to be designed.

6. Change the mindset in cardiovascular medi-
cine toward molecular diagnostics. Unlike
other disciplines, cardiovascular medicine
relies largely on noninvasive tests rather than
molecular diagnosis that may have the poten-
tial to more precisely describe the disease.

7. Conduct stratified clinical trials. Future clini-
cal trials should move beyond testing of the
intervention but include testing the stratifica-
tion rules.

For all these developments, the involvement of
patient representatives and the wider public is of
key importance so that the transformative

potential of precision medicine can be
implemented in clinical practice.
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Abstract

Medicine will experience many changes in the
coming years because the so-called “medicine
of the future” will be increasingly proactive,
featuring four basic elements: predictive,
personalized, preventive, and participatory.
Drivers for these changes include the

digitization of data in medicine and the avail-
ability of computational tools that deal with
massive volumes of data. Thus, the need to
apply machine-learning methods to medicine
has increased dramatically in recent years
while facing challenges related to an unprece-
dented large number of clinically relevant
features and highly specific diagnostic tests.
Advances regarding data-storage technology
and the progress concerning genome studies
have enabled collecting vast amounts of
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patient clinical details, thus permitting the
extraction of valuable information. In conse-
quence, big-data analytics is becoming a man-
datory technology to be used in the clinical
domain.

Machine learning and big-data analytics can
be used in the field of cardiology, for example,
for the prediction of individual risk factors for
cardiovascular disease, for clinical decision
support, and for practicing precision medicine
using genomic information. Several projects
employ machine-learning techniques to address
the problem of classification and prediction of
heart failure (HF) subtypes and unbiased clus-
tering analysis using dense phenomapping to
identify phenotypically distinct HF categories.
In this chapter, these ideas are further presented,
and a computerized model allowing the distinc-
tion between two major HF phenotypes on the
basis of ventricular-volume data analysis is
discussed in detail.

Keywords

Machine learning · Big-data analysis · Cluster
analysis · Precision medicine · Heart failure
phenotyping · Support vector machine

Introduction

In July 2016, the Food and Drug Administration
approved the first monoclonal antibody that
inactivates the components responsible for the
degradation of low-density lipoprotein receptors
in the liver, decreasing their blood levels to much
lower numbers than those that can be achieved
with statins. This development is relevant because
it represents the first important step toward a new
version, as an information science, of the field of
medicine. Genomics pioneer L. Hood [1] calls
this the “medicine of the future,” which is chang-
ing its way of working from reactive to proactive
toward “4P medicine” (powerfully predictive,
personalized, preventive [a shift of focus from
illness to wellness], and participatory). Several
things will eventually drive this change, and
among the most important will be the digitization

of medicine and the development of computa-
tional tools—that is, machine-learning tools and
methods, including preprocessing techniques
needed to eliminate noise and irrelevant variables
from the data—with the ability to deal with big
data. Because data dimensionality is continuously
increasing, it will be necessary to incorporate
big-data analytics in order to be able to deal
with the billions of data points that are expected
for each individual patient in the next decade.
Predictive medicine must correlate this high num-
ber of dimensional data sets with individual
genotypes and phenotypes.

Thus, in this medicine of the future, machine
learning [2] and big-data analytics [3–7] will be
key disciplines. Data, often in large volumes, will
be analyzed based on epidemiological variables,
electronic health records (EHRs), genomic
databases, and so on. These data will allow for
the practice of preventive and precision medicine
and the avoidance of medical errors that might
occur because of medical doctors’ distress due to
their increasing and intensifying workloads,
thereby increasing quality at affordable prices
(see Fig. 37.1). For example, 10 years ago the
expense of sequencing the genome of just one
individual was approximately €200,000, whereas
currently it is <€600.

Computerized and artificial intelligence (AI)–
based methods for the analysis and interpretation
of medical databases are not that new; these
techniques found relatively early application in
the medical sciences [8]. Machine learning and
big-data analytics can be used in the field of
cardiology in several ways, such as predicting
an individual’s risk for cardiovascular disease,
clinical decision support, precision medicine
using genomic information, and so on. Some
works that can be found in the literature using
machine-learning techniques investigate the prob-
lem of classification and prediction of heart fail-
ure (HF) subtypes [9] and unbiased clustering
analysis using dense phenomapping to identify
phenotypically distinct categories of preserved
ejection fraction (HFpEF). Alonso-Betanzos
et al. [10] propose a computerized model that
allows a clearer distinction between the two
major phenotypes of patients with HF based on
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ventricular volume data analysis. In that work, a
gray zone—which might correspond to a third
separate phenotype—was identified, thus
corroborating the capacity of machine-learning
techniques to discover knowledge in medicine.
Narula et al. [11] used an ensemble machine-
learning model to aid in cardiac phenotypic rec-
ognition, specifically for the automated discrimi-
nation of hypertrophic cardiomyopathy from the
physiological hypertrophy seen in athletes. The
model used the previous feature of selection
preprocessing (using the information gain filter
[12]) step-over features of cardiac tissue deforma-
tion. Three different models integrated the ensem-
ble (support vector machine [SVM], random
forest [RF], and artificial neural network), and
majority voting was used to reach a final decision.

However, studies using big-data analytics in
the field of cardiology are not yet frequent in the
literature. Some investigators described a frame-
work aiming at setting an “initial but timely step
toward a more intelligent and learning health care
system that will require innovative bonds among
patients, clinicians, data scientists, and health care
systems” [13]. Motwani et al. [14] used machine
learning on a data set from patients (10,030

patients during a 5-year follow-up period)
undergoing coronary computed tomographic
angiography. The aim of the study was to com-
pare the results of cardiovascular outcome predic-
tion using machine learning (including automated
feature selection and an ensemble algorithm for
learning) with those of traditional prognosis,
which was limited regarding the use of clinical
and imaging findings. The results showed consid-
erable improvement in predicting all-cause mor-
tality of those patients. In another study, the
investigators studied the use of a Bayesian statis-
tical model to address the limited predictive
capacity of existing risk scores derived from
multi-variate analyses [15]. The prognostic
model showed superior prediction of acute,
early, and late right-ventricular failure after left-
ventricular (LV) assist device (LVAD) therapy
compared with the currently available risk-
prediction model. In conclusion, these models
might facilitate clinical decision making while
screening candidates for LVAD therapy. The
trade-offs between data requirements and model
utility were analyzed by Ng et al. [16] and Spertus
et al. [17], who concluded that machine-learning
techniques should be more frequently used in

Fig. 37.1 The new scenario of big data and the application of artificial intelligence and machine-learning techniques to
precision medicine. EHR electronic health record
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health care—in particular in cardiovascular risk
estimations and mortality predictions—because
they can greatly contribute to minimizing bias in
hospital performance assessments. Despite these
seminal works, and without regard to how the
promising results have been reached, the use of
big-data analytics in cardiovascular practice is
still incipient, and it remains a long way from
being a reality in daily practice.

Some areas in which impact is expected in a
few years are the fields of cardiovascular epide-
miology and cardiac imaging, among others.
Using data from EHRs will not only obtain
more accurate predictions, because it will permit
balancing primary well-known risk factors with
other secondary less-investigated ones, it also
crosses those risk factors with other illnesses,
such as cancer or cerebrovascular diseases. At
the same time, more general health models
could be obtained in this way. Machine learning
with big data will also permit the selection of
sub-populations in specific geographic areas,
thus opening a door to the design of local health
policies and adequate resource planning, which
are lacking in many countries. Image analysis
also soon will probably see changes in patient
classification, diagnosis, and visualization
because multi-modal big data are increasingly
being generated from echocardiography studies,
computerized tomography studies, magnetic res-
onance studies, and so on. Patients will be
empowered by the generalized use of mobile
devices and apps, thus allowing for extra-hospital
management of cardiac conditions, such as car-
diac insufficiency, auricular fibrillation, etc., and
helping decrease the incidence of costly patient
re-hospitalization.

Some of the difficulties encountered are data
standardization between and within hospitals; the
need to render data anonymous; and data hetero-
geneity, complexity, and disorganization, which
in turn leads to the need for preprocessing
techniques aiming at removing noise, discretizing
and filtering data, removing irrelevant variables,
and so on. In addition to technical difficulties,
some other aspects to be considered are the secu-
rity and privacy of data, which is of special
importance in a medical context.

Big Data

Managing and using big data effectively is cur-
rently challenging, but in fact the existence of data
is not new. Since ancient times, humans have tried
to save data and information, but never has it been
so easy, inexpensive, and quick to save, copy,
share, and process data. In addition, we have
evolved from saving simple scientific numbers at
the origin of computation to the possibility of
representing digitally almost anything, such as
music, travel, or even the human body, among
others. This growing digitalization process is pos-
sible thanks to the existence of myriad sensors that
register events and activities, which permits the
transformation from the physical to the digital.
Because digital entities can be easily replicated,
saved, transmitted, modified, sold, and so on,
health sectors, for example, are being transformed
into information and knowledge services.

However, sensors are not the only difference.
Until some years ago, we were happily living with
our database relational model. However, some
companies (such as Google and Yahoo) found
out that the database model limited the type and
quantity of data that could be saved and analyzed
and that this fact was contrary to their business.
Thus, they decided to confront certain problems in
a non-traditional way, which included the fact that
all data could be considered important in some
way. All data have value and saving and analyzing
large volumes of data was a key point in their new
business proposal. The problem? The value of big
data is really discovered only after analyzing large
volumes of them. Since then, analyzing big-data
analytics has become a major driver of the
economy.

As mentioned, the use of data is not new in the
field of health care, where researchers have
always been involved in collecting and analyzing
data. However, the new digitization context,
toward which we are currently moving, implies
a volume, variety, and velocity of data production
that pose new opportunities and demands in terms
of both scale and complexity. Those challenges
are the main impetus behind the development of
the National Institutes of Health Big Data to
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Knowledge initiative [18] for addressing the
opportunities and challenges presented by bio-
medical big data as well as the partnership
between the National Cancer Institute and the
United States Department of Energy to research
years of cancer data and analyze them to develop
new and more effective cancer treatments [19].

Several characteristics are required for data
sets to be considered “big data” (see Fig. 37.2).
Among the most important so-called five “Vs” of
big data [20] are volume, velocity, variety, valid-
ity/veracity, and value.

– The volume of data that must be processed by
algorithms is substantially large (on the order of
petabytes [i.e. 1015 bytes] and zettabytes [i.e.
1021 bytes] and continuously growing. Large
volumes of data demand different data-storage
and -processing tools and new characteristics of
the data-preparation and -preprocessing steps
(see section “Preprocessing methods for big
data”).

– Data might appear in some context at high
velocities, in other words, important volumes
of data manifesting in short time periods.
Being able to analyze this data in real time

might be crucial for some applications, but
this requires a specific infrastructure to man-
age data streams. There are use cases, how-
ever, in which velocity is not a problem. For
example, many more “tweets” are generated
per minute than magnetic resonance imaging
(MRI) scan images, and while reacting to a
negative tweet might be relevant for a com-
pany, a strict real-time response is rarely
required for MRI diagnostics.

– Data currently come in different types
(structured, semi-structured, and unstructured),
and formats (text, images, audio, video, XML,
etc.). This great variety increases complexity in
data-saving and analytics solutions.

– The variety of data types and formats, with
large volumes at being generated at high
velocities, constitutes the ideal situation to
raise doubts about their degree of date quality
and/or veracity or validity. Are the data cor-
rect? Are they of good-enough quality? Can I
simultaneously use data that have different
degrees of precision or temporal or spatial
scale? Are these data relevant for my problem?
Can they lead me to “actionable” information?
Data preprocessing techniques are mostly

Fig. 37.2 The five “Vs” of big data
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unavoidable because they remove noise, invalid
data, or redundant features, for example. How-
ever, these processes also pose a problem and a
challenge. Regarding the problem, on one hand
their use implies an extra effort that perhaps is
not justified if the results are not really affected;
in contrast, if the information to be obtained is
sensible, the preprocessing step should not be
avoided. Thus, depending on the application,
veracity could be mandatory or secondary.
Regarding the challenge, most preprocessing
techniques (such as discretization or feature
selection) were not designed for the use of big
data, and the data suffer when scalability is
needed.

– Validity and veracity are critical determinants
for users of big data because they affect the last
“V”: value. Value implies that the knowledge
and information derived from the data must be
useful for the company or entity. To derive that
knowledge, big-data analytics must be used,
which makes data scientists essential. Although
some aspects could be automatized, manage-
ment of the entire process (from designing the
appropriate infrastructure needed to adequately
visualize the results) is complex and requires
high-level human expertise.

Many issues require planning and careful exe-
cution for the use of big data. Among the most
important, especially in the field of health care, are
security and privacy. The privacy of those
individuals whose data are being managed is cru-
cial, and addressing issues of this type requires
deep understanding of the nature of the data, the
relevant norms and regulations, and the techniques
that should be used, such as, for example,

anonymization. A careless analysis might reveal
private information, thus opening a possibly unno-
ticed gap in privacy. Big-data security issues
should be also considered, mostly because the
types of databases that should be used do not
provide as robust a built-in security mechanism
as do traditional relational database-management
systems. Similar situations might appear in the
data-analysis phase, in which data might be
distributed among several nodes, which is a com-
mon situation. If, for example, we are trying to
derive prognostic models using patient data from
different hospitals in a region or country, the
machine-learning algorithms being used might
need to interchange or combine intermediate
results, again opening the possibility for inadver-
tent breaches of privacy. Thus, privacy preserva-
tion should be a requirement for the employed
algorithms. Because the analysis of big data is
different from traditional data analysis, a system-
atic methodology [20, 21] is needed to organize
the diverse associated activities (see Fig. 37.3), and
these must be managed by specialized data
scientists.

Data Identification

In the first step, the business case to be confronted
should be clearly identified, with an adequate moti-
vation for the analysis, together with the types of
data and the analytics needed. The projects goals
also should be established. An important outcome
of this stage is definition of the tools and other
economic or personnel resources needed.

In the data-identification stage, the sources of
data to be employed and their quantity, quality,

Fig. 37.3 Typical life cycle of big-data analytics
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and format should be established. The data sources
can be internal or external to the company. In the
latter case, a list of data providers (this includes
publicly available data sets) is needed. Finally, if
personally identifiable information requires
removal or masking, the involved requirements
for anonymization and re-identification should be
stated.

Data Collection

Data are collected from the data sources identified
in the previous step during the acquisition phase.
In addition, meta-data (such as data size, structure,
date, time of creation, etc.) is added, if needed, to
maintain the data during the rest of the methodol-
ogy phases. Persistence of the data should be
assured because fault-tolerance scenarios must be
accounted for; therefore, data should be stored in a
database.

Data Preprocessing

Preprocessing data implies several operations,
such as removing noise, filtering data to remove
some types possibly lacking value for posterior
analysis, aggregating data that might be spread
across several data sets, and removing irrelevant
and redundant features in the data to simplify the
data-analysis phase. Preprocessing is a funda-
mental step for assuring data quality and consis-
tency, and it will be described in detail in section
“Preprocessing methods for big data.”

Data Analysis

The data-analysis stage is devoted to discovering
patterns, correlations, predictions, or anomalies in
the data to give answers to the questions raised in
the first stage, thus making it possible to derive
business value from the data. Because large
volumes of data should be analyzed, specialized
software tools and applications for machine
learning and statistics are needed. The algorithms
to be employed should obviously be scalable, and

the type of architecture and tools to be employed
depend on the restrictions of the specific use case.
Stream-processing architecture produces real-
time data insights because it computes one data
element at a time. The data analysis is performed
in almost real time, and thus immediate action can
be taken in response. An example of this is acting
in response to a patient’s health status or the
experience of a hospitalized patient. Tools are
different for batch processing, which processes
large volumes of data for which a quick response
time is not critical; an example could be the
elaboration of a monthly report on some activities
of the hospital. Batch processing is more related
to the volume and variety, whereas for stream
processing velocity is most critical. Therefore,
for some applications, batch-processed data
might be outdated by the time it reaches health-
care professionals. Of course, scenarios exist in
which both types of data processing can be
employed. For example, in marketing, batch
data processing can be used to analyze the habits
of consumers from historical data sets. Then
health-care marketers can create tailored and
targeted marketing campaigns that will ideally
improve adherence and engagement from patients
by establishing which communication channels
will result in the best response rate from each
group. From there onward, streaming processes
can analyze which social media messages are
most effective for each individual and take imme-
diate action. Another example is the different use
cases that can be derived from health services
running on smartphones with sensors, which
have become extremely popular, tracking regu-
larly daily activities, such as sport, sleep, and diet
habits across sport-oriented social networks.
Because this is also an important phase,
machine-learning methods will be described in
more detail in section “Supervised and unsuper-
vised machine-learning methods.”

Data Visualization

Finally, data visualization consists of a presenta-
tion of the output (from the previous phase) in a
format that allows business users to understand
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the results obtained and thus be able to make
decisions based on them. This might comprise
tables, graphs, information “blocks,” and so on.

Choosing the appropriate infrastructure is cru-
cial in big-data projects because companies build
their competence around it. The selected infra-
structure strongly affects big-data architecture for
new products and services. Having the appropriate
tools for storing, processing, and analyzing data is
key. Among the most well-known tools are
big-data databases (e.g., MongoDB, HBase, or
Apache Cassandra); tools for transferring and
aggregating data (e.g., Flume or Lucene);
frameworks (e.g., Apache Hadoop [http://hadoop.
apache.org/], Apache Spark [http://spark.apache.
org/], or Apache Flink [https://flink.apache.org/])
with their corresponding machine-learning
libraries (e.g., Mahout, MlLib, and Flink ML) or
Spark components for graph analytics (e.g.,
GraphX and GraphFrames).

Preprocessing Methods for Big Data

As mentioned in the previous section, the advent
of big data has brought an important number of
challenges to the scientific community, which now
must deal with unprecedented volumes in data and
try to extract useful information from them. We
continue to store data of all kinds, and usually a
preprocessing step is necessary before applying an
adequate machine-learning method (see section
“Supervised and unsupervised machine-learning
methods”). In fact, a typical scenario in health
data is to be able to classify a patient as presenting
with a particular condition or not (e.g., the risk of
not catching a patient presenting with heart fail-
ure). From a machine-learning perspective, this is a
classification task in which a learner or classifier
must learn the characteristics of the data
(i.e. variables about a given patient, such as age,
sex, and the results of medical tests) and then
provide a prediction. However, in many cases
these variables are of different natures because
attributes such as sex are discrete; other attributes,
such as weight, have continuous values. Some
classifiers can only deal with discrete data, so

there exists an important preprocessing technique
called “discretization.”

Another problem typically encountered by
machine-learning researchers facing medical
data are that it is likely that some variables are
not relevant for the prediction task. For example,
sex can be an important factor for determining the
risk of presenting with heart failure but
completely irrelevant for other conditions. To
solve this problem, feature selection is usually
applied as a preprocessing step to remove those
unimportant variables from the task at hand. In
this section we will focus on two popular
preprocessing techniques: discretization and fea-
ture selection.

Discretization

Discretization is a preprocessing technique that
consists of transforming the continuous variables
of a data set into discrete variables. By applying
this technique, quantitative data are transformed
into qualitative data, thus procuring a nonoverlap-
ping division of a continuous domain.
Discretization also can be considered as a data-
reduction mechanism because it reduces data
from a large domain of numeric values to a subset
of discrete values [22].

In some cases, discretization is a mandatory
step because some machine-learning algorithms
used afterward are not able to handle continuous
variables. For instance, this is the case with the
popular classifier Naïve Bayes [23] and also with
feature-selection methods, such as the informa-
tion gain filter [24]. Apart from this, discretization
can have a beneficial impact on the performance
of learning algorithms, for example, in terms of
speed (especially important in the context of big
data and real-time learning) and accuracy. The
basic discretization process is formed by four
steps, which are detailed here and also can be
seen in Fig. 37.4.

Step 1: Sort the continuous values for an attribute
(either in ascending or descending order). It is
crucial to choose an efficient sorting algorithm
to perform this step.
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Step 2: After sorting, select the best cut point of
the best pair of adjacent intervals in the attri-
bute range to split or merge them in the next
step. It is necessary to define an evaluation
measure of function, which can be correlation,
gain, improvement in performance, or any
other benefit according to the class label.

Step 3: Split or merge intervals according to the
operation method of each discretization algo-
rithm. To split, the possible cut points are the
different continuous values in each attribute. To
merge, the discretization algorithm tries to find
the best adjacent intervals in each iteration.

Step 4: Stop according to some criterion or other-
wise return to step 2. Usually a trade-off
between a low number of intervals, good com-
prehension, and consistency is assumed.

A broad suite of discretization algorithms can
be found in the literature, and the selection of one
or another depends on the type of the data. For a
complete taxonomy about discretization methods,
see Ramírez et al. [22]. In the following text,
some of the most popular methods will be
described (including those in the popular Weka
tool [25]).

• Equal width: This simple unsupervised
discretization algorithm calculates the range
of the variable and then divides it into equal
parts. The resulting intervals will generally be

unbalanced, with many items ending in a few
of them and some much less populated. The
split/merge step is disregarded in this simple
method.

• Equal frequency: This algorithm obtains
intervals that contain a constant number of
items. The basic version of this method aims
to obtain a fixed number of intervals, although
this is suboptimal for some classification
algorithms. Therefore, a variation called Pro-
portional k-Interval Discretization (PKID) [26]
can be used instead. This algorithm adjusts the
number of intervals according to the number of
samples.

• Minimum Descriptive Length (MDL): This
popular method uses information-entropy
minimization as a heuristic to calculate the
most suitable cut points [27].

In a big-data scenario, the problem is that
classical data-reduction methods were not
designed to handle such a large amount of data,
which makes their use difficult or even impossi-
ble in some cases. To solve this issue, in the past
few years new implementations of the most pop-
ular methods have appeared that take advantage
of distributed computational frameworks. For
example, a distributed implementation of PKID
is available in Spark MlLib. Moreover, a
distributed implementation of MDL is available
for Apache Spark [28], which leverages a

Fig. 37.4 Discretization process
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computer cluster to speed up the sorting and cut
point–evaluation steps involved in this method,
thus enabling it to deal with large data sets.

Feature Selection

Analogous to the term “big data,” the term “big
dimensionality” has been coined to refer to the
unprecedented number of features arriving at
levels that render existing machine-learning
methods inadequate [29]. Thus, dimensionality-
reduction techniques, such as feature selection,
have become almost essential. Feature selection
is the process of selecting relevant variables
(features), by removing the irrelevant and/or
redundant ones, with the aim of obtaining better
and simpler models. Because the process does not
transform the original features (unlike feature-
extraction methods), it obtains models that might
be easier to interpret for researchers or medical
practitioners. Moreover, it presents other benefits,
such as enhancing generalization by decreasing
overfitting and the confers the requirement of

shorter training times (a crucial point in real-time
application).

Typically, feature-selection methods are clas-
sified into filters, wrappers, and embedded
methods based on their relationship with the
learning algorithm (see Fig. 37.5). The simplest
model is the filter, which relies on the general
characteristics of training data and performing
the feature-selection process as a preprocessing
step with independence of the induction algo-
rithm. Wrappers involve a learning algorithm as
a black box, and they use their prediction perfor-
mance to assess the relative usefulness of subsets
of variables. Finally, embedded methods perform
feature selection in the process of training and are
usually specific to given learning machines. They
learn which features best contribute to the accu-
racy of the model while the model is being cre-
ated. Because of this interaction with the learning
algorithm, wrappers and embedded methods tend
to give more accurate subsets of features, but they
are usually specific for a particular classifier and
are computationally expensive (especially
wrappers). In contrast, filters are advantageous

Fig. 37.5 Feature-selection approaches

616 A. Alonso-Betanzos and V. Bolón-Canedo



for their low computational cost and good gener-
alization abilities [30]. Each of the three
approaches is extensively used, although the filter
model is more adequate for big-data settings.

Considering that several algorithms exist for
each one of the previously commented approaches,
there is a vast body of feature-selection methods.
We describe some of the most popular ones here:

• Correlation-based feature selection: This is a
simple multi-variate filter algorithm that ranks
feature subsets according to a correlation-
based heuristic-evaluation function [31]. The
bias of the evaluation function is toward
subsets that contain features that are highly
correlated with the class and not correlated
with each other. Irrelevant features should be
ignored because they will have low correlation
with the class. Redundant features should be
screened out because they will be highly
correlated with one or more of the remaining
features. The acceptance of a feature will
depend on the extent to which it predicts clas-
ses in areas of the instance space not already
predicted by other features.

• Consistency-based: This filter [32] evaluates
the worth of a subset of features by the level
of consistency in the class values when the
training instances are projected onto the subset
of attributes.

• Information gain: This filter [12] provides an
ordered ranking of all features, and then a
threshold is required.

• ReliefF: This filter [33] is an extension of the
original Relief algorithm. The original Relief
works by randomly sampling an instance from
the data and then locating its nearest neighbor
from the same class and from the opposite
class. The values of the attributes of the nearest
neighbors are compared with the sampled
instance and used to update relevance scores
for each attribute. The rationale is that a useful
attribute should differentiate between
instances from different classes and have the
same value for instances from the same class.
ReliefF adds the ability of dealing with multi-
class problems and is also more robust and
capable of dealing with incomplete and noisy

data. ReliefF is applicable in all situations; it
has low bias; it includes interaction among
features; and it may capture local
dependencies missed by other methods.

• Minimum redundancy maximum relevance:
This filter [34] selects features that have the
greatest relevance with the target class and that
are also minimally redundant. In other words,”
it selects features that are maximally dissimilar
to each other. Both optimization criteria (max-
imum relevance and minimum redundancy)
are based on mutual information.

• Recursive Feature Elimination for SVMs: This
embedded method [35] performs feature selec-
tion by iteratively training an SVM classifier
with the current set of features and removing
the least important feature indicated by
the SVM.

Although feature selection is almost manda-
tory for machine-learning algorithms to be able to
manage large dimensional data sets, most avail-
able methods were not developed considering this
scenario, and their computational costs prevent
their use in big-data settings. Recently, some
approaches—such as employing graphical
processing units (to implement faster versions
[36] of well-known algorithms) or parallelization
using MapReduce, Hadoop, or Apache Spark—
have been developed to solve this problem.

Supervised and Unsupervised
Machine-Learning Methods

As mentioned in the Introduction section, digiti-
zation seems to be an unstoppable process in the
fields of medicine and health, among others. For
the analysis of these ever-increasing amounts of
data, thus being able to derive information and
knowledge from them, it is unavoidable to use
automated methods, which should be scalable to
keep pace with the crescent input loads. Machine
learning [37] is a sub-discipline of the field of AI
that consists of a set of methods and algorithms
that can learn from data and devise models for
different processes, such as pattern recognition or
prediction, for example. However, machine
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learning [38–41] is not a new field: It appeared
due to the early interest of AI researchers in
determining if computers could learn directly
from data without being programmed to perform
specific tasks. However, due to the appearance of
big data, machine learning is currently a hot
buzzword, and an area of very active research,
which—together with other factors— have
brought a “new spring to the step” of the field of
AI. Although many machine-learning algorithms
have been around for several years, the ability to
automatically apply complex mathematical
calculations to large quantities of data in compet-
itive time is a recent development. Machine-
learning algorithms learn a function f: X!Y.
This function belongs to a certain “family” [42]
and maps the input domain of data X to a certain
output domain Y (a prediction, for example). The
five main types of problems machine learning can
solve [43] include:

1. Classification, where the algorithm must
assign unseen inputs to a series of predefined
classes

2. Regression, where the focus is predicting a
continuous output

3. Clustering, where inputs must be labeled into
unknown groups (unlike classification)

4. Density estimation, where the goal is finding
the distribution of a set of inputs

5. Dimensionality reduction, where inputs are
simplified by mapping them to lower dimen-
sional spaces

These tasks can also be classified according to
the nature of the available learning data, which is
provided in the form of examples (xi, yi) € X
Y. In this case, three basic forms of learning can
be distinguished:

• Supervised learning, where a set of known
patterns are used for training, that is, the train-
ing data set is labeled, and thus yi is the
corresponding ground truth for xi, and the
aim of the process is to classify data based on
that a priori knowledge. This previous knowl-
edge of the data set’s instance classes (i.e. the
value to be predicted) is used to learn

predictive models from the data set of
examples in order to classify unseen instances.
One important aspect of supervised classifica-
tion is the evaluation of algorithms by means
of an evaluation function, which usually
quantifies the generalization ability of the clas-
sifier. That is, the goal is to minimize the error
or loss function, fˆ ¼ Y � Y!R, which
quantifies the difference between the predicted
output and the real ground-truth label for that
sample. In real-world problems, the true clas-
sification error is unknown, and thus so is its
underlying probability distribution. Therefore,
it must be estimated from the data. Because the
loss cannot be minimized directly on the test
instances and their labels, because typically
these are not available at training times,
supervised algorithms aim to construct
functions that generalize well to previously
unseen data, not to those that perform opti-
mally on the given training data set (thus
overfitting the data). In training and evaluating
the devised model, two sources of data are
employed. The parameters of the model are
set based on the train data only, and if the
test data are generated from the same underly-
ing process that has generated the training
data, an unbiased estimate of the generaliza-
tion performance can be obtained by measur-
ing the test-data performance of the trained
model. It is important to recall that the test
performance should not be used to adjust the
model parameters because in this case the
measure of performance will lose its indepen-
dence. In particular, the mean squared error
(MSE) is the measure typically employed for
evaluating estimations made by the
algorithms. The MSE is the second-order
moment of the error, and therefore it
incorporates both the variance and the bias of
the estimator. The most common supervised
learning tasks are classification and regression.

As an example, we show the results of classi-
fication for the data set Heart Disease (Cleveland)
from the University of California-Irvine learning
repository (http://archive.ics.uci.edu/ml/). We
used the well-known platform Weka [25] to
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apply the selected algorithms. The Heart Disease
data set has 13 attributes and 5 different classes as
output (with 160, 35, 54, 35, and 13 samples
respectively), with a total of 297 samples, because
6 of the 303 total have missing data and thus were
eliminated from this study (see Fig. 37.6).

Several different classification algorithms can
be used, and they show the results employing the
RF classifier [44] because it is one of the state-of-
the-art and more accurate classifiers. For this data
set, the number of data available is not large, and
thus if we must divide the data set into training
(usually 80%) and test (20%) of the data, the
estimation of the true error will be not very accu-
rate. In these cases, a cross-validation procedure
is often used. Cross-validation consists of making
k partitions (folds) of the data, using k-1 for
training and the remaining one for testing, and
repeating the procedure k times until all folds
have been used for testing the model. Thus, we
are evaluating k models, and by averaging the
results we have an idea of the variance of the
learning algorithm with the variations in the train-
ing data and thus can obtain a more real approach
to the error of the model. Cross-validation is
conventionally applied with k ¼ 10, although if
the number of samples in each fold is low (usually
< 30 [because this allows for approximating the
binomial distribution of the number of correctly
classified samples in a fold by normal distribu-
tion]), other k are used (most commonly k ¼ 5).
An extreme value is k ¼ n, in which all samples
except one are used to train, and that one is also
used to test. This method is called “leaving-one-
out” [17]. Using 10-fold cross-validation, the

results obtained are 57.6% accurate; the confu-
sion matrix is listed in Table 37.1.

If the data set is converted to a binary one, then
only the class absence of heart disease (class
1, 160 samples) and the presence of heart disease
(classes 2 through 5 with 137 samples total) are
taken into account; the accuracy increases to
83.5% using the same classifier and with the
contingency table listed in Table 37.2.

Thus, it can be seen that multi-class classifica-
tion is a more difficult problem for the algorithm
because the number of samples available is not
enough for a good generalization. Another prob-
lem mentioned, one that is quite common in med-
ical data bases, is the existence of missing values
that should be treated accordingly [45, 45]. In our
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13

Fig. 37.6 Distribution of
classes in the heart disease
(Cleveland) data set

Table 37.1 Results obtained after applying the RF clas-
sifier to the multi-class data set Heart Disease (Cleveland)

Class 1 Class 2 Class 3 Class 4 Class 5

Class 1 149 2 7 2 0

Class 2 10 12 6 7 0

Class 3 33 8 2 11 0

Class 4 6 11 11 6 1

Class 5 4 2 1 4 2

Table 37.2 Results obtained after applying the RF clas-
sifier to the binary version of the data set Heart Disease
(Cleveland)

Class 0
(no heart disease)

Class 1
(heart disease)

Class 0 137 23

Class 1 26 111
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case, because the missing data are only present in
three samples, we opted for the simplest opera-
tion, that is, elimination. Another common prob-
lem in medical data sets [37] are incorrectness
(the presence of noise, probably due to sensor
errors), inexactness (the presence of redundant
data, which can imply the need of more complex
models that in fact would not be necessary), and
sparseness (sometimes there might be few records
available for certain studies).

• Unsupervised learning, in which the training
data set is unlabeled {xi} and the aim is to
unravel the underlying similarities, obtains a
plausible compact description of the data. An
objective is used to quantify the accuracy of
the description. In the case of unsupervised
learning, the aim is to model the distribution
p(x). The likelihood of the model to generate
the data is a popular measure of the accuracy
of the description.

The most common unsupervised learning task
is clustering, in which the aim is the construction
of a function (f), which partitions the training
data set into k clusters. Several algorithms can
be applied for clustering, but typically they work
by assessing the similarity between instances by
assigning similar samples to the same cluster and
dissimilar ones to different cluster. Using a
simple and well-known cluster algorithm,
k-means, with the binary Heart Disease
(Cleveland) data set and not supplying the infor-
mation related to the class (because it is assumed
that the data set is unlabeled in this case), the error
of the algorithm is 20.2%; the results are listed in
Table 37.3.

Other unsupervised tasks also exist—such as
association rules (which build rules associating

items that occur together with a certain
frequency, discover patterns in the data, or can
alternatively use correlation between real-valued
variables—that are popular in machine learning.
Then, to end we can say that machine learning is
the task of building a model from data that
generalizes a decision against a performance
measure.

Most times, learning pipelines must include
some kind of preprocessing operations, for exam-
ple, noise must be eliminated, data discretized,
and so on. Feature selection is also an important
operation to consider because it can help with the
generalization of machine-learning algorithms,
thus improving their performance and perhaps
the interpretability of the obtained results (see
Fig. 37.7).

A Case Study

In this section we present a case study in which
we applied machine-learning methods to classify
HF subtypes based on the work by Alonso-
Betanzos et al. [10]. HF is a relatively common
cardiac syndrome known for its severe sequelae,
including death. The diagnosis is often only evi-
dent from the combination of symptoms (e.g.,
fatigue, dyspnea, etc.) and signs (e.g., ankle
edema), plus clinical investigations—including
the determination of LV size and chamber filling
pressure—and information derived from specific
biomarkers.

HF is manifested in at least two subtypes. The
current paradigm distinguishes them by using
metric EF and constraint for end-diastolic vol-
ume. Approximately half of all HF patients,
often including women and elderly, exhibit
HFpEF. Thus, as life expectancies continue to
increase in western societies, the prevalence of
HFpEF will continue to grow. However, com-
pared with “classical” HF with decreased ejection
fraction (HFrEF), only a limited spectrum of
treatment modalities seems to be effective for
improving the morbidity and mortality rates in
patients with HFpEF.

Traditionally, EF has been widely applied to
assess the severity of cardiac problems. In the

Table 37.3 Results of the k-means algorithm for cluster-
ing the Heart Disease (Cleveland) data set (binary)

Class 0
(no heart disease)

Class 1
(heart disease)

Class 0 126 34

Class 1 26 111
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particular case of HF, EF is one of the many
indicators to characterize the various aspects of
the syndrome [47]. Typically, a low EF value
corresponds with serious cardiac problems and a
poor prognosis. Calculation of EF is performed
by taking the ratio of two LV volume
determinations during a cardiac cycle, namely,
at the completion of filling and again at maximal
contraction. Advised cut-off levels to distinguish
HFrEF from HFpEF are clearly formulated, but
they vary between 40% and 50%, which defines a
linear divider. In addition, some studies opt for
eliminating HF patients from consideration if
40 < EF < 50% (“gray zone” [currently often
referred to as the “mid-range” phenotype]).
Thus, there is a need to develop documented
classification guidelines, solve gray-zone

ambiguity, and formulate crisp delineation of the
transition between phenotypes.

Subgroups of HF patients are located in at least
two distinct regions on the basis of their
end-systolic volume index and end-diastolic vol-
ume index; therefore, they are uniquely located
within the LV-volume domain. In this case study,
we present the application of machine-learning
techniques to explore a more rational foundation
for classifying two phenotypes of HF.

In summary, this case study addresses several
relevant issues regarding the classification of HF
patients: How can machine-learning models assist
clinicians in the classification of major HF
subtypes, the consequences of varying the
cut-off values, and describe implications for bor-
derline patients (in the gray zone).

Fig. 37.7 Example of feature-selection and -classifica-
tion process on the Heart Disease (Cleveland) data set.
At the bottom, we can see a part of the C4.5 decision tree
built for predicting class 3 (presence of heart disease). The
variables used are Thal (Thalassemia), ca 8 (number of

major vessels colored by fluoroscopy), exang (Exercise-
Induced Angina), slope (Slope of the Peak Exercise ST
Segment), cp (Chest Pain Type), and thalach (Maximum
Heart Rate Achieved)
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Results for Applying Machine-Learning
Techniques

The first set of experiments performed consisted
of using unsupervised ML methods for the fol-
lowing three data sets (for more details, check
Alonso-Betanzos et al. [10]):

• Data set 1: Data from real patients, a total of
48 instances where 35 belong to class HFpEF
and 13 to class HFrEF.

• Data set 2: Data simulated with Monte Carlo, a
total of 63 instances where 34 belong to class
HFpEF and 29 to class HFrEF.

• Data set 3: Monte Carlo data generated as
testing data, a total of 403 instances where
150 refer to class HFpEF; 137 belong to class
HFrEF; and a third group (n ¼ 116) still
requires classification because on the basis of
current guidelines they belong to neither
HFpEF nor HFrEF. The third group is specifi-
cally introduced to challenge the universal
validity of the current EF–EDVI paradigm,
which favors a linear separator based on a
fixed EF value.

Because we are using unsupervised algorithms,
we focused on clustering, which consists of
grouping a set of data in such a way that those
belonging to the same group (called a “cluster”)
are more similar (in one sense or another [which is
defined by the type of algorithm and its
parameters]) to each other than to those in other
clusters. To perform an unsupervised separation
of the two major phenotypes of HF patients, we
evaluated several different clustering algorithms,
using different approaches all implemented in the
Weka software tool [25]: K-means, Expectation
Minimization (EM), and Sequential Information
Bottleneck (sIB). As can be seen in Fig. 37.8, for
Data sets 1 and 2 (real patients and simulated
Monte Carlo, including only the two major types
of patient subgroups), only the sIB algorithm tried
to separate the samples using a similar approach as
the current clinical guidelines. However, it can
also be seen that the patients reclassified in an

alternative manner (see squares in Fig. 37.8) and
are all located within a region, which in some
other studies is neglected and referred to as the
“gray zone.”

Then, we performed a supervised automatic
classification of both major HF types using
SVM PEGASOS, which implements a sequential
minimal-optimization algorithm for training an
SVM, also available in Weka [25]. The set of
experiments carried out included different
cut-off points (EF at 40%, 45%, 50%, and 55%)
in the training data set (Data Set 1) to evaluate the
consequences of adopting different criteria for
defining major HF phenotypes and the ability of
machine-learning methods to correctly classify
the patients in each case. A summary of the
results is listed in Table 37.4; more details can
be found in Alonso-Betanzos et al. [10].

As can be seen, the results obtained after
classifying the data with an SVM are quite satis-
factory, with true-positive rates >0.90 in most of
the cases. Moreover, we performed experiments
to see how a machine-learning method would
classify those patients belonging to the gray
zone (i.e. the area where 40 < EF < 50%), which
is not yet classified.

In Figs. 37.9 and 37.10, we see an example for
cut-off 45%; the complete results can be checked
in Alonso-Betanzos et al. [10]. In general, we can
see that that the third group can largely be classi-
fied as HFpEF (although it varies when changing
the cut-off). Interestingly, the separation does not
follow the linear division as prescribed by the
concept referring to a constant EF value for the
cut-off. As seen, the points that are labeled differ-
ently seem to be located on the border between
the main classes.

We can thus conclude that machine-learning
models offer promise for making a computer-
assisted distinction between the two major
phenotypes of HF patients on the basis of
ventricular-volume analysis. Moreover, selected
machine-learning tools may assist during the clas-
sification of individual patients having
measurements located in the (clinically often
neglected) gray zone where 40 < EF < 50%.
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Table 37.4 Results obtained after applying the RF classifier to the binary version of the data set Heart Disease
(Cleveland)

EF CUT-OFF 40% 45% 50% 55%

TPR (HFpEF) 1 (169) 0.91 (161) 0.98 (147) 0.99 (136)

TPR (HFrEF) 0.87 (82) 0.96 (104) 0.97 (133) 0.98 (164)

TPR true-positive rate

145.8799

75.283

4.69

32.281 133.5625

EDVI

E
S

V
I

234.8445

170.478

87.352

4.23

39.653 136.6515

EDVI
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Fig. 37.8 Results of clustering analysis. Squares repre-
sent instances that are incorrectly assigned to a cluster. EM
expectation minimization, sIB sequential-information

bottleneck. (Image reprinted with permission from
Alonso-Betanzos et al. [10])
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Future Directions

The need to apply machine-learning methods to
the field of medicine has increased dramatically in
recent years to face challenges brought by the
advent of big data, for which it is necessary to
cope with an unprecedented large number of
features and samples. The increasingly decreased

cost of storage technology has enabled us to store
all kind of information about patients, with the
aim of extracting useful and valuable information.
However, these data are messy when they come
out of the electronic health record of a patient and,
even when they were collected from a study, the
data might be of very different natures, which
complicates the task of developing machine-
learning algorithms.

Fig. 37.9 Real labels for
the test set (n ¼ 403
[including the third group,
which is newly assigned to
either of the existing
phenotypes]) for the 45%
cut-off of the patient data as
a training set (image
reprinted with permission
from Alonso-Betanzos et al.
[10])

Fig. 37.10 Enlarged
picture of the third group of
data labels showing in
detail that the algorithm
applies a nonlinear division
rather than a straight EF line
(image reprinted with
permission from Alonso-
Betanzos et al. [10])
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Several research lines are open in this area.
First is the problem of data distribution and data
privacy. In some cases, information about
patients is distributed across geographical and
organizational boundaries (i.e. different
hospitals), and it is not legal or affordable to
gather it in a single location. In this case, it is
necessary to develop distributed approaches for
existing machine-learning methods that preserve
privacy. It can be the case of a vertical distribu-
tion (each party has partial information about all
the patients) or a horizontal distribution (each
party involved in data sharing has information
about all the variables but for different sets of
patients). Although some approaches already
exist that try to deal with this issue, there is still
room for more works solving a problem that is
especially important in the medical field. Another
open question is the necessity of real-time
processing in computer-assisted methods for the
analysis of medical data. If a practitioner must
wait a long time to obtain a recommendation
from a computerized system, it is likely that he
or she will stop using it. To avoid this, it is crucial
to process and analyze data in real time, which
can be performed either by accelerating the
processing of the data (with feature selection or
discretization methods) or by using online
approaches (which are still relatively scarce in
the literature). Anonymization, a process in
which data sets are purged of personally
identifying information, is another important
challenge that has constituted an open research
question for years. Although some recent
attempts have been made to be able to use well-
known privacy models, such as k-anonymity, in
big data [48] and others, such as ε-differential
privacy [49], there is still a long way to go
because there are in fact very sophisticated
methods [50] that can work backwards and
re-identify individuals. Finally, another challenge
is the visualization and interpretation of results. In
recent years, several dimensionality-reduction
techniques have been developed, aiming at a bet-
ter visualization of the data. However, some of
them have the limitation that the features being
visualized are transformations of the original
features, which greatly complicates the task of
interpretation usually required by practitioners.

In conclusion, machine-learning models are
much needed to help in clinical medicine. How-
ever, this enthusiasm does not generally match the
level of actual activity in the field. It is very well to
have machine-learning algorithms that are good at
predicting and may help in clinical routine, but it is
more complicated to employ them in the real
world. We must make sure that they can be applied
in a safe, responsible, and ethical way and—most
of all—that people would accept being diagnosed
by a machine rather than a person.

References

1. Hood L. A vision for personalized medicine. MIT Technology
Review. Available at: https://www.technologyreview.com/s/
417929/a-vision-forpersonalized-medicine/. Accessed 6 Apr
2017.

2. Deo RC. Machine learning in medicine. Circulation.
2015;132:1920–30.

3. Krittanawong C, et al. Future physicians in the era of precision
cardiovascular medicine. Circulation. 2017;136:1572–4.

4. Shah SJ, Katz DH, Selvaraj S, Burke MA, Yancy CW,
Gheorghiade M, Bonow RO, Huang CC, Deo
RC. Phenomapping for novel classification of heart failure
with preserved ejection fraction. Circulation.
2015;131:269–79.

5. Zhang X, Ambale-Venkatesh B, Bluemke DA, Cowan BR,
Finn JP, Kadish AH, Lee DC, Lima JA, Hundley WG,
Suinesiaputra A, Young AA, Medrano-Gracia P. Information
maximizing component analysis of left ventricular remodeling
due to myocardial infarction. J Transl Med. 2015 Nov 3;13
(1):343. https://doi.org/10.1186/s12967-015-0709-4.

6. Rumsfeld JS, Joynt KE, Maddox TM. Big data analytics to
improve cardiovascular care: promise and challenges. Nat Rev
Cardiol. 2016 Jun;13(6):350–9.

7. Tripoliti EE, Papadopoulos TG, Karanasiou GS, Naka KK,
Fotiadis DI. Heart failure: diagnosis, severity estimation and
prediction of adverse events through machine learning
techniques. Comput Struct Biotechnol. 2017;15:26–47.

8. Kerkhof PLM, Alonso-Betanzos A, Moret-Bonillo V. Medical
expert systems. In: Wiley encyclopedia of electrical and elec-
tronics engineering. Wiley; 2017.

9. Austin PC, Tu JV, Ho JE, Levy D, Lee DS. Using methods
from the data mining and machine learning literature for
disease classification and prediction: a case study examining
classification of heart failure subtypes. J Clin Epidemiol.
2013;66:398–407.

10. Alonso-Betanzos A, Bolón-Canedo V, Heyndrickx GR,
Kerkhof PLM. Exploring guidelines for classification of
major heart failure subtypes by using machine learning. Clin
Med Insights Cardiol. 2015;9(Suppl 1):57–71. https://doi.org/
10.4137/CMC.S18744.

11. Narula S, Shameer K, Omar AMS, Dudley JT, Sengupta PP.
Machine-learning algorithms to Automate morphological and
functional assessments in 2D echocardiography. J Am Coll
Cardiol. 2016 Nov;68(21):2287–95. https://doi.org/10.1016/j.
jacc.2016.08.062.

12. Quinlan JR. Induction of decision trees. Mach Learn. 1986;1
(1):81–106.

37 Big-Data Analysis, Cluster Analysis, and Machine-Learning Approaches 625

https://www.technologyreview.com/s/417929/a-vision-forpersonalized-medicine
https://www.technologyreview.com/s/417929/a-vision-forpersonalized-medicine
https://doi.org/10.1186/s12967-015-0709-4
https://doi.org/10.4137/CMC.S18744
https://doi.org/10.4137/CMC.S18744
https://doi.org/10.1016/j.jacc.2016.08.062
https://doi.org/10.1016/j.jacc.2016.08.062


13. Ahmad T, Testani JM, Desai NR. Can big data simplify the
complexity of modern medicine? Prediction of right ventricu-
lar failure after left ventricular assist device support as a test
case. JACC Heart Failure. 2016;4(9):722–4.

14. Motwani M, Dey D, Berman DS, Germano G, Achenbach S,
Al-Mallah MH, Andreini D, Budoff MJ, Cademartiri F,
Callister TQ, Chang HJ, Chinnaiyan K, Chow BJ, Cury RC,
Delago A, Gomez M, Gransar H, Hadamitzky M, Hausleiter J,
Hindoyan N, Feuchtner G, Kaufmann PA, Kim YJ, Leipsic J,
Lin FY, Maffei E, Marques H, Pontone G, Raff G,
Rubinshtein R, Shaw LJ, Stehli J, Villines TC, Dunning A,
Min JK, Slomka PJ. Machine learning for prediction of
all-cause mortality in patients with suspected coronary artery
disease: a 5-year multicentre prospective registry analysis. Eur
Heart J. 2017;38(7):500–7. https://doi.org/10.1093/eurheartj/
ehw188.

15. Loghmanpour NA, Kormos RL, Kanwar MK, Teuteberg JJ,
Murali S, Antaki JF. A Bayesian model to predict right ven-
tricular failure following left ventricular assist device therapy.
JACC Heart Failure. 2016;4(9):711–21.

16. Ng K, Steinhubl SR, de Filippi C, Dey S, Stewart WF. Early
detection of heart failure using electronic health records: prac-
tical implications for time before diagnosis, data diversity,
data quantity, and data density. Circ Cardiovasc Qual
Outcomes. 2016;9:649–58.

17. Spertus JV, Normand ST, Wolf R, Cioffi M, Lovett A, Rose
S. Assessing hospital performance after percutaneous coro-
nary intervention using big data. Circ Cardiovasc Qual
Outcomes. 2016;9:659–69.

18. Bourne PE, Bonazzi V, Dunn M, Green ED, Guyer M,
Komatsoulis G, Larkin J, Russell B. The NIH big data to
knowledge (BD2K) initiative. J Am Med Inform Assoc.
2015;22(6):1114. https://doi.org/10.1093/jamia/ocv136.

19. Shein E. Combating Cancer with data. Supercomputers will
shift massive amounts of data in search of therapies that work.
Commun ACM. 2017;60(5):10–2.

20. Erl T, Khattak W, Buhler P. Big data fundamentals. Concepts,
drivers & techniques. Boston: Prentice-Hall; 2016.

21. Ankam V. Big data analytics. Birmingham: Packt Publishing;
2016.

22. Ramírez-Gallego S, García S, Mouriño-Talín H, Martínez-
Rego D, Bolón-Canedo V, Alonso-Betanzos S, Benítez JM,
Herrera F. Data discretization: taxonomy and big data chal-
lenge. Wiley Interdiscip Rev Data Min Knowl Disc. 2016;6
(1):5–21.

23. Yang Y, Webb GI. Discretization for naive-Bayes learning:
managing discretization bias and variance. Mach Learn.
2009;74(1):39–74.

24. Quinlan JR. Induction of decision trees. Mach Learn. 1986;1
(1):81–106.

25. Frank E, Hall MA, Witten IH. The WEKA Workbench.
Online appendix for “Data mining: practical machine learning
tools and techniques”. 4th ed. Cambridge, MA: Morgan
Kaufmann; 2016.

26. Yang Y, Webb GI. Proportional k-interval discretization for
naive-Bayes classifiers. In: European conference on machine
learning. Berlin/Heidelberg: Springer; 2001. p. 564–575.

27. Irani KB. Multi-interval discretization of continuous-valued
attributes for classification learning. 1993.

28. Ramírez-Gallego S, García S, Mourino-Talin H, Martínez-
Rego D, Bolón-Canedo V, Alonso-Betanzos A, Herrera
F. Distributed entropy minimization discretizer for big data
analysis under apache spark. In Trustcom/BigDataSE/ISPA,
2015 IEEE. Vol. 2. IEEE; 2015, August. p. 33–40.

29. Zhai Y, Ong YS, Tsang IW. The emerging “Big Dimension-
ality”. IEEE Comput Intell Mag. 2014;9(3):14–26.

30. Bolón-Canedo V, Sanchez-Marono N, Alonso-Betanzos
A. Feature selection for high-dimensional data. Cham:
Springer; 2015.

31. Hall MA. Correlation-based feature selection for machine
learning. Doctoral dissertation, The University of Waikato.
1999.

32. Dash M, Liu H. Consistency-based search in feature selection.
Artif Intell. 2003;151(1–2):155–76.

33. Kononenko I. Estimating attributes: analysis and extensions of
RELIEF. In European conference on machine learning. Berlin/
Heidelberg: Springer; 1994, April. p. 171–82.

34. Peng H, Long F, Ding C. Feature selection based on mutual
information criteria of max-dependency, max-relevance, and
min-redundancy. IEEE Trans Pattern Anal Mach Intell.
2005;27(8):1226–38.

35. Guyon I, Weston J, Barnhill S, Vapnik V. Gene selection for
cancer classification using support vector machines. Mach
Learn. 2002;46(1):389–422.

36. Ramírez-Gallego S, Lastra I, Martínez-Rego D, Bolón-
Canedo V, Benítez JM, Herrera F, Alonso-Betanzos A. Fast-
mRMR: fast minimum redundancy maximum relevance algo-
rithm for high-dimensional big data. Int J Intell Syst.
2016;0:1–19.

37. Bolón-Canedo V, Remeseiro B, Alonso-Betanzos A,
Campilho A. Machine learning for medical applications. In:
Proceedings of the European Symposium on Artificial Neural
Networks (ESANN). 2016. p. 225–34.

38. Flach P. Machine learning. The art and science of algorithms
that make sense of data. Cambridge: Cambridge University
Press; 2012.

39. Murphy KP. Machine learning. A probabilistic perspective.
Cambridge, MA: MIT Press; 2012.

40. Shalev-Schwartz S, Ben-David S. Understanding machine
learning. Cambridge: Cambridge University Press; 2014.

41. Barber D. Bayesian reasoning and machine learning.
Cambridge: Cambridge University Press; 2012.

42. Domingos P. The master algorithm. How the quest for the
ultimate learning machine will remake our world. New York:
Basic Books; 2015.

43. Bishop CM. Pattern recognition and machine learning.
New York: Springer; 2006.

44. Fernández-Delgado M, Cernadas E, Barro S, Amorim D. Do
we need hundreds of classifiers to solve real worls classifica-
tion problems? J Mach Learn Res. 2014;15:3133–81.

45. Little RJA, Rubin DB. Statistical analysis with missing data.
Chicester: Wiley; 2002.

46. Horton NJ, Kleiman KP. Much ado about nothing: a compari-
son of missing data methods and software to fit incomplete
data regression model. The American Statiscian. 2007;61
(1):79–90.

47. Kerkhof PL. Characterizing heart failure in the ventricular
volume domain. Clin Med Insights Cardiol. 2015;2015
(Suppl. 1):11.

48. Domingo-Ferrer J, Soria-Comas J. Anonymization in the time
of big data. In: Domingo-Ferrer J, Pejić-Bach M, editors.
Privacy in statistical databases. PSD 2016, Lecture notes in
computer science, vol. 9867. Cham: Springer; 2016.

49. Domingo-Ferrer J, Soria-Comas J. From t-closeness to differ-
ential privacy and vice versa in data anonymization. Knowl-
Based Syst. 2015;74:151–8. https://doi.org/10.1016/j.knosys.
2014.11.011.

50. Sweeney L, Abu A, Winn J. Identifying participants in the
Personal Genome Project by Name. Harvard University. Data
Privacy Lab. White Paper 1021-1. April 24, 2013.

626 A. Alonso-Betanzos and V. Bolón-Canedo

https://doi.org/10.1093/eurheartj/ehw188
https://doi.org/10.1093/eurheartj/ehw188
https://doi.org/10.1093/jamia/ocv136
https://doi.org/10.1016/j.knosys.2014.11.011
https://doi.org/10.1016/j.knosys.2014.11.011


Genome-Wide Association Studies
and Risk Scores for Coronary Artery
Disease: Sex Biases

38

Sean G. Byars and Mike Inouye

GWAS and risk scores. Art work by Piet Michiels, Leuven, Belgium

Abstract

Phenotypic sex differences in coronary artery
disease (CAD) and its risk factors have been
apparent for many decades in basic and clini-
cal research; however, whether these are also
present at the gene level and thus influence
genome-wide association and genetic risk pre-
diction studies has often been ignored. From
fundamental and medical standpoints, this is
critically important to assess in order to fully
understand the underlying genetic architecture
that predisposes to CAD and better predict
disease outcomes based on the interaction
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between genes, sex effects, and environment.
In this chapter we aimed to (1) integrate the
history and latest research from genome-wide
association studies for CAD and clinical and
genetic risk scores for prediction of CAD,
(2) highlight sex-specific differences in these
areas of research, and (3) discuss reasons why
sex differences have often not been considered
and, where present, why sex differences exist
at genetic and phenotypic levels and how
important they are for consideration in future
research. While we find interesting examples
of sex differences in effects of genetic variants
on CAD, genome-wide association and
genetic risk studies have typically not tested
for sex-specific effects despite mounting evi-
dence from diverse fields that these are likely
very important to consider at both the genetic
and phenotypic levels. In-depth testing for sex
effects in large-scale genome-wide association
studies that include autosomal and often
excluded sex chromosomes alongside parallel
improvements in resolution of sex-specific
differences for risk factors and disease
outcomes for CAD has the potential to sub-
stantially improve clinical and genetic risk
prediction studies. Developing sex-tailored
genetic risk scores as has been done recently
for other disorders might be also warranted for
CAD. In the era of precision medicine, this
level of accuracy is essential for such a com-
mon and costly disease.

Keywords

GWAS · Coronary risk factors · Single
nucleotide polymorphism · Sex-specific
analysis · Genetic risk score · Women’s
Genome Health Study

History, Utility, and Sex Biases
in Clinical Risk Scores for CAD

Historically, cardiovascular disease (CVD) risk
assessment was initiated during the middle of the
twentieth century spurred on by the spike in
deaths in the USA due to coronary artery disease

(CAD) that rose from ~10% of all deaths in 1900
to ~40% by 1960 [1]. This disease epidemic
resulted in the Framingham Heart Study (FHS)
being founded in 1947 by the US National Heart
Institute in order to study and uncover causes of
CVD in a relatively stable and well-defined com-
munity of mostly European ancestry [1]. Over a
decade later in 1960, results from the FHS
resulted in the initial concept of coronary risk
factors (CRFs, see Fig. 38.1 for a comparison of
their predictive performance in Framingham
males and females), including, for example, high
blood pressure, high cholesterol, history of smok-
ing, type 2 diabetes (T2D), age, and sex that are
observable in the preclinical phase before the
disease occurs and are predictive of future CVD
outcomes. After this initial success in providing
some basic translational disease indicators,
research over the following 20 years provided
deeper understanding of the multiplicative nature
of CRFs and the development of a cardiovascular
risk prediction algorithm called the Framingham
risk score (FRS) pioneered again by Framingham
investigators. The first Framingham risk predic-
tion algorithm to predict CAD (FRS-CAD) was
designed in 1998 to combine individual patient’s
risk factor information and produce a 10-year
absolute risk score for angina, myocardial infarc-
tion (MI), or death due to CAD in order to help
clinicians decide whether therapy should be
initiated [2]. In 2001, the Third Report from the
Expert Panel on Detection, Evaluation, and Treat-
ment of High Blood Cholesterol in Adults (Adult
Treatment Panel III) recommended a modified
10-year Framingham risk score for CAD (ATP
III-FRS-CAD) combined with a web-based calcu-
lator for use in patients exhibiting two or more
risk factors to decide on thresholds for treatment
of low-density lipoprotein (LDL) cholesterol
[3, 4]. It was estimated that the use of these risk
prediction scores increased the average life
expectancy of CAD patients by 3 years in the
USA [5].

While the FRS has often been the standard
against which other subsequently developed
CAD risk prediction tools are measured [2, 6–
9], the general applicability of Framingham risk
equations to modern populations has been
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debated over the last 10–15 years. This was partly
because the FRSs are based on an ethnically and
geographically limited, male-dominated sample
when cardiovascular risk profiles were less well
developed and also because many recent studies in
diverse populations suggest that the FRS poorly
classifies risk, particularly in women [10–
15]. This is likely partly due to sex differences in
progression and outcomes of CAD. For example,
approximately 20% of all coronary events in
women occur in the absence of major CRFs [16],
and many women with CRFs do not experience
coronary events [17]. As a consequence, the
Reynolds Risk Score (RRS) for women was devel-
oped in 2007 that included C-reactive protein and
parental history of premature CAD [18], and a
revised Framingham risk score (FRS-CVD) that
included increasingly common atherosclerotic
cardiovascular disease (ASCVD) events (i.e.,
stroke) was developed in 2008 [13]. The RRS for
women [18] tested 35 potential risk factors on
24,558 initially healthy US women, and the
resulting accuracy of the clinical risk score was
greatly improved demonstrating the benefits of a
sex-specific algorithm. This was further supported
by a study in 2008 where the RRS for men was
tested and optimized in 10,724 US men, which
also significantly improved global cardiovascular
risk prediction [19]. While we largely discuss
US-based risk scores here, other non-US-based
consortia have also developed other risk prediction
algorithms (all simply include sex as a covariate)
including, for example, the German Prospective
Cardiovascular Munster Heart Study (PROCAM)
[20], the European Systematic Coronary Risk
Evaluation (SCORE) system [21], and
QRISK2 [22].

Most recently, the American Heart Association
(AHA) and the American College of Cardiology
(ACC) developed a new ASCVD risk score
(AHA-ACC-ASCVD) in 2013 (see Fig. 38.2
below for an indication of its performance in
Framingham males and females) derived from
four (including FHS data) racially and geographi-
cally diverse prospective cohort studies [23–26]
that utilize the same traditional CRFs as the origi-
nal FRSs while offering tailored equations for
white and African-American men and women in
order to improve and guide ASCVD risk-reducing

therapy [26]. However, problems still reside in this
most contemporary risk score as it overestimates
risk in independent cohorts [27, 28]. Moreover,
there is a certain level of misclassification of
most clinical risk scores developed to date
depending on sex. For example, DeFilippis et al.
[29] compared performance of the AHA-ACC-
ASCVD risk score with four other risk prediction
equations (FRS-CAD, FRS-CVD, ATP III-FRS-
CAD, RRS) utilizing the Multi-Ethnic Study of
Atherosclerosis (MESA) study, which is a
community-based, sex-balanced, multiethnic
cohort consisting of 54% women, 42% European,
26% African-American, 20% Hispanic, and 12%
Chinese. The authors found that the performance
of the five risk scores to discriminate between
those who did or did not have an ASCVD or
CAD event was fairly similar. However, the
FRS-CAD, FRS-CVD, ATP III-FRS-CAD, and
AHA-ACC-ASCVD overestimated CAD and
ASCVD risk by 37–154% in men. In comparison,
the RRS estimated ASCVD and revascularization
events in men relatively accurately (9% discor-
dance). In women, the FRS-CVD accurately
estimated risk (8% discordance), while the
FRS-CAD, ATP III-FRS-CAD, and AHA-ACC-
ASCVD overestimated risk (46–67% discordance)
and the RRS underestimated (�21% discordance)
the rate of events [29].

In summary, none of the most well-known
ASCVD and CAD clinical risk prediction scores
in the USA are highly accurate for both men and
women [29]. More generally, CRFs underlying
clinical risk scores provide only modest discrimi-
nation and cannot fully capture underlying risk
[30]. This has clinical relevance for the current
10-year predicted risk threshold of 7.5% in the
USA: over- or underestimation is likely to result
in individuals with lower or higher risk receiving
or not reaching the cutoff value for preventative
treatment (statins), respectively [31–33]. Further
testing and refinement of clinical risk scores, tai-
lored to distinct populations and sex, is needed.
While the RRS and AHA-ACC-ASCVD devel-
oped between 2007 and 2013 offer sex-specific
clinical risk prediction algorithms, we now know
that many more sex differences exist in the pro-
gression of CRFs and cardiovascular outcomes
between men and women [34–37] (discussed
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below) that need to be accounted for in order to
improve prediction of CAD and broader CVD.
With the ever-increasing availability of large clin-
ical and biobank-scale data as well as inclusion of
genetic risk predictors (discussed below), these
will lead to new more powerful clinical risk pre-
diction equations.

GWAS and Sex-Specific Genetic Effects
on CAD

Typical of common diseases, individual risk for
CAD is modulated by the interplay between life-
style and genetic factors [38]. Some of the first
evidence that CAD had a genetic component was
through early clinical observations [39], twin
[40, 41] and cohort [42, 43] studies, which
found increased CAD risk depending on whether
there was direct or indirect family history of the
disease and also estimated the heritability of CAD
as ~50%. Genome-wide methods estimate CAD
heritability between 40% and 50% [44]. Collec-
tively these seminal studies laid the groundwork
that helped drive the development of modern
genetic tools to better define the underlying

genetic architecture of CAD and begin to translate
these findings into practice.

Historically, linkage analysis studies on families
with a predisposition to early-onset CAD provided
some initial insights intoMendelian or monogenic-
like drivers of CAD. Linkage analysis can be an
effective means of utilizing large multigenerational
families to identify highly penetrant variants
responsible for disease. Familial hypercholesterol-
emia defined by a heritable pattern of increased
cholesterol and premature CADwas first described
in 1938 [45], and in 1985 a deletion in the LDLR
gene was found to be causative [46] demonstrating
that a discrete mutation in a single gene
predisposed to CAD. Subsequent family-based
studies have identified further mutations in APOB,
PCSK9, and ABCG5/ABCG8 [47–50] that contrib-
ute to familial hypercholesterolemia, but beyond
this condition that predisposes to CAD, the use of
family studies to identify drivers of CAD has been
limited. This was especially clear in linkage studies
performed on families with more common
presentations of CAD that failed to detect any
susceptibility loci [51, 52]. Therefore, despite the
tendency to cluster in families, these earlier studies
highlighted the complex polygenic nature of CAD.

C
AD C
AD

womenmen

Fig. 38.2 Lifetime risk of coronary artery disease (CAD)
depending on individual variation in the AHA-ACC-
ASCVD clinical risk score in Framingham men and
women. AHA-ACC-ASCVD scores were divided into
quintiles (highest, medium, lowest shown in Kaplan-
Meier plots). Dashed lines are 95% CIs. For Framingham
males, integration of the AHA-ACC-ASCVD score into a
simple CAD risk prediction model (first five principal

components on genotypes) improved 10-year risk predic-
tion (Harrell’s C-index, C-index difference (ΔC) between
two models assessed using a correlated jackknife test) by
3.4% ( p < 0.001) with a net reclassification improvement
(NRI) score of 0.45 ( p < 0.001). For females, addition of
the same score did not significantly improve 10-year
C-index but did significantly improve the NRI (0.43,
p < 0.001). P-values: *p < 0.05, **p < 0.01, ***p < 0.001
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After the sequencing of the human genome in
the late 1990s and early 2000s, which resulted in
~1.5 million single nucleotide polymorphisms
(SNPs), researchers used small-scale candidate
gene studies (i.e., using previously identified
potentially causative variants) to identify genes
involved in disease; however, this underpowered
approach with small sample sizes often resulted in
false-positive findings [53, 54]. Many of the larger-
scale candidate gene studies on CAD (or stroke)
performed in the mid-late 2000s pooled data on
both sexes and added sex as a covariate [55–60]
without consideration for potential sex-specific
effects. However, in 2002, a Japanese case-control
study that tested variants predictive for MI found
differences in the significance of those between
males and females when they were analyzed sepa-
rately [61], supporting the presence of sex-specific
genetic risk factors for CAD. In 2008, a case-
control study of over 14,000 Finnish individuals
where authors tested for sex-specific effects on
46 candidate genes for CAD and CVD found that
while some variants conferred risk in both sexes,
others showed significant effects only in males
(e.g., rs2069840 in IL6 for CVD) and females
(e.g., SNPs in SELENOS for stroke) with a larger
number of sex-specific effects for women than
men [62]. These studies showed some of the first
evidence for sex differences in the effects of
known variants in genes underlying CAD
and CVD.

Subsequent further sequencing with the avail-
ability of cheaper genotyping chips (designed to
capture common variation in populations) and
careful documentation by the International
HapMap Consortium of ~3.1 million SNPs in
270 individuals from four ethnic backgrounds in
2007 [63, 64] provided the necessary resources
for initial genome-wide association studies
(GWAS). The first CAD GWAS was published
in 2007, and during that time, three independent
groups reported variants at the 9p21 locus with
the risk allele significantly increasing risk of CAD
in European populations by approximately 30%
[65–67]. Following those initial discoveries, pro-
gressively larger sample sizes have been used to
define many variants with relatively small effects
that contribute significantly to CAD. Over the last
5 years, large international consortia have utilized

massive sample sizes from mixed ethnic
backgrounds in GWAS meta-analyses for CAD
and have identified ~60 distinct genetic loci signif-
icantly linked to CAD [68–73]. Six more common
variant loci were identified in 2017 [74], and rare
variant (captured with whole exome/genome
sequencing, i.e., not included on genotyping
chips) association studies have identified at least
nine genes in which mutations significantly alter
CAD risk [75].

The majority of common CAD variants
identified to date have a minor allele frequency
of >5% in most worldwide populations, are
located in nonprotein-coding regions of the
genome highlighting their impact on CAD risk
through gene regulation [73, 76], only cause mod-
est increases in CAD risk (i.e., typically <20%
change in risk per allele), collectively explain
~30–40% of CAD heritability [72, 73], and just
under half (~40%) modulate CAD risk by
influencing CRFs such as cholesterol, T2D, and
hypertension [68, 72, 77] suggesting that the
mechanisms whereby a majority of these loci
mediate CAD risk remain unknown.

Since the first CAD GWAS was performed a
decade ago (including previous candidate gene
studies), researchers to date have typically not
tested for sex-specific effects despite earlier
findings (particularly in candidate gene studies)
that these exist. Most studies have pooled men
and women (adjusting for sex as a covariate) and
typically account for population structure by
including the first 5–10 principal components
derived on genotypes from the sample. For exam-
ple, one of the most recent GWAS meta-analyses
of CAD [73] that used 60,801 CAD cases and
123,504 controls from a mix of males and females
from different ancestral backgrounds (77%
European, South (13% India and Pakistan) and
East (6% China and Korea) Asian, Hispanic and
African-American ~4%) included sex as a covari-
ate. However, a slightly earlier study [72]
published by the same consortium with a similar
sample performed subgroup analyses by sex, and
while they observed no higher risk trends for males
vs females for any of the 46 genome-wide signifi-
cant CAD risk loci identified in the main analysis
(with sex added as a covariate), they did find one
new locus (rs16986953 in gene desert, 1.3 Mb
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away from APOB) that reached genome-wide sig-
nificance in males [72] but not females. Other
non-CAD large-scale GWAS studies have
revealed significant sex differences in contributing
genetic variants [78–80] demonstrating that these
are present in many polygenic traits and diseases.

A small subset of genome-wide CAD studies
focusing on women exist but have often been
limited by sample sizes with insufficient power
to test for association [81]. For example, in 2012
Orozco et al. [82] tested for sex-specific
associations in the Wellcome Trust Case Control
Consortium of 399/1527 cases and 1492/1446
controls, for women and men, respectively, and
found no CAD variants (previously identified
from GWAS) were significant in women or
men. More recent studies with larger sample
sizes have found some convincing sex-specific
genetic effects on CAD. Goodarzynejad et al.
[83] in a sex-stratified study discovered a SNP
in SCARB1 (plasma membrane receptor for HDL)
was associated with CAD in women but not men.
A SNP in CPS1 has also been found significantly
associated with CAD in women but not men
[84]. Liu et al. [78] found a SNP on 9p21 that
showed a large ( p ¼ 1.38 � 10–8) male-specific
association with CAD, but not females
(p ¼ 0.167). Taylor et al. [80] found
sex-specific SNPs associated with risk factors
(HDL, LDL) for CAD. This supports earlier
findings from candidate gene studies that uncov-
ered sex-specific genetic effects on CAD. Other
recent GWAS have found autosomal variants
contributing to complex traits in a sex-specific
manner (e.g., adiposity [85]). Therefore, the
investigation of sex-specific effects on CAD
with larger better-powered studies is warranted.
Resolving the full complement of shared and
sex-specific CAD genetic loci will help provide
a better understanding of the pathological
pathways in progression and thus improve indi-
vidually tailored treatments for this disease.

Notably, GWAS to date have almost exclu-
sively focused on autosomal variation [86], even
though the X chromosome is included on all cur-
rent microarrays, and as a result, the role the X
chromosome plays in CAD (and most complex
diseases) remains largely unknown. This is
mainly due to difficulty in accounting for

analytical problems arising from the X’s unique
mode of inheritance and expression (i.e., dosage
compensation in females), but recent analytical
tools to perform XWAS [87] could begin to
resolve this. The Y chromosome might also
bring further understanding of sex-based
differences in CVD development and outcomes
[37]. For example, significant associations
between Y chromosome variants and blood pres-
sure have been found in different populations
[88, 89], and some studies have suggested that
blood pressure in men is largely determined by
paternal (and not maternal) blood pressure status
[90]. In males, the Sry locus of the Y chromosome
contributes to hypertension through regulation of
tyrosine hydroxylase, whereas in women, estro-
gen modulates the activity of this enzyme
[36]. Therefore, modification of blood pressure,
a key risk factor for CAD, is partly regulated by
different genetic loci interacting with environ-
mental stimuli that vary between males and
females (i.e., changes in estrogen with pregnancy
and menopause, discussed below). For an
in-depth discussion of sex-specific differences in
CVD related to the sex chromosomes, see
Sampson et al. [37], Kling et al. [36], and
Regitz-Zagrosek and Kararigas [35]. A recent
study has also shown CVD is more prevalent
among patients with pathogenic mtDNA
mutations [91]. Given the seemingly incomplete
autosomal nuclear genetic picture of CAD, varia-
tion in sex chromosomes and mtDNA could rep-
resent part of the missing heritability of CAD.

Genetic and Genomic Risk Prediction
in CAD

While many genetic loci for CAD have now been
identified, individually these are not clinically
useful. For example, based on the most recent
meta-analysis [73], the 9p21 locus remains the
strongest genetic risk factor for CAD boasting
an impressive significance of p ¼ 2.29 � 10�98;
however, the odds ratio (OR) for the effect allele
is a modest 1.21 [92]. This represents the basis for
recently developed genetic risk scores (GRS) that
aim to improve CAD risk prediction. By combin-
ing GRS with or without CRFs (often referred to
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as modifiable risk factors because of the large
environmental component to their variation),
this should provide more accurate risk stratifica-
tion of individuals [33, 93]. GRS are calculated
essentially by counting the number of risk alleles
(adjusted for effect size) inherited for each indi-
vidual in a given population and provide a quan-
titative measure of genetic risk [94]. While family
history might naturally serve as a substitute for
genetic risk, individual risk loci and GRS predict
CAD independent of family history, and the asso-
ciation between family history and CAD tends
not to be attenuated after the inclusion of GRS
[95]. This suggests that the proportion of herita-
bility captured by current GRS is not currently
high enough to erode the predictive power of
family history and that family history of CAD
partially reflects common environment effects.

The first attempt to include genetic markers for
CVD prediction was in 2008 where variants
associated with cholesterol were used to predict
cardiovascular events [96] and extended later
with nine significant independent risk variants for
CAD [68]. These initial studies showed that
individuals in the top GRS quintile had a twofold
increased risk of CAD compared to those in the
lowest GRS quintile [68] and paved the way for
the exploration of various GRS based on different
combinations of genetic loci for CAD in different
populations [96–105]. For example, Mega et al.
[106] utilized a GRS based on 27 CAD genetic risk
variants (GRS27) and showed that genetic risk is
independent of CRFs. Shortly after, Tada et al.
[95] incorporated these same 27 with additional
23 CAD risk variants to form a 50-variant GRS
(GRS50) and tested its performance on 23,595
individuals from the Malmo Diet and Cancer
Study. They found their GRS50 further signifi-
cantly improved CAD discrimination (i.e.,
C-index: measures how well a model discriminates
individuals with(out) the outcome of interest;
values range from 0.5 (performs no better than
random) to 1.0 (perfectly distinguishes outcomes))
and reclassification (estimates improvement in per-
formance of risk prediction model after additional
risk variable is included). A recent study in 2016
by Abraham et al. [107] advanced the GRS by
taking account of 49,310 small-effect

SNPs predicted to underlie polygenic CAD to
construct a genomic risk score (GRS49k), and
tested this on 12,676 Finnish men and women
(Cox regression stratified by sex). The GRS49k
confirmed the increased predictive value of includ-
ing a large number of SNPs, by improving CAD
risk prediction largely independently of CRFs
(including family history) and significantly
improved 10-year CAD risk prediction when it
was combined with the ATP III-FRS-CAD or
AHA-ACC-ASCVD clinical risk scores.

These studies show risk stratification provided
by GRS is superior to clinical risk scores and the
inclusion of many genetic risk variants signifi-
cantly improves prediction of CAD outcomes.
This could be particularly important in asymp-
tomatic individuals without major risk factors.
Because DNA is essentially stable across the life-
time of individuals, genetic risk can be obtained
at birth. GRS could therefore be particularly use-
ful for very early (i.e., young adults) intervention,
which is especially important for a disease like
CAD that begins to develop very early in life and
is a result of lifetime modifiable exposures (diet,
smoking, exercise) interacting on a background
of low to high genomic risk. Adherence to a
healthy lifestyle will be particularly important
for young individuals with a high CAD GRS.
For example, a recent analysis of high GRS
individuals found a 46% attenuation of CAD
risk in those with a favorable versus unfavorable
lifestyle [38], and in another study a 50% reduc-
tion in CAD risk was achieved through statin
therapy in those with high GRS [106]. Another
recent study importantly showed the ability of
GRS not only to predict incident CAD but also
recurrent CAD independent of all CRFs and fam-
ily history [106]. This shows that GRS hold great
potential to improve both primary and secondary
prevention strategies for CAD.

While the performance of GRS for CAD pre-
diction is now being tested on less well-studied
populations [98, 108–111], almost all GRS stud-
ies to date have not examined sex-specific effects
in GRS. Of the few studies that have, the predic-
tive performance and ability of GRS to stratify
high- and low-risk individuals for CAD tends to
perform much more poorly in women. For
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example, Paynter et al. [101] used a 101 SNPGRS
based on GWAS loci significantly associated with
CVD (or intermediate phenotypes) and found the
GRS hazard ratio was initially weak (1.02,
p ¼ 0.006) but then not significantly associated
with incident CVD in multivariable models in the
Women’s Genome Health Study (WGHS). Com-
pare this to some of the most recent GRS
predicting CAD, where hazard ratios for GRS
are typically highly significant ranging from 1.27
to 1.74 [102, 103, 107] in multivariable models. A
recent study demonstrated that the ability of the
GRS49k and CRFs to stratify high- and low-risk
individuals for CAD performed much better in
males than females (e.g., see Fig. 38.3 and
Fig. S11–S13 in Abraham et al. [107]). This is
also supported statistically by subsequent
analyses on these cohorts that highlight male-
female differences for key risk prediction perfor-
mance indicators (see Fig. 38.3 for estimates).

Less successful prediction and stratification in
females is perhaps not surprising in these studies
given the combination of genetic and phenotypic
biases that currently exist in CAD research. Cur-
rent GRS are based on variants from GWAS that
insufficiently capture sex-specific genetic effects
on CVD and CAD (particularly females,
discussed above), and clinical definitions for
CAD outcomes (i.e., progression, presentation,
age at onset) are male-dominated, resulting in
lower specificity and accuracy of CAD outcomes
captured and predicted in females. Testing a
sex-specific GRS for CAD might be appropriate.
Sex-tailored GRS have been constructed in other
fields for conditions and diseases other than
CAD. For example, female-specific GRS have
been tested in relation to natural menopause
[112], polycystic ovary syndrome (PCOS) [113],
multiple sclerosis [114], and breast cancer [115],
and a male-specific GRS has been tested for pros-
tate cancer [116]. Indeed, developing sex-specific
GRS can be useful when there are known differ-
ential sex differences in clinical phenotypes
[117]. For CAD, the success of this will depend
on better annotation of sex-specific variants
identified in large GWAS that specifically search
for sex-specific effects.

Improvement of Future Clinical
and Genetic Risk Scores for CAD
Through More Precise Definitions
of Sex-Specific Effects

As is the case for many common human diseases,
improving our understanding of the genetic archi-
tecture underlying CAD, which is essential for
enhancing predictive performance of GRS, must
also involve parallel improvements in the
definitions of sex-specific differences in pheno-
typic presentations of CAD, which will reduce
case/control misclassification and improve preci-
sion and risk stratification of males and females.
The performance of clinical risk scores will
also benefit from more refined CRFs that account
for sex differences in their progression and
interactions with environmental stimuli. As we
discuss below, using exactly the same CAD and
CRF definitions for males and females is not
optimal in the era of precision medicine.

Firstly, because pathophysiology of CAD in
men and women is quite different, grouping
males and females and simply including sex as a
covariate will reduce trait specificity and cause a
level of bias in GWAS [118] from sex-based
misclassification of CAD cases/controls. This
bias is likely further compounded (especially for
rarer genetic variants or variants with weaker yet
significant effects) with the disproportionate ratio
of men and women when they are pooled in
GWAS. In general, analyzing sex differences in
genetic associations for CAD risk is complicated
because the age at onset is sex-dependent. For
example, mortality from CAD tends to appear
more commonly [119] and much earlier in males
than females [120, 121]. Various factors have been
proposed (e.g., psychological stressors, access and
utilization for health care, inappropriate surveil-
lance, and treatment guidelines for women) to
contribute toward this mortality difference [36].

Progression of CAD shows some distinct
differences by sex. For example, more severe
structural/functional abnormalities in epicardial
coronary arteries typify CAD progression in
men, while more abnormal coronary reactivity,
microvascular dysfunction, and plaque erosion/
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distal microembolism typify CAD progression in
women [122]. This has led to the recent sugges-
tion that the definition of ischemic heart disease
(IHD) might be more appropriate for women than
CAD [81]. Heart failure in women is often more
associated with preserved ejection fraction
(HFpEF), and if women suffer from left ventricu-
lar hypertrophy, they have a higher mortality risk
compared to men [123]. Compared to women,

men also present with more severe atherosclerosis
in their coronary arteries. Correspondingly, MI
typically occurs 10 years earlier in men
[35]. Some recent studies suggest that most
newly identified CAD GWAS loci mainly predict
atherosclerosis [124]. Given that the pathophysi-
ology of CAD can be roughly divided into three
major processes (plaque formation (atherosclero-
sis), plaque rupture, thrombotic response to

Fig. 38.3 Differences in the ability of the genomic risk
score (GRS49k) to stratify men and women into high and
low coronary artery disease (CAD) risk groups. Plots show
Kaplan-Meier estimates for cumulative risk up to age 75 in
12,676 FINRISK and 3406 Framingham Heart Study
(FHS) men and women. GRS were grouped into quintiles
(only 0–20, 40–60, 80–100% shown), with vertical bars
showing the age at which each group attained a cumulative
CAD risk of 10%. Dashed lines are 95% CIs (Sourced
from Abraham et al. [107]). For Framingham males, inte-
gration of the GRS with a simple CAD risk prediction
model (first five principal components on genotypes) or

complex model (first five PCs, total and HDL cholesterol,
systolic blood pressure, T2D, smoking, treatment for high
blood pressure, family history of CAD) improved 10-year
risk prediction (Harrel’s C-index, C-index difference
between two models assessed using a correlated jackknife
test) by 2.5% ( p¼ 0.02) to 1.6% ( p¼ 0.05), respectively.
For Framingham females, integration of the GRS with
simple and complex CAD risk prediction models did not
improve 10-year risk prediction with C-index changing by
0.2% ( p ¼ 0.78) to 0.03% ( p ¼ 0.86), respectively. The
same sample and methods as described in Abraham et al.
[107] were used to obtain these estimates
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plague rupture [125]) and atherosclerosis tends to
be more typical of male CAD progression [125],
this suggests many newly identified CAD loci
might be more predictive in males. This
corresponds with differences of GRS to stratify
high- and low-risk males and females for CAD

outcomes [107] discussed in Sect. “Genetic and
Genomic Risk Prediction in CAD” above.

Risk factors for CAD (i.e., cholesterol, BP,
T2D) also show distinct differences between men
and women [126–132] that often vary with age
(see Fig. 38.4 for examples in Framingham males

Fig. 38.4 Variation in coronary risk factors (CRFs)
between the ages of 20 and 80, 1955–2005, for males
and females in the Framingham Heart Study. Note the
very different lifetime profiles of cholesterol for males
and females. At around 60 years of age, total cholesterol
(TC) tends to be much higher in females compared to
males, and high-density lipoprotein (HDL) cholesterol
levels in females tend to be generally higher in females
compared to males. Plots show the 3-D surface accurately

derived from many repeated individual measures (total
cholesterol measured 37,317 times in 6605 males, 44,798
times in 7518 females; systolic blood pressure (SBP)
measured 45,990 times in 6626 males, 58,690 in 7546
females; HDL cholesterol measured 17,207 times in
5334 males, 20,095 times in 6210 females) in a
generalized additive model. Each plot shows example of
individual repeated measures from three randomly chosen
individuals
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and females). For example, even though men often
present with systemic hypertension at an earlier
age, the incidence of pulmonary hypertension is
greater in women than men [133–135]. Further,
hypertension and T2D can be triggered by preg-
nancy and menopause [36]. For example, mothers
experiencing pregnancy disorders such as pre-
eclampsia and gestational diabetes subsequently
have a much higher risk of hypertension and
T2D [136–142]. Menopause also involves signifi-
cant changes in estrogen levels, and estrogen
modulates tyrosine hydroxylase, which is a key
enzyme in the development of hypertension
[36]. Correspondingly, premenopausal women
have a reduced risk for hypertension and IHD
compared to men, but this reverses after meno-
pause [143, 144]. There is some evidence that
women may be more protected from atherosclero-
sis before menopause [35], which is supported by
the observation that women who have hormonal
(estrogen) disturbances due to PCOS develop ath-
erosclerosis and subsequent MI earlier in life
[145, 146]. Men with a mutation in the estrogen
receptor gene (ESR1) also have earlier CAD
[147, 148].

In summary, more accurate classification of
phenotypic sex differences in CAD risk factors,
environmental stimuli that interact with these dif-
ferently by sex, and sex differences in clinical
presentations of CAD will in turn allow for fur-
ther and more accurate identification of genes in
female-focused and male-focused studies [149]
and better predictive models that utilize GRS
and CRFs. This will become increasingly impor-
tant as we move further into the era of precision
medicine.
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This chapter reviews recent developments in
cardiovascular disease for (1) analyzing sex,
(2) analyzing gender, and (3) policy initiatives.
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Doing research wrong costs lives and money. For
example, between 1997 and 2000, ten drugs were
withdrawn from the US market because of life-
threatening health effects. Eight of these posed
“greater health risks for women than for men”
[1]. Not only does developing a drug in the cur-
rent market cost billions—but when drugs failed,
they caused human suffering and death. We can’t
afford to get it wrong.

Doing research right can save lives and
money. An analysis of the US Women’s Health
Initiative Hormone Therapy Trial, for example,
found that for every $1 spent, $140 were returned
to US taxpayers in healthcare savings. The study
also saved lives: there were 76,000 fewer cases of
cardiovascular disease, 126,000 fewer breast
cancers, and 145,000 more quality-adjusted life
years. While most of the results were positive, the
analysis did find 263,000 more osteoporotic
fractures [2].

It is crucially important to identify gender bias.
But analysis cannot stop there: Gendered
Innovations offers state-of-the-art methods of sex
and gender analysis. Integrating these methods
into basic and applied research produces excel-
lence in science, health and medicine, and engi-
neering research, policy, and practice. The
methods of sex and gender analysis are one set of
methods among many that a researcher will bring
to a project.

According to the US National Institutes of
Health (NIH), both sex (biological characteristics)
and gender (sociocultural beliefs, attitudes, and
behaviors) “play a role in how health and disease
processes differ among individuals.” While
methods for analyzing sex are increasingly well

understood [3], methods for analyzing gender
within biomedicine are not.

This chapter reviews recent developments in
cardiovascular disease for (1) analyzing sex,
(2) analyzing gender, and (3) policy initiatives.
Funding agencies expect these analyses to con-
tribute to the pace of new discoveries, diminish
errors of extrapolation between sexes, and miti-
gate adverse events in the development
pipeline [4].

Background

Governments, universities, and, increasingly,
corporations in the USA and Western Europe
have taken three strategic approaches to gender
equality over the past several decades [5]:

1. “Fix the numbers of women” focuses on
increasing the numbers of women
participating in science, health and medicine,
and engineering.

2. “Fix the institutions” promotes gender equality
in careers through structural change in
research organizations, such as dual-career hir-
ing and family-friendly policies.

3. “Fix the knowledge” or “gendered
innovations” stimulates excellence in science
and technology by integrating sex and gender
analysis into research. This paper focuses on
this third strategic approach. It’s the newest
and the most important for the future of
innovation and discovery.

Gendered Innovations in Science, Health and
Medicine, Engineering, and Environment was pro-
duced through a large interdisciplinary collabora-
tion funded by Stanford University (2009–2017),
the European Commission (2011–2013), and the
US National Science Foundation (2012–2015)
[6]. To match the global reach of science and
technology, the project was developed through a
series of international workshops bringing together
over 80 natural scientists, biomedical researchers,
engineers, and gender experts from across the
USA, EU, and Canada. We’ve now expanded
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into South Korea, Taiwan, and Silicon Valley
companies. This project (1) developed state-of-
the-art methods of sex and gender analysis and
(2) produced 26 case studies to demonstrate
through concrete examples how gender analysis
leads to discovery and innovation. The operative
question is: Can we harness the creative power of
sex, gender, or ethnicity analysis for discovery?
Does considering gender, for example, add a valu-
able dimension to research? Does it take research
in new directions?

Gendered Innovations formed the empirical
basis for European Commission’s Horizon 2020,
its current funding framework. In December
2013, to better meet its grand societal challenges,
the European Commission (EC) implemented
policies to integrate gender/sex analysis in
research and innovation (R&I). In the proposal
template, under “concept and approach,”
applicants are asked “Where relevant, describe
how sex and/or gender analysis is taken into
account in the project’s content” [7]. In 2015,
the EC identified over 130 areas of science and
technology where gender analysis could benefit
research, including health and biomedicine, com-
puter hardware and architecture, nanotechnology,
oceanography, geosciences, organic chemistry,
aeronautics, space medicine, biodiversity, ecol-
ogy, and biophysics, among others.

Results have been good; overall 36% of EC
Horizon 2020 grants funded in 2015 integrated
sex or gender analysis into research. Proposals
that integrate gender analysis into the design of
research are more competitive [8].

The EC is currently the global leader in policy
in this area, but they were not the first. In 2010, all
13 Canadian Institutes of Health Research
(CIHR) required applicants to consider sex and
gender in their research (Fig. 39.1). CIHR states
that “the purpose of this tool is to give health
researchers a framework for thinking through
how gender and/or sex might be integrated into
their research designs” [9]. Further, CIHR has
produced three trainings to assist researchers to
learn how to apply the tools of sex and gender
analysis. These include, “Sex and Gender in Bio-
medical Research,” “Sex and Gender in Primary
Data Collection with Human Participants,” and

“Sex and Gender in Secondary Data Collected
from Human Participants.” These trainings are
short, precise, and highly recommended (http://
www.discoversexandgender.ca/).

Finally, January 1, 2016, the US National
Institutes of Health (NIH) required that public-
funded research “account for the possible role of
sex as a biological variable in vertebrate animal
and human studies” [10]. Further, NIH made
available $10.1 million as a catalyst for consider-
ing sex as a fundamental variable in research
(PA-15-034).

Gendered Innovations demonstrates that pro-
spective discoveries lie at the interface of disciplin-
ary boundaries [11]. Gendered Innovations has
been highly successful in developing and promot-
ing methods for sex and gender analysis to encour-
age robust, reliable, and reproducible science
[12]. Gendered Innovations was presented at the
United Nations in 2011, 2014, and 2016; the
National Science Foundation in 2012 and 2017;
the European Parliament in 2013 [13]; CNRS,
Paris in 2013; the National Parliament, South
Korea, in 2014; and elsewhere. The globally acces-
sible peer-reviewed Gendered Innovations website
has been translated into Chinese, German, Korean,
Spanish, and Swedish [14].

Definition of Terms

The terms gender and sex are often conflated in the
biomedical literature [15]. These, however, are
distinct terms and must be used correctly. Sex is
“a biological quality or classification of sexually-
reproducing organisms, generally female, male,
and/or intersex, according to functions that derive
from the chromosomal complement, reproductive
organs, and specific hormones that affect the
expression of phenotypic traits” [16].

While we generally analyze sex as “male” and
“female” (intersex represents approximately
1–2% of the population, though this is not well
documented), it is important to recognize
differences within groups of females and males/
women and men. Take, for example, height. In
the USA, women are shorter than men on aver-
age, but about 3% of women are taller than the
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average man, and 6% of men are shorter than the
average woman. The height difference between
the average woman and man is less than the
height difference between a 90th percentile
woman and a 10th percentile woman, or the dif-
ference between 90th and 10th percentile men
(Fig. 39.2).

Gender, by contrast, refers to culturally-defined
norms and relations that shape our identities and
behaviors as women, men, and gender-diverse
individuals. More specifically, “gender” refers to

sociocultural processes that interact with and thus
may influence human biology (Fig. 39.3). Gender
includes “gender norms” (spoken and unspoken
rules—in family, social circles, workplace, institu-
tional, or global culture—that influence individual
attitudes and behaviors), “gender identity” (how
individuals and groups perceive and present them-
selves), and “gender relations” (the social relations
between individuals of different gender identities,
such as the relations between a male patient and a
female physician)—see Fig. 39.4.

Organization

Policy 
to:

Policy 
to:

Policy 
to: Policy to Integrate Gender Analysis into 

Research 

Canadian 
Institutes of 
Health 
Research 
(CIHR)

Yes Yes Yes 

In 2010, CIHR required all grant 
applicants to respond to mandatory 
questions about “whether their research 
designs include gender and sex.” August 
2015 released online training for Sex and 
Gender in Biomedical Research.

European 
Commission 
Directorate-
General for 
Research and 
Innovation

Yes Yes Yes

Since 2003, the European Commission 
has supported “questioning systematically 
whether, and in what sense, sex and 
gender are relevant in the objectives and 
in the methodology of projects.” In 2013, 
these policies were reaffirmed and 
expanded in Horizon 2020, the 
Commission’s current funding 
framework. The Commission states, 
“Integrating gender/sex analysis in 
research and innovation (R&I) content 
helps improve the scientific quality and 
societal relevance of the produced 
knowledge, technology and/or innovation. 
In March 2015, the EC Gender Advisory 
Group published an advice paper on 
preparing grants that integrate the gender 
dimension into research. 

US National 
Institutes of 
Health (NIH)

Yes Yes Yes

Guidelines for considering sex as a 
biological variable in research were 
released June 2015. Policy implemented 
January 1, 2016. (Notice Number: NOT-
OD-15-102.) These guidelines are 
mainstreamed in “Enhancing 
Reproducibility through Rigor and 
Transparency” (Notice Number: NOT-
OD-15-103.)

Fig. 39.1 Gender policies of major granting agencies. (For more, see http://genderedinnovations.stanford.edu/sex-and-
gender-analysis-policies-major-granting-agencies.html)
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Fig. 39.2 Analyzing sex. (http://genderedinnovations.stanford.edu/methods/sex.html)

Fig. 39.3 Sex and gender interact throughout the human
life cycle. Sex influences health directly or by modifying
behavior; at the same time, gender behaviors may modify

biological factors. Regitz-Zagrosek V. Sex and gender
differences in health. Eur Mol Biol Organ Rep. 2012, 13
(7):596–603. Reproduced by kind permission
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Analyzing Sex

Heart disease research in women offers one of
the most developed examples of gendered
innovations. Although heart disease is a major
killer of women in developed countries, it has
been defined primarily as a male disease, and
“evidence-based” clinical standards have been
created based on male pathophysiology and
outcomes. As a result, women are often mis-
and underdiagnosed [17].

An important innovation here has been to
understand sex differences in the pathophysiology
underlying heart disease. To take just one example,
consider how underlying pathophysiology may
differ between women and men [18]. Coronary
angiography, the “gold standard” for diagnosing
patients with chest pain, typically results in a diag-
nosis of obstructive coronary artery disease (CAD)
in men (see chart below, right), but frequently fails
to identify the cause in a large proportion of
women [19]. As a result, many women with
chest pain, but “normal” angiograms (Fig. 39.5,
left panel), may be told that they have no signifi-
cant disease and sent home.

New studies show, however, that the prognosis
for these women is not benign: Women with a
primary diagnosis of “non-specific chest pain”
may suffer heart attack or stroke shortly after
being discharged from hospitals [20]. This may
also be true for somemen. Large-scale randomized
trials are needed to better understand the patho-
physiology and optimal therapies for women and
men with angina and “normal” angiograms.

After 20 years of research, sex analysis has
prompted policy changes, increased the represen-
tation of women subjects in heart disease
research, and enhanced knowledge about diagno-
sis and treatment in women and men alike. But, of
course, much still needs to be done [21].

Analyzing Gender

Gender also plays a role in heart disease. A new
Canadian study has analyzed both sex and gender
in heart disease—with surprising results. This
study seeks to predict outcomes after Acute Cor-
onary Syndrome (ACS) in young adults, analyzed
the independent effect of sex and gender on

Analyzing Gender. Points to Keep in Mind:

Gender refers to cultural attitudes and behaviors traditionally ascribed to women, men, 
and gender diverse people.

1. Gender consists of: 
a. Gender Norms (spoken and unspoken cultural rules in the family, 

workplace, society, institutional or global culture that influence 
individual attitudes and behaviors). 

b. Gender Identity (how individuals and groups perceive and present 
themselves in relation to gender norms). 

c. Gender Relations (the power relations between individuals of different 
gender identities). 

2. Gender attitudes and behaviors vary by culture, historical era, ethnicity, 
socioeconomic status, geographic location, and other factors. For example, 
gender norms may be very different on the US West coast vs. East coast, or 
in Italy vs. India. 

3. Investigators should recognize within group variations (differences in 
attitudes and behaviors among women or among men) and between-group 
overlap (overlap in attitudes and behaviors between women and men).

4. It is important to consider factors intersecting with sex and gender (e.g., age,
socio-economic status, or ethnicity).

5. There is no necessary relationship between gender characteristics and sex.

Fig. 39.4 Analyzing gender. Points to keep in mind

648 L. Schiebinger and I. Klinge



incidence of recurrence of ACS and death twelve
months after diagnosis [22].

To do the study, the team reduced sex to a
variable, which is straightforward. They found
no difference between women and men. The prin-
cipal investigators also reduced gender to a vari-
able—which is highly interesting. If researchers
do not find useful ways to measure gender,
they miss important effects of gender on human
health.

After testing 17 variables, the PIs found seven
that were significant and developed a gender-
related score from these:

1. Household primary earner
2. Personal income
3. Number of hours per week spent doing

housework
4. Status of primary person responsible for doing

housework
5. Level of stress at home
6. Bem Sex Role Inventory masculinity score
7. Bem Sex Role Inventory femininity score

These they controlled for sex, age, the Global
Registry of Acute Coronary Events (GRACE)
score, previous CVD events, and a number of

traditional CV risk factors, such as smoking, obe-
sity, hypertension, etc.

The results suggest that gender matters. Patients
received a gender-related score of between 1 and
100. Patients with a higher “femininity” score were
more likely to experience a recurrence of ACS—
regardless whether they were women or men. That
is to say, a man with a high femininity score was
more likely to suffer a recurrence; and a woman
with a high masculinity score was not.

Building on this radically new work, an inter-
national, interdisciplinary team centered at
Stanford University has undertaken a large project
to develop gender variables for health research.
We argue that numerous extant measures of
gender, such as the 1974 Bem Sex Role Inventory
(used, e.g., in the Canadian study) [23], are
outdated and likely to lead to erroneous
conclusions. Further, we move beyond femininity
and masculinity by reconceptualizing gender as
key theory-based constructs or latent variables.
Building on excellent work emerging in this area
[24], this project aims to identify key gender-
related variables along with relevant measures for
each (and point to potential associations with
health outcomes). Results will be available in
early 2018 [25].

Fig. 39.5 Men and women have different patterns of heart disease. (Adapted with permission from K. Lance Gould
1999)
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New Directions

Several exciting new directions are in play.
Designers of biomedical devices are increasingly
incorporating sex and gender. After the dramatic
failure of Apple’s HealthKit in 2014, designers are
beginning to understand that not considering sex
can lead to failure. Apple’s HealthKit is an app that
tracks numerous biological functions, including
blood pressure, daily calories, blood alcohol con-
tent, percent body fat, respiratory rate, intake of
sodium, magnesium, calcium, fiber, iodine, chro-
mium, etc. It failed, however, to track women’s
menstrual cycles. Negative publicity forced Apple
to release a corrected version of the app in 2015 at
a high cost in terms of profit, poor publicity, and
team morale.

Companies now understand that biometrics
need to consider physiological differences between
men and women (sometimes also age or ethnicity)
to insure usability and safety for users. A tech
company in Silicon Valley, for example, is design-
ing a wearable to detect early signs of heart dis-
ease. Recognizing that men and women have
different patterns of heart disease will enhance
the usability and uptake of the device.

In 2016, the Matera Alliance was launched at a
Gender Medicine congress in Matera, Italy [26]. It
is comprised of individuals and organizations
committed to increasing the applicability of drug
development and testing to women across the life-
span. In a recent review in Pharmacological
Research, two members of the Matera Alliance—
Cara Tannenbaum and Danielle Day—sum-
marized the current state of science for considering
age and sex-related factors in the drug develop-
ment pipeline, from cell culture and animal
research through all phases of clinical trials in
humans [27].

The article highlights the various pitfalls
and problems in current drug development that
takes the male as the norm, resulting in many
adverse drug reactions in women. It offers a set
of recommendations to improve standards for
integrating age and sex into study design, analysis,
and reporting of preclinical and clinical assessment
of new molecular entities and biologics in adults.

These recommendations provide guidance for drug
development and testing across the spectrum of
age and sex in adults.

In May 2017, at the Organization for the Study
of Sex Differences (OSSD) meeting in Montreal,
the Matera Alliance organized a roundtable with
representatives of pharmaceutical industry to cre-
ate and implement a multi-stakeholder roadmap
that enables basic scientists, clinical trialists, reg-
ulatory agencies, payers, physicians, and patients
to transform the way drugs and biologics are
developed, tested, approved, and prescribed in a
more tailored sex-specific manner (Fig. 39.6).

Integrating Sex and Gender into
the Scientific Pipeline

Policy is one driver of innovation that can help
encourage health and biomedical researchers inte-
grate sex and gender analysis into the design of
their research. Interlocking policies need to address
granting agencies, editors of peer-reviewed
journals, industry leaders, and educators.

At the beginning of the research pipelines,
granting agencies can ask applicants to explain
how sex and gender analysis is relevant their
proposed research—as discussed above. The EC
program, Horizon 2020, lists three objectives for
gender equality: (1) to encourage gender balance
in research teams, (2) to ensure gender balance in
decision making, and (3) to integrate the gender
dimension in research and innovation. To support
this third initiative, EC included gender trainings
among the eligible project costs to encourage
researchers to further develop and share gender
expertise in research.

Further, the EC founded the Advisory Group
for Gender (AGG) in 2014. This group, chaired
by Ineke Klinge as rapporteur for the Gendered
Innovations project, is composed of 27 gender
experts, one appointed from each of the advisory
groups that comprise Horizon 2020 subject areas.
Its mandate is to provide advice pertaining to all
gender-equality activities under Horizon 2020
with special attention to the integration of the
gender dimension in research and innovation.
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In 2015, the AGG produced “For a Better Inte-
gration of the Gender Dimension in the Horizon
2020 Work Programme 2016–2017.” The AGG
takes the basic position that “the gender dimension
is part and parcel of research excellence. It
enhances the societal relevance of the produced
knowledge, technologies and innovations and
contributes to the production of goods and services
better suited to potential markets. To support this
process, it is essential to devote resources to the
gender aspects of research” [28]. The collaborative
work of this advisory group resulted in integrating
more gender-flagged topics in the EC’s upcoming
Work Programmes. They also clarified concepts
and offered expert materials to program officers
writing Work Programmes.

Following the EC’s lead, a number of the EU
member states have also established robust policies
that integrate sex and gender analysis into calls
for funding proposals, including Austria, Ireland,
and Germany—both the Federal Ministry of Edu-
cation and Research (BMBF) and the German
Research Foundation (DFG) [29]. To take one
example, in 2013 the Dutch Alliance for Gender
and Health, a bottom-up multi- stakeholder Alli-
ance, brought together policy makers, scientists,
medical professionals, insurance companies, gen-
der experts, and knowledge institutes around the
theme gender and health, coordinated by Women
Inc. A major outcome has been the Gender and
Health Knowledge Agenda. Commissioned by
the Dutch Ministry of Health, Welfare and Sport,

Fig. 39.6 Cycle of age- and sex-specific translational and
posttranslational drug development. Tannenbaum C, Day
D. Age and sex in drug development and testing for adults.
Pharmacol Res. 2017; 121:83–93, esp. 90. doi:https://doi.

org/10.1016/j.phrs.2017.04.027. Published by Elsevier
Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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ZonMw (the Netherlands Organisation for Health
Research and Development) has developed a Gen-
der and Health Knowledge Program. This program
is based on the previously published Knowledge
Agenda and the subsequent Priority Study
[30]. This grant program draws upon the Gendered
Innovations methods and case studies as well as
from materials and online trainings developed by
the Canadian Institute for Gender and Health.

At the university level, research institutions can
develop programs and policies to promote the
gender dimension in research. One successful ini-
tiative is Stanford University’s School of Medicine
seed grants for medical researchers. Developed
by Gendered Innovations co-director, Marcia
Stefanick, who heads up Stanford’s Women and
Sex Differences in Medicine (WSDM) Center, this
program offers Stanford medical PIs, between
$20,000 and $35,000 to integrate sex and/or gen-
der analysis into their current research. Examples
of successful grants include “Investigating
Sex Differences in Human Plasmacytoid Dentritic
Cell Function and Regulation” and “Sex Diff-
erences in Hippocampal Physiology & Response
to Circadian Dysfunction.” The idea is to ready
Stanford researchers to apply for large NIH grants
that now require considering sex as a biological
variable [31]. This initiative also contributes to
integrating sex/gender analysis into the Stanford
School of Medicine curriculum (see below). Once
professors see the value of sex and gender analysis
for their research, they are likely to add it to their
lectures.

Importantly, at the end of the research pipe-
line, editorial boards of peer-reviewed journals
can require sophisticated sex and gender analysis
when selecting papers for publication. If sex and
gender are not analyzed properly, an article is not
excellent and worthy of publication. On the
Gendered Innovations website we include a list
of journals and their guidelines to authors and
reviewers for sex and gender analysis [32]. The
Journal of the American College of Cardiology
and American Journal of Physiology were early
adapters of these policies and guidelines. In
December 2016, Lancet published proposed
guidelines for reporting sex and gender in medi-
cal journals (Fig. 39.7). These guidelines have

also been adopted by the International Committee
of Medical Journal Editors. For biomedical and
health research, it is now clear that sex and gender
must be considered as health-relevant variables.

For the scientific pipeline, integrating knowl-
edge of sex and gender into medical school
curricula may, in fact, be a matter of life and
death. Integrating sex and gender knowledge
throughout the curriculum ensures adequate
knowledge and skills for future physicians in
etiology, pathogenesis, clinical presentation,
diagnosis, treatment, and research of diseases.
Charité in Berlin, under the leadership of Vera
Regitz-Zagrosek, has been perhaps most success-
ful in this regard. Gender medicine-related con-
tent was integrated throughout all 6 years of
training from early basic science to later clinical
modules. Factors important to the process were
(1) the support of the dean and (2) a “change
agent,” i.e., a faculty member who oversaw the
process, facilitated interactions with all key
players, and established a supporting organiza-
tional framework. An evaluation of this program
at Charité showed that sex and gender elements
were integrated into 21% of lectures, 12% of
seminars, and 8% of practical courses [33].

In the USA, Marjorie Jenkins of the US Food
and Drug Administration (FDA)’s Office of
Women’s Health and Texas Tech along with a
number of colleagues are working with the
National Board of Medical Examiners to include
questions about sex and gender medicine on the
US Medical Licensing Exam. This is a major step
forward. A Sex and Gender-Based Medical Edu-
cation Summit was held at Mayo Clinic in
2015 [34].

In industry, too, it is important to integrate sex
and gender into products and product design.
Biomedical products and devices that incorporate
the smartest aspects of sex and gender can open
new markets. Products that meet the needs of
complex and diverse user groups enhance global
competitiveness and sustainability.

There is much work to be done. Researchers
need to learn sophisticated methods of sex and
gender analysis. Universities need to incorporate
these methods into their curricula. Granting
agencies need to ask applicants to explain how
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sex and gender analysis is relevant their proposed
research. Editorial boards of peer-reviewed
journals need to require sophisticated sex and
gender analysis when selecting papers for publi-
cation. Industry needs to incorporate the smartest
aspects of gender in innovative products, pro-
cesses, services, and infrastructures.

But eyes have been opened, and we cannot
return to a world that ignores gender. Innovation
is what makes the world tick. Gendered
innovations spark creativity by offering new
perspectives, posing new questions, and opening
new areas to research. Can we afford to ignore
such opportunities?
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aspects in males and females, as well as men-
opausal replacement therapy and testosterone
use. Authors analyze both literature and origi-
nal data on obesity and metabolic syndrome,
coronary artery disease, arrhythmias including
gender aspects of sudden cardiac death,
cardiomyopathies, and diseases of aorta and
aortic valve. A significant part deals with car-
diac imaging and sex differences.
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Introduction

Gendered Innovations is a scientific initiative that
examines sex and gender as a variable for investi-
gation, advancing science and technology across
the globe. “Gendered Innovations” employs
methods of sex and gender analysis to create new
knowledge.

New technologies and medical innovations
are rapidly increasing in cardiology, starting
from genome editing and modulation of fetal
programming and ending by development of
new implantable devices and creating artificial
organs. Significant epidemiological and clinical
data has amassed over the years indicating impor-
tant differences between women and men in the
prevalence, course, and expression of various
cardiovascular problems. However, considering
gender in cardiovascular research and clinical
practice is still quite rare, and most theories (espe-
cially biological models), as well as available
treatments (particularly pharmacotherapy), are
based almost exclusively on findings in male
subjects (animal and/or human).

Taking into account all sex-specific aspects of
cardiovascular function in health and disease,
innovations should also be gender-oriented.

Thus, new cardiovascular drugs can be
personalized to gender-specific action; several
male or female gender-specific markers of disease
development can be targeted, including sex
hormones and receptors. Any of new technology
introduced for diagnosis and treatment, in partic-
ular drugs and invasive procedures, should be
tested for its efficacy in different gender, includ-
ing side effects and efficacy predictors. Gender
discrepancies in epidemiology, biomarkers, car-
diovascular structure, and function allow us to
identify novel molecules and pathways than can
be translated into new treatment strategies. There
is now abundant evidence emphasizing the need
to consider sex differences. Implementation of
associated new technologies is summarized,
along with a brief overview concerning upcoming
innovations.

Gender Differences in Cardiovascular
Disease: Basic and Translational
Research

Molecular mechanisms of gender-based
differences in incidence, clinical course, and path-
ogenesis of cardiovascular disease (CVD) remain
poorly understood. Significant contribution to the
understanding of sex differences in CVD is made
by use of animal models of such common
disorders as arterial hypertension, myocardial
ischemia-reperfusion, postischemic heart failure
(HF), and myocardial hypertrophy due to pres-
sure or volume overload. In general, the above
pathologies are characterized by greater severity
and earlier decompensation in male animals as
compared to females. Male spontaneously hyper-
tensive rats (SHRs) have higher systolic blood
pressure (BP) than age-matched females
[119]. In addition, male SHRs demonstrate earlier
deterioration in left ventricular (LV) function
progressing to chronic HF as compared to female
animals. Higher BP values and more advanced
target organ injury were found in male vs. female
rats with DOCA-salt hypertension [6] and N-
ω-nitro-L-arginine methyl ester (L-NAME)-
induced hypertension [125]. It has been shown
in the isolated perfused heart model that female
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rat hearts developed smaller infarcts and
demonstrated better postischemic functional
recovery after global ischemia-reperfusion in
comparison with male hearts [5]. In the in vivo
experiments, myocardial infarct size and the
degree of LV remodeling have been shown to be
significantly smaller in female rabbit [15], rat
[59], and dog [61] versus male animals. Male
mice compared with female mice demonstrated
significantly higher rate of myocardial rupture
and greater mortality within first 7 days after
coronary ligation [22]. This difference can be
explained by greater wall stress, more intensive
inflammatory response, and activation of matrix
metalloproteinase in male versus female animals
[39]. Compared to females, poorer outcomes
were also observed in males subjected to cardiac
pressure and volume overload. Male rats with
transverse aortic constriction (TAC) developed
predominantly eccentric hypertrophy and more
pronounced fibrosis as compared to females,
which demonstrated concentric hypertrophy
[33]. Chronic TAC-induced HF develops earlier
in males than in females [143]. Administration of
estradiol (E2) to ovariectomized females with
TAC prevented the development of LV

dysfunction and hypertrophy which provides evi-
dence for protective effects of estrogens
[112]. Female rats with atrioventricular shunt-
induced volume overload demonstrated less
severe HF, better LV function, and smaller LV
dilatation [43].

The mechanisms of gender differences in CVD
are under intense investigation (Fig. 40.1). Major
mechanisms include (epi)genetic effects and sex
hormone-induced events. Genetic mechanisms
involve expression of Y chromosomal genes in
males and expression of X chromosome genes
that escape inactivation during transcriptional
silencing of one X chromosome in females. It has
been shown, for example, that the expression of
certain variants of Uty gene which is localized in
male-specific region of Y chromosome is
associated with the level of HDL cholesterol in
mice [134]. Epigenetic mechanisms include
chemical modification of DNA and histones as
well as gender-specific expression of certain
microRNAs. Recent studies showed that the
expression of microRNA-21, microRNA-24,
microRNA-27a, microRNA-27b, microRNA-
106a, and microRNA-106b is gender-dependent
and is subjected to regulation by E2 and estrogen

Genetic
mechanisms

Expression:

Y chromosomal genes

MicroRNA Estrogens:
Chemical modification:

- DNA

- histones
X chromosomal genes that
escape transcriptional silencing

Epigenetic
mechanisms

Sex-specific cell
characteristics

Sex differences in
cardiovascular diseases

Mechanisms underlying sex differences in cardiovascular diseases

Sex hormone–
related mechanisms

Genomic effects (ERα, ERβ)

Rapid nongenomic effects
(GPR30)

Fig. 40.1 Major mechanisms include genetic and epige-
netic effects as well as sex hormone-induced events. The
above mechanisms result in gender-specific cell

characteristics which determine differential expression of
cardiovascular disease in males and females (see text for
more details)
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receptor (ER) β. Estrogen-dependent changes in
the level of microRNA-21 resulted in varying
intensity of myocardial fibrosis in pressure-
overloaded mice [118]. Gender-dependent
differences in CVD could be also attributed to the
effects of sex hormones, among which the effects
of E2 on ERα and ERβ are best studied. E2 exerts
two types of effects, namely, genomic effects
(estrogen receptor α- and estrogen receptor
β-mediated gene expression changes) and rapid
non-genomic effects which seem to be evoked by
E2 binding with G-protein-coupled receptor
GPR30. Non-genomic effects include activation
of several kinases, such as ERK1/ERK2, Src, and
JNK [80]. The same kinase pathways are known to
be activated after myocardial conditioning. Signif-
icant progress in the elucidation of the role of
certain ER in protective signaling has been
achieved by using genetically engineered mouse
models (GEMMs). GEMMs either lack ERα/ERβ
or exhibit their systemic or tissue-specific
overexpression [120]. Studies on ERα or ERβ
knockout mice have shown that both types of the
receptor might be involved in cardioprotection.
Cardiomyocyte-specific hyperexpression of ERα
has decreased myocardial fibrosis and remodeling
only in female mice 2 weeks after MI which was
accompanied by hyperphosphorylation of JNK
[81]. In contrast, cardiomyocyte-specific hyper-
expression of ERβ improved survival in both
sexes in mice [127]. In special four-core genotype
(FCG) mouse, gonadal sex and sex chromosome
complement are uncoupled by means of moving
testis-determining gene, Sry, from the Y chromo-
some to an autosome. As a consequence, FCG
mouse offers the opportunity of studying
differences in XX vs. XY mice that have the
same sexual phenotype and same sex hormone
levels, i.e., XX male vs. XY male and XX
female vs. XY female. With this approach, the
effects of sex hormones and sex chromosomes on
the resulting phenotype can be assessed separately.
However, recent experiments showed that both
genes and hormones play a major role in determin-
ing the level of resistance to Coxsackievirus B3
and ischemia-reperfusion [75, 76, 122]. Cardiovas-
cular effects of ERα/ERβ can be also elicited by
specific agonists. For example, administration of

ERβ agonist 2,3-bis(4-hydroxyphenyl)-
propionitrile (DPN) to ovariectomized mice
resulted in augmented functional recovery of the
LV after ischemia-reperfusion in the isolated heart
[100]. In the in vivo infarct model in rabbit, selec-
tive agonist of ERα 4,40,400-(4-propyl-(1H)-
pyrazole-1,3,5-triyl) trisphenol, but not DNP,
reduced infarct size [13]. The above mechanisms
of gender influence on cardiovascular system
result in gender-specific cell characteristics. For
example, female mitochondria are more tolerant to
oxidative stress and, in addition, faster restore ATP
stores after episode of acute hypoxia. Female
cardiomyocytes are more tolerant to apoptosis in
ischemia-reperfusion because of increased expres-
sion of Bcl-2 and decreased expression of Bax.

In conclusion, regulatory bodies encourage the
use of the animals of both sexes for research
purposes [23]. Similarly, primary cells should be
harvested from both male and female donors.
Experimental studies in both sexes represent
major tool for discovery of new molecular
mechanisms of disease and therapeutic targets
that might benefit both men and women.

Arterial Hypertension

Arterial hypertension is a well-known major car-
diovascular risk factor with high prevalence.
Almost two-third of postmenopausal women have
elevated blood pressure [105]. It is widely accepted
that menopause is an independent risk factor for
development and progression of arterial hyperten-
sion [130, 131]. Although fewer women than men
less than age 45 have hypertension, the genders
share a similar prevalence between ages 45 and
64, and, older than the age of 64, the prevalence
of hypertension in women surpasses that of men.
Sex-specific factors in females are obesity, cystic
ovarian syndrome, oral contraceptive drugs, and
menopause resulting in increased salt sensitivity.
New mechanism of blood pressure rise, such as
oligonephronia [103, 105], and unbalanced renal
medullar circulation, multiple aldosterone secre-
tion disturbances, and increased large artery stiff-
ness can also have sex-specific features demanding
corresponding distinct treatment options.
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Moreover, recent studies show that genetics of
hypertension can be sex-specific, indicating that
analyses that incorporate sex-dependent and epi-
static effects could reconcile past inconsistencies
and account for some of the missing heritability of
blood pressure and are generally relevant to SNP
association studies for any phenotype. Thus,
Scurrah et al. in 2017, tested 88 tagSNPs in 2872
white individuals in 809 pedigrees from the Victo-
rian Family Heart Study and showed sex-specific
associations for 3 SNPs in men (rs2468523 and
rs2478544 at AGT and rs11658531 at ACE) and
only 1 SNP in women (rs12451328 at ACE)
[109, 128]. The earlier PAMELA study of 3705
SNPs from 1550 patients showed that there are
sexual dimorphisms in the association of blood
pressure with the state of several SNPs [110].

It seems likely that salt sensitivity and its
sex-specific prevalence can also be genetically
based. Extensive research efforts have identified
genes in the RAAS, ion and water channels,
transporters, and exchangers, endothelial system,
apelin-APJ system, sympathetic nervous system,
intracellular messengers and kallikrein-kinin sys-
tem, and many others related to this complex
phenotype [65].

Novel methods of estimation salt sensitivity
are in progress. Commonly used tests for diagno-
sis of salt-sensitive hypertension (SSH) are com-
plex and time-consuming, so new methods are
required. Many studies have demonstrated roles
of miRNAs in hypertension, and a potential diag-
nostic value of miRNAs for human salt sensitivity
has been reported. In a recent study, of Qi et al.
[116], it was shown that hsa-miR-361-5p com-
bined with dietary factors can be a good marker
for diagnosis of salt sensitivity.

Antihypertensive Drugs and Gender
Data from large clinical trials and a meta-analysis
offer strong evidence that the preventive effec-
tiveness of the various drug classes does not differ
by sex, and therefore the choice of the drug can-
not be based on these criteria in postmenopausal
women. There are currently no specific BP treat-
ment goals for postmenopausal hypertension.
However, there are studies indicating that
diuretics are more effective in postmenopausal

females, while beta-blockers have higher blood
pressure lowering effects in males [144].

Neuromodulation in Hypertension
Treatment: Gender Effect
There is again a growing evidence that essential
hypertension is commonly neurogenic and is
initiated and sustained by sympathetic nervous
system overactivity. Potential mechanisms include
increased central sympathetic outflow, altered nor-
epinephrine (NE) neuronal reuptake, diminished
arterial baroreflex dampening of sympathetic
nerve traffic, and sympathetic neuromodulation
by angiotensin II. During the last decade, novel
invasive approaches for the management of resis-
tant hypertension are rapidly spreading, including
renal denervation (RDN), chronic baroreflex acti-
vation therapy (BAT), vagus stimulation, and
others.

Although the first results from studies
suggested important benefits regarding blood pres-
sure (BP) control in resistant hypertension by the
use of diverse systems of RDN in the setting of
resistant hypertension, the Symplicity HTN-3,
randomized sham-controlled trial, reduced the
enthusiasm and led to a more critical approach
toward this neuromodulation innovative therapy.
There are preliminary data that the procedure is
more effective in males and in younger females
[137]. In several studies, BAT has been
demonstrated to decrease office blood pressure
and ABPM; it was equally effective in both sexes
of all ages [50, 52, 142].

Hormone Replacement Therapy
in Females
It is well known that hormone replacement ther-
apy (HRT) is a solitary option to reliably elimi-
nate climacteric disorders and to improve
significantly the quality of life in postmenopausal
women [94, 136]. The problem of HRT adminis-
tration has become particularly relevant after
HERS (the Heart and Estrogen-Progestin
Replacement Study, [57]), HERS II [48], and
WHI (Women

0
s Health Initiative, [148], 2004)

studies have been terminated showing some
increase in acute cardiovascular events in females
taking HRT compared to placebo groups. The
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reasons for such results have been widely
discussed in the literature. The results of prospec-
tive clinical trials, as well as the data of some
experiments, have shown beneficial effects of
HRT on both total and cardiovascular mortality
and level of left ventricle hypertrophy and left
ventricle performance [49, 93, 124]. Secondary
analyses of the controversial results of HRT clin-
ical trials have found a number of concomitant
factors contributing to HRT effects: age and time
of treatment onset, comorbidities, way of admin-
istration, and doses of estrogens and progestins.
By now, the majority of authors agree that admin-
istration of HRT to healthy females under age of
60 without underlying cardiovascular diseases
and significant atherosclerosis in early meno-
pause is safe and may decrease the risk of future
cardiovascular disease [45, 53, 108, 136]. So far,
the main indication for HRT is still the presence
of climacteric syndrome. However, it is time to
acknowledge that some consideration might be
given to HRT as a prevention strategy. It should
be started early after menopause but at least
within 10 years after, and low doses at the begin-
ning and non-oral estrogens are preferable, com-
bined with progesterone 10 days per month for
females with a uterus. Five to ten years of therapy
at the beginning of menopause may have poten-
tially valuable effect in many years. Thus, estra-
diol therapy was associated with less progression
of subclinical atherosclerosis (measured as
CIMT) than placebo when therapy was initiated
within 6 years after menopause [54].

A new era is opening for personalized
approaches, which enables prescribing according
to a woman’s genotype, for example, estrogen
receptors. In preclinical studies, it was shown that
17β-estradiol (E2) inhibits the vascular injury
response in young rodents, E2 inhibits
TNF-α-induced inflammation in isolated rat aortic
smooth muscle cells, and E2 has age-dependent
effects on neointima formation and inflammation
in vivo and in vitro.

Effects of HRT on blood pressure are mixed
and may depend on age of initiation of therapy,
type, dose, and duration of treatment as well as
initial health status such as existing conventional
risk factors (e.g., body mass index, blood

pressure, lipid profile, fasting glucose, and smok-
ing status) [149]. Current treatment guidelines do
not recommend the use of HRT for stroke preven-
tion or recurrence [46, 51, 85]. Current drug
development strategies focus on targeted estrogen
mimetics yielding benefit without unwanted side
effects. That can better modulate specific ER-
α-regulated pathways involved in CVD develop-
ment. This could be achieved possibly by fusion
peptides [41] or through novel selective estrogen
receptor modulators (SERMs), which retain the
beneficial metabolic effects of E2 in desired
tissues, while exerting minimal or antagonistic
effects on estrogen receptors in the breast and
uterus. Future studies should focus on identifying
the critical brain sites where estrogen receptors
regulate body weight and signaling pathways that
are required for estrogen action. Additionally,
determining the functional role and molecular
mechanisms of estrogen receptors’ action in
immune cells, the skeletal muscle may reveal
additional pharmacological targets for therapeutic
intervention.

Testosterone Therapy in Males
Over the last 10 years, there have been mounting
concerns that testosterone therapy (TTh) may
increase the risk for CV events, such as heart
attacks and strokes [42, 140]. However, an
increased CV risk was reported only in these two
studies, whereas in all other reports, a neutral or
beneficial effect of TTh was found. In particular, in
2017, the largest observational study published so
far became available [21]. The study evaluated
44,335male patients at Kaiser Permanente medical
centers in Northern and Southern California who
had been diagnosed with androgen deficiency. Of
these, 8808 men were treated with TTh, whereas
35,527 were never dispensed with TTh. Among
men with androgen deficiency, those who were
dispensed with TTh prescriptions were associated
with a lower risk of CV outcomes. Epidemiologi-
cal studies have failed to find an association
between endogenous TTh levels and risk of pros-
tate cancer.

TTh is able to improve all aspects of sexual
function independently of the pathogenetic origin
of the disease. CV safety concerns related to TTh
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are essentially based on a limited number of
observational and randomized controlled trials
which present important methodological flaws.
When HG is properly diagnosed and TTh
correctly performed, no CV and prostate risks
have been documented [24].

Obesity and Metabolic Syndrome

Molecular, Genetic, and Pathophysiology
Gendered Innovations
Experimental data have revealed that X chromo-
some dosage (XX chromosome complement in
females vs. XY in males) influences food intake,
which affects adiposity and metabolic disorders.
To optimize prevention and treatment strategies
for obesity, it is important to understand sex
differences in fat storage and their association
with the development of insulin resistance [121].

Meta-analyses of 114 studies (up to 320,485
individuals) with genome-wide chip and/or
Metabochip data by the Genetic Investigation of
Anthropometric Trials (GIANT) Consortium—

large-scale genome-wide interaction study—
showed sex-specific effects or age-specific effects
that differed between men and women. There
were identified sex specificities of genetic effects
of waist-hip ratio on 44 loci with sex-specific
effects of which 28 showed larger effects in
women than in men and five showed larger effects
in men than in women. These results may provide
further insights into the biology that underlies
weight change with age or the sexually dimor-
phism of body shape [146].

A cross-sectional analysis was performed
using data from the Dallas Heart Study, a multi-
ethnic population-based study. Significant
sex-based differences were observed in multiple
biomarkers reflecting pathways of cardiovascular
risk. Women have higher levels of leptin and
D-dimer and lower levels of biomarkers reflecting
endothelial dysfunction and inflammatory cell
recruitment. Body composition and menopausal
status have important influence on the sex-based
differences in biomarkers and CVD between men
and women [74].

Gender differences were revealed in serum lep-
tin and adiponectin levels—in women with
unhealthy abdominal obesity (abdominal obesity
accompanied by metabolic syndrome), serum
leptin concentration was higher, and serum
adiponectin was lower than in healthy abdominal
obesity women (abdominal obesity not
accompanied by metabolic syndrome and cardio-
vascular diseases). There were no differences in
serum leptin and adiponectin levels in males
patients with healthy and unhealthy abdominal
obesity [8]. According to our data, the risk of
metabolic syndrome is associated with adiponectin
levels in women but not in men (Fig. 40.2).

Neck circumference is independently
associated with elevated muscle sympathetic
nerve activity in overweight and obese men but
not in women and thus may be relevant to
cardiometabolic risk prediction [132].

Lower muscle mass is positively associated
with the risk of metabolic syndrome in Taiwanese
middle-aged and elderly females but not in males.
Thus preventing loss of muscle mass at older ages
might have the potential to reduce metabolic syn-
drome, and females should be more aware of their
loss of muscle mass problem [107].

Diabetic (metabolic) cardiomyopathy is more
prevalent in diabetic women than in diabetic
men—in women, diabetes outweighs the inci-
dence of heart disease by five times, whereas in
men heart disease is two times as common in
diabetes. Heart failure with preserved ejection
fraction (HFpEF) is equally present with heart
failure with reduced ejection fraction (HFrEF) in
women, while in men HFrEF occurs more fre-
quently. HFpEF has a strong link with metabolic
syndrome, diabetes mellitus, and increase in gly-
colysis relative to mitochondrial oxidative metab-
olism including glucose oxidation. Peroxisome
proliferator-activated receptor alpha (PPARα)
may play a role in sex difference in metabolic
cardiomyopathies, and PPARα expression in the
heart is lower in female mice compared to male
mice. PPARα and NOS are well-known
regulators of metabolism and calcium handling
and mediate development of heart failure. The
role for these signaling pathways in regulating
sex differences of HFrEF is proposed. As females
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have increased baseline NOS, they would be
more susceptible to NOS uncoupling. Further
studies are needed to test this hypothesis [96].

Gendered Innovations of Obesity
and Metabolic Syndrome Therapy
Continuous positive airway pressure (CPAP) treat-
ment relieves obstructive sleep apnea (OSA)
symptoms, reduces CV risk factors, and improves
functional status in both males and females,
although women’s pathophysiological con-
sequences of CPAP therapy are different from
men—improvement of endothelial dysfunction
and chronic inflammation in females with OSA
are less obvious than in males, but CPAP treatment
brings down the cortisol level among women with
OSA [62, 69]. CPAP therapy with high adherence
has excellent therapeutic efficacy in long-term
CPAP users. Adherence is both age- and gender-
dependent, but the differences are small and not
clinically relevant [147].

A decade analysis between 2002 and 2011 of
trends and outcomes of 810,999 patients who
underwent bariatric surgery demonstrated a small
male fraction (19.3%) compared with the number
of female patients (80.7%). Men undergoing bar-
iatric surgery tend to have higher severity of ill-
ness, with higher risk-adjusted serious morbidity
and mortality rates. Additional studies are neces-
sary to examine barriers in obtaining treatment for
obese men [151].

One half of all bariatric procedures are carried
out on women of reproductive age. At least one in
three of these women has menstrual dysfunction.
Data from the National Bariatric Surgery Registry
(NBSR) (15,222 women) and Health Survey for
England (HSE, 2007–2013) (1073 women) were
compared. Bariatric surgery improved factors that
underlie fertility and pregnancy outcomes: in the
postoperative period, the prevalence of type 2 dia-
betes fell by 54%, polycystic ovarian syndrome
by 15%, and any menstrual dysfunction by 12%.

Fig. 40.2 Statistical analysis revealed that abdominal
obesity (AO) is a strict predictor of metabolic syndrome
(MetS) diagnosed by IDF criteria. AO is associated with
more than sixfold increase of the risk of MetS. Additional
MetS risk was associated with low adiponectin level. In
females, adiponectin levels below 19 μg/mL led to

threefold increase of MetS risk. Moreover, in BMI
�30 kg/m2 and adiponectin below 12 μg/mL, MetS risk
is augmented tenfold in women. So hypoadiponectinemia
could be an additional MetS component and/or possible
pathogenetic factor
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A prospective study is required to verify these
effects [34].

Coronary Artery Disease

Numerous studies have shown that coronary artery
disease occurs more frequently in men than in
women (7.9 and 5.1% in men and women
>20 years old, respectively) [47]. This trend
reverses in older age (>75 years), possibly due to
menopause and related hormonal changes in
women. In a study on postmenopausal women,
Tanko et al. showed that severity of osteoporo-
sis—a markedly high disorder in older women—
is associated with the risk of coronary event
(s) independent from other risk factors. Anand
et al. studied the progression of coronary artery
calcification in type 2 diabetic patients and
deduced that male sex was a risk factor for this
disease. Their results were based on glycated
hemoglobin (HbA1c), lipid profile, high-sensitivity
C-reactive protein (hs-CRP), interleukin(IL)-6,
and plasma OPG levels, which showed that coro-
nary artery calcification progressed only in patients
with pre-existing conditions. In another study, sex
difference in plaque characteristics was examined
in patients with coronary stenotic lesions
[98]. They measured vessel volume, plaque vol-
ume, and calcium content in the plaque in coronary
lesions in elderly patients and found that women
had greater amounts of calcium. This supports
other reports that women have an increased rate
of mortality following coronary interventions com-
pared to men over 65 years [48, 84]. In addition,
myocardial infarction and coronary artery bypass
grafting surgery had more adverse outcomes in
younger women than men of a similar age group
[11, 141]. The rate of inhospital mortality follow-
ing a bypass surgery was greater in women in all
stratified age groups, but the risk of death
decreased with age [139]. Another study reported
that when other pre-existing conditions, such as
diabetes, were not accounted for, the surgical mor-
tality rate was greater in women [1]. They
observed that female sex was at risk for wound
infection and had longer hospital and post-surgery

stays, but also had lower neurological comp-
lications and re-sternotomy bleeding.

Coronary artery anomalies are a diverse
group of congenital disorders described as anoma-
lous, abnormal, or atypical coronary arteries
[4, 10]. Aydar et al. studied sex difference in
different subtypes of coronary artery anomaly.
The anomalous origin of the coronary arteries is
the most common form of coronary artery anomaly
[2]. They found that for a common type of anoma-
lous origin, the circumflex and left anterior
descending artery originating from separate ostia
in the left aortic sinus had notably greater incidents
in women than in men. On the other hand, the
second type of circumflex that originated from
right aortic sinus had similar frequency in both
sexes. Likewise, the distribution of the second
type of coronary artery anomaly, myocardial
bridge, was similar between men and women, but
the mean length was significantly greater in men.
Finally, coronary artery fistulas had no significant
difference in the origin as well as termination site
of the fistulas between the sexes [4]. The frequency
of small or large fistulas was also similar in men
and women.

The challenges related to gendered
innovations are still under investigation, as we
could see a great diversity of the results of the
trials evaluating gender effect on the course of
cardiovascular diseases. To detect gender
differences, a careful analysis of all risk factors
of the disease development and progression at all
stages of pathogenesis is mandatory. Careful
planning of medical research with enrollment of
female patients with all morphological, physio-
logical, and social features typical for both
genders also seems important. That would lead
to more evident results and to the development of
highly effective personalized medicine.

Innovations in Cardiac Imaging

Cardiovascular screening of women is a chal-
lenge. Using traditional risk factors, a majority
of women are being stratified to a lower-risk
group than men. Obviously, obstructive coronary
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artery disease (CAD) is more prevalent in men
than in women. Nevertheless, mortality rates for
cardiovascular disease are higher for women
[95]. Cardiovascular risk in women is associated
with significantly impaired coronary flow reserve
(CFR) due to microvascular dysfunction and ves-
sel remodeling, which may contribute to
myocardial ischemia and adverse cardiac events.
Recently, Taqueti et al. [135] have demonstrated
that impaired CFR was similarly observed among
symptomatic women and men, but in women low
CFR (<1.6) was frequently associated with
non-obstructive CAD, whereas in men severely
obstructive CAD significantly contributed to
diminished CFR (P ¼ 0.002). Positron emission
tomography (PET) with flow radiopharmaceuticals
was used to apply for quantification of myocardial
blood flow (MBF) for research. Nowadays cardiac
PET is optimal and well-established tool for non-
invasive measurement of MBF and CFR. Wide
introduction of PET in clinical practice has
changed a paradigm in the diagnosis and manage-
ment of patients with CAD by shifted focus from
an anatomical assessment coronary angiogram to a
functional evaluation of microcirculation.

The PET Prognosis Multicenter Registry
described in a total of 6307 patients that stress
myocardial perfusion with 82Rb-PET provided
clinically meaningful risk stratification in both
women and men. There was reported a propor-
tional relationship between CAD mortality and
myocardial perfusion defect size and extent at
stress myocardial perfusion study, as assessed by
percentage of involved myocardium [64]. The
unadjusted 5-year CAD mortality ranged from
0.9% to 12.9% for women (P < 0.0001) and from
1.5% to 17.4% for men (P < 0.0001). The WISE
study demonstrated a subgroup of symptomatic
women with non-obstructive CAD that showed a
microvascular dysfunction defined as CFR <2.5 in
response to adenosine [86]. A majority of perfu-
sion PET studies were traditionally performed with
flow tracers 13N-ammonia and 82Rb. However,
there are some disadvantages of the traditional
radiopharmaceuticals such as the suboptimal rela-
tion between absolute blood flow and myocardial
extraction for 82Rb and requirement of nearest
cyclotron for 13N-ammonia due to short isotope

half-live (9.9 min). Novel 18F-labeled agents for
PET myocardial perfusion imaging can take the
full advantage of PET superior spatial resolution.
Long period of 18F half-live (110 min) doesn’t
require a cyclotron on site. 18Flurpiridaz has
demonstrated an excellent relationship to flow in
animal models and in humans has shown a very
good diagnostic accuracy for the detection of sig-
nificant CAD [30, 99]. (18F-Fluoropentyl)
triphenylphosphonium salt (18F-FPTP) is a new
promising myocardial PET imaging tracer. It
shows high accumulation in cardiomyocytes and
rapid clearance from the liver, whichmade it appro-
priative for quantitative analysis of myocardial
blood flow and CFR [66]. Impaired CFR seems to
be represented as a target for novel therapeutic
approach in women with non-obstructive CAD.

The combination of the nuclear medicine tech-
nique and computed tomography (CT) in hybrid
scanners may yield complementary information
concerning calcium score, severity of obstructive
CAD, and myocardial blood flow, because CT
coronary angiography is an excellent noninvasive
imaging modality to rule out obstructive CAD.
The large study by Kelkar et al. investigated long-
term prognosis after measurement of coronary
artery calcium scoring among low-intermediate
risk women and men. In this study, women com-
pared to men had a greater prevalence of coronary
artery calcinosis and a higher 15-year mortality. It
should be noted that women were older than men
in the study. Nevertheless, these findings support
the addition of measurement of coronary calcium
scoring in women may improve the risk stratifica-
tion beyond traditional risk factors. Makaryus
et al. [82] showed clear differences between
males and females regarding total vessel calcium
scores: men tended to have higher average cal-
cium scores in each coronary artery than women
with a greater tendency to have multiple vessel
involvement. The results of single-center cohort
study of gender influence in coronary CT angiog-
raphy demonstrated that women had a lower
value of coronary calcium score than men and
underwent less invasive coronary angiography
and revascularization than men. This may reflect
a gender-specific difference in the balance
between coronary calcification and obstructive
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coronary heart disease [102]. In the study by
Nakanishi et al., which included 13,092 asymp-
tomatic patients without known cardiovascular
disease, the relative risk according to coronary
artery calcification category did not differ
between genders. Nafakhi et al. studied the influ-
ence of gender on the correlations between coro-
nary artery calcification with aortic root
calcification and pericardial fat volume in
130 patients with intermediate pretest probability
of CAD. The study demonstrated the pericardial
fat volume was significantly associated with cor-
onary artery calcification in female patients, while
aortic root calcification showed a significant asso-
ciation with coronary artery calcification in male
patients.

Gender-related differences in progression of
atherosclerosis were demonstrated in an animal
study [114]. It was revealed that male gender is
aggravated of lipid deposition and vascular senes-
cence in ApoE�/� mice of advanced age. Nonin-
vasive diagnostic tools seem to be attractive for
assessment of atherosclerotic lesions especially at
high risk of acute complications. Molecular imag-
ing approaches for the detection of vulnerable
plaques would contribute to prevention of acute
CAD. Nuclear techniques such as PET and SPECT
enable to investigate the biological phenomena,
which lead to plaque rupture: inflammation, mac-
rophage infiltration, apoptosis, microcalcification,
etc. Hybrid scanners PET/CT and PET/MR pro-
vide with information concerning biochemical pro-
cess with precise anatomic details. Seo et al.
described the use of novel tracer for target p32
proteins on macrophages 64Cu-labeled dendritic
form of a cyclic nine-amino acid peptide, named
LyP-1, in atherosclerotic ApoE�/� mice. Signifi-
cant uptake of the tracer was showed after 2 h of
biodistribution in the aortic root and descending
aorta. Foss et al. developed the labeled compound
125Iiodo-DPA-713, for detection of macrophage
infiltrates in the aorta of ApoE�/� mice. Specific
nanobody cAbVCAM-1-5, labeled with 18F, was
successfully applied by Bala et al. for identification
of atherosclerotic lesions in the aortic arches of
ApoE�/� mice. There was revealed a significant
correlation between intensity of the tracer uptake

and level of expression of the VCAM-1 receptor in
atherosclerotic plaques. Minimal expression of the
VCAM-1 receptors was noted in non-inflamed
tissue and high expression of the receptors on
activated macrophages.

Other relevant biomarkers of vulnerable
plaque are as follows: P-selectin [75, 76] labeled
by 68Ga; 18F-RGD-galacto peptide, a ligand to
αvβ3 receptor [70], or 18F-flotegatide, a ligand
to integrin [133]; extracellular matrix proteins 64

Cu-labeled GPVI [9]; specific 99mTc-antibody to
fibronectin [29]; and labeled markers of apoptosis
such as 99mTc-AnxF568 and 124I-Hypericin
[27]. Recently, contrast agents PEGylated gold
nanoparticles of CT have been developed for
detection of macrophage-rich atherosclerotic
plaques [117]. Translation of labeled biomarkers
of the vulnerable plaque to clinical practice might
offer some novel therapeutic approaches such as
targeted delivery of drug [44].

Heart Rhythm Disturbances

Sex Differences in Atrial Fibrillation
Substrate
Catheter ablation of symptomatic atrial fibrilla-
tion (AF) is indicated in patients with drug-
refractory arrhythmia. The primary target of abla-
tion strategy is pulmonary vein electrical discon-
nection, aiming to cease pathological ectopic
firing inducing and sustaining AF. Along with
the most frequent localization of AF triggers in
the pulmonary veins, there are other sources har-
boring ectopic activity. Progression of AF to per-
sistent forms is associated with extended atrial
fibrosis (AF substrate) and autonomic nervous
system dysregulation. Differences in atrial fibril-
lation (AF) triggers’ localization have been
demonstrated in male and female patients, while
previous research has shown that non-pulmonary
vein triggers are more frequently found in females
[73]. Moreover, AF ablation is thought to be less
effective in female patients, while this finding has
not been confirmed consistently in all studies. At
the same time, female gender is associated with a
higher risk of complications associated with both
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radiofrequency and cryoballoon AF ablation
[91, 111].

There is a lack of data regarding sex
differences in AF substrate in the left atrium. In
one study the authors analyzed pulmonary vein
sleeves obtained from 166 patients (85 females,
101 patients with long-standing persistent AF,
65 patients with no history of AF) [77]. The
authors showed that there are significant gender
differences in the fibrotic remodeling in patients
with persistent AF. A higher degree of fibrosis
was found in pulmonary vein samples obtained
from females with AF. These gender differences
were mainly associated with different expression
of fibrosis-related genes and proteins.
Up-regulation of the TGFβ/Smad3 pathway was
suggested to aggravate fibrosis remodeling.

In our recent postmortem analysis of 41 hearts,
obtained from patients with structural heart
diseases (23 males and 18 females, 15 patients
with AF), density of atrial fibrosis and
intramyocardial nerves and ganglia was differ-
ently distributed in men and women. The maxi-
mum ganglia density in men was found around
the coronary sinus ostium in the right atrium and
between the lower pulmonary veins in the left
atrium. In women maximum ganglia density was
found between upper and lower pulmonary veins.
Contrarily, fatty tissue was more prominent
around coronary sinus ostium in women. These
differences in atrial fibrosis and intramyocardial
innervation may contribute to different localiza-
tion of atrial arrhythmogenic substrate and
ectopic focuses in men and women and conse-
quently lead to different efficacy of pulmonary
vein isolation. Pharmacological provocation of
non-pulmonary vein triggering activity during
AF ablation procedures is advised by some
groups.

Radiation Exposure Minimization During
Catheter Ablation for Atrial Fibrillation
and Other Cardiac Arrhythmias
Radiation exposure is a well-recognized risk fac-
tor for cancer. It is estimated that about 1/1000
individuals will develop cancer from an exposure
similar to what provided by CT scan or atrial
fibrillation (AF) ablation. According to the

European Society of Cardiology Atrial Fibrilla-
tion Ablation Long-Term Registry data, CT scan
is performed in 77.5% of patients during hospitali-
zation for AF ablation [3]. Therefore, considering
combination of CT and intraprocedural fluoros-
copy in the majority of patients is even higher.
Susceptibility to radiation varies according to
patient age and sex, and women of fertile age are
more sensitive. After a 64-slice CT coronary angi-
ography, the lifetime risk of radiation-related can-
cer was reported to be 2.4–4.8 times greater in
women [35].

A study performed on implantable cardioverter-
defibrillator (ICD) recipients showed that there is a
10% excess risk of cancers during a median
follow-up of 2.8 years, confined to tobacco-related
cancers in patients with ischemic heart disease
without difference between genders [113].

Nowadays, innovative electrophysiological
mapping technologies have been developed that
can already permit “near-zero” fluoroscopic expo-
sure during catheter ablation procedures. The use
of these technologies has been associated with a
96% reduction of the risk of developing a
procedure-related cancer without compromising
efficacy and safety [17]. These results are of sig-
nificant importance for women of fertile age. Since
electrophysiological procedures could be offered
to some pregnant women with drug-refractory life-
threatening arrhythmia, radiation minimization
technologies should be considered [28].

Gender Differences in Periprocedural
Sedation During Catheter Ablation
for Atrial Fibrillation and Other Cardiac
Arrhythmias
Periprocedural sedation is an important issue in
electrophysiological interventions and device
implantation. Thus, in a study by Ezzat and
co-authors, excess of pain was found the principal
source of disappointment after AF ablation, with a
56% prevalence among all study patients [37]. One
study showed that women experience more pain
than men during AF ablation, while the active
analgesic strategy was with reduced discomfort
[18]. In another study the authors demonstrated
that female sex was the only variable significantly
associated with early post-procedural pain
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following either catheter ablation or device
implantation at multivariate analysis [12].

These data are in favor of more extensive anal-
gesia in women during cardiac implantable elec-
tronic device and catheter ablation procedures.
Regarding AF ablation procedure-related pain
reduction, cryoballoon pulmonary vein isolation
has been associated with less discomfort [18].

Sex Differences in the Noninvasive SCD
Risk Stratification
It is known that women have lower incidence of
sudden cardiac death (SCD) than men [71], but
women have higher inhospital mortality after car-
diac arrest than men [67]. SCD is more often
caused by CAD in men than in women (80%
and 45%, resp.) [63]. Men and women with
nonischemic cardiomyopathy and hypertrophic
cardiomyopathy may be at similar risk for
arrhythmic SCD. Despite men having a more
severe arrhythmogenic right ventricular dysplasia
phenotype, the incidence of life-threatening ven-
tricular arrhythmias was similar in both sexes
[19]. However, women with long QT syndrome
have greater risk of cardiac events, both in drug-
inducible QT prolongations and genetically deter-
mined [55, 60, 123]. The adult type of catechol-
aminergic polymorphic ventricular tachycardia
(VT) is diagnosed in women about 40 times
more often. Perhaps this is due to special genetic
mutations or hormonal effects [7, 123].

Risk Stratification Markers

LV Dysfunction Women are less likely than
men to have LV dysfunction at the time of SCD.
Compared with men, women were more likely to
have normal LV function (48.9% vs. 35.2%),
underscoring the difficulty in predicting the risk
of SCD for women.

Autonomic nervous system function differs
between men and women. Resting vagal tone as
assessed by heart rate variability (HRV) is higher
in women. Women are less likely to have
exertion-related SCD. Not only does resting auto-
nomic tone differ between men and women, but
differences in autonomic reactivity between men

and women are well documented. Despite the
popular stereotypes of sex and emotion, women
have less adrenergic response to induced mental
stress [19].

The frequency of ventricular premature complexes
is lower in the ovulation period [32]. Idiopathic
VTs with the right ventricular outflow tract are
more often registered in women [97].

Pregnancy predisposes to arrhythmias: differ-
ent arrhythmias during pregnancy are registered
in 1–4% of women without structural heart dis-
ease. Usually, these arrhythmias are benign and
are associated with an imbalance of the auto-
nomic neural system, electrolyte disturbances,
and hormonal changes, and the presence of an
arrhythmic anamnesis is the most significant fac-
tor in the risk stratification [14, 36].

Several ECG-based parameters, including frag-
mentation of QRS (fQRS) complex, heart rate tur-
bulence (HRT), and microvolt T-wave alternans
(mTWA) have been widely studied in the context
of prediction of ventricular arrhythmias in different
groups of patients. Gender differences of ECG
markers are studied in patients with ventricular
arrhythmias (VA), mostly in patients with CAD.

Pathological HRT has not been shown to be
gender related in patients after myocardial infarc-
tion [129]. In only one study, it was identified that
women with CADwere more likely to have higher
levels of a turbulence onset parameter [129].

Backward, mTWA is considered a gender-
related phenomenon in patients with CAD and
congenital heart diseases. Pathological mTWA
increased risk of arrhythmic events in men [25].

The prognostic value of fragmented QRS and
other ECG abnormalities was confirmed in post-
menopausal women with or without risk factors
for CAD [126].

The group of patients with ventricular arrhyth-
mia (VA) without structural heart disease is still
less investigated. In our center we studied ECG
markers of electrical myocardial instability (EMI)
(VT, fQRS in sinus and premature ventricular
complexes (PVC), turbulence onset (TO) and tur-
bulence slope (TS), and mTWA) in patients with
idiopathic VA and pregnant women without
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structural heart disease: 69 women aged
47 � 9 years, 65 pregnant women aged
29.5 � 5.5 years, and 62 men (mean age
44 � 12 years). Abnormal ECG electrical
myocardial instability markers were identified in
all groups. There were differences between groups
of men and women with idiopathic VA. In the
group of males with idiopathic VA, there was the
larger number of pathological fQRS and mTWA,
which suggests that this group requires more
focused follow-up. In the groups of women, it is
possible to assume that female hormones have a
protective effect, especially during pregnancy,
although the younger age group of pregnant
women should be considered too.

Traditional risk factors may play only a minor
role in SCD in patients with idiopathic VA. Some
investigators have suggested this protection to be
caused by female endogenous estrogen [89]. The
so-called estrogen-effect has been considered to
have both long-term and rapid effects, both
through an atheroprotective effect on serum lipid
concentrations [16] and through a direct action on
blood vessels. On the other hand, researchers
have suggested that male sex hormones decrease
life expectancy in men. A previous study on
human eunuchs (castrated males) found that their
lifespan was 14 years longer than the non-castrated
males [92].

It is also known that autonomic nervous sys-
tem function differs between men and women.
Resting vagal tone as assessed by heart rate
variability (HRV) is higher in women. Women

are less likely to have exertion-related SCD
[19]. Despite the popular stereotypes of sex and
emotion, women have less adrenergic response to
induced mental stress [19].

In the majority of cases, there appears to be a
protective role of female sex hormones, although
in some cases, hormonal effects can have an
arrhythmogenic effect. Many studies have con-
firmed significant differences between men and
women in arrhythmogenesis and in the patho-
physiological foundations of SCD. This means
that a gender approach is strongly indicated in
risk stratification of SCD.

Thus, further work on the identification of
gender differences will make it possible to expand
the possibilities of modern preventive cardiology.
We should try to move from identifying the main
risk factors and predictors to selective use of
screening diagnostic methods. It will help to
develop effective preventive options that can
improve the quality of life and reduce the risk of
SCD, both in female and male patients.

Cardiomyopathies

The vast majority of dilated cardiomyopathy
(DCM) cases is characterized by more severe
clinical symptoms, lower life expectancy, and
higher frequency of sudden cardiac death in
males. In contrast, hypertrophic cardiomyopathy
(HCM) in women is characterized by higher fre-
quency and severity of congestive heart failure

Table 40.1 Sex-associated cardiomyopathies

Name Predominant gender Clinical characteristics

Dilated cardiomyopathy
caused by DYS
mutations

Males only Disease manifestation in yearly teens. Rapid DCM
progression with highly elevated creatine kinase level.
Subclinical or manifested myopathic syndrome. No
respiratory deficiency

Takotsubo
cardiomyopathy

Females aged 55–75 (90%) Clinical manifestation of acute MI after severe emotional
stress. Rapid but reversal decline of contractile myocardial
function, possibly, with obstruction of LVOT. Decreased
density of myocardial ß1 adrenoceptors

Peripartum
cardiomyopathy

Females in late gestation and
several months after delivery

Rapid DCM progression often accompanied by
myocardial microvascular dysfunction and preeclampsia.
Familial history of DCM can be traced. Partly reversible at
the beginning, but DCM progression can happen later in
life with poor prognosis
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(Table 40.1). This difference is most probably
caused by a change in hormone status in
teenagers with familial HCM and alteration in
women during postmenopause.

In familial forms of HCM, risk of sudden
cardiac death (SCD) as well as life-threatening
ventricular arrhythmias is higher between 8 and
16 years of age [106]. Importantly, in males the
average age of the time of the diagnosis being
established is younger compared to females
(38 � 18 compared to 47 � 23). In females with
familial forms of HCM, the condition is indepen-
dently associated with congestive heart failure
progression (class III/IV NYHA) or with risk of
death from heart failure or stroke [90]. In older
groups of HCM females, the fraction of
shortening is usually higher compared to males
of the similar age [31].

In familial dilated cardiomyopathy, the disease
manifestation usually occurs in the young and
middle age groups. At the age below 50, the
disease occurs two to three times more frequent
in males compared to females, mostly due to
dystrophic-associated dilated cardiomyopathy.
In males with DCM compared with females, a
frequency of reduced ejection fraction, end-stage
congestive heart failure, and life threatening ven-
tricular arrhythmias is higher. The morbidity in
males with DCM is also higher than in females
[90]. In contrast, the age-dependent regression of
ß1 adrenoceptors is more prominent in women,
giving more evidence for sex hormone-dependent
signs of heart failure in women. This may explain
higher frequency of takotsubo cardiomyopathy in
women after menopause. The latter occurs pre-
dominantly in females (90%) age 55–75 after
severe emotional stress and reflects the decreased
density of ß1 adrenoceptors in combination with
decreased estrogenic production and increased
sensitivity of myocardial tissue to catecholamine
stimulation [79].

Males with myocarditis have more severe clin-
ical signs [90] and higher induction of matrix
proteins, in particular collagen expression and
matrix metalloproteases. Higher level of testoster-
one in men with myocarditis promotes
myocardial inflammation and fibrosis, leading to
DCM transformation and heart failure [38].

In alcoholic cardiomyopathy, the mortality is
higher in males. It is particularly high in males
and females of Afro-American origin. In females,
alcoholic liver disease is found to be more often
accompanied by alcoholic cardiomyopathy, as
well as by brain and skeletal muscle damage in
spite of the fact that the average amount of alco-
hol intake in females is only 60% of that in males
[138]. Moreover, the average dose in females
leading to cardiomyopathy is lower than in
males [40, 90].

In familial transthyretin (TTR) amyloidosis,
cardiac involvement occurs more often in males
rather than in females. The same is valid for the
degree of left ventricular hypertrophy. In women,
the degree of myocardial hypertrophy depends on
age and is higher in postmenopause. Males with
TTR amyloidosis and cardiac involvement at the
similar age have less degree of hypertrophy
underlining the role of sex hormones in TTR amy-
loid cardiomyopathy. In women with late onset of
amyloid cardiomyopathy and polyneuropathy, the
survival rate after heart transplantation is higher
compared to male patients who were transplanted.
In contrast to familial TTR amyloidosis, wild-type
(wt)-TTR amyloidosis occurs in males more often
pointing to the role of sex hormones in liver syn-
thesis of transthyretin. The slow rate of sex hor-
mone declines in males leads to a higher frequency
of wt-TTR amyloidosis and cardiomyopathy.
Female sex hormones also have an impact on
transthyretin synthesis in the liver. Thus, 15-
ß-dihydrotestosterone has a stronger induction
effect on transthyretin synthesis compared to
17ß-estradiol [90].

Several types of cardiomyopathy occur only
in males or in females by their nature, for
example, dystrophin-associated cardiomyopathy
or peripartum cardiomyopathy (Table 40.1). The
latter occurs before or shortly after delivery in the
frame of unexpected and severe systolic dys-
function. This condition has complex etiology
including immune response and microvascular
dysfunction. However, the role of genetic predis-
position and TNN and other sarcomeric gene
variants in peripartum cardiomyopathy is
emerging making the predisposition to this condi-
tion potentially suitable for predictive personalized
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medicine. The combination of genetic predisposi-
tion, viral genome, and endothelial dysfunction
upon pregnancy leads to development of severe
reduction of systolic function and peripartum
cardiomyopathy [115].

Diseases of the Aorta and Aortic Valve

Aneurysm
It is known that the incidence of aortic dilatation
is higher in men than in women and increases
with age [104]. Further analysis has shown that
compared with men, women were more likely to
suffer perioperative cardiac complications during
open surgical repair of the aorta but less suscepti-
ble to acute kidney failure [78].

Despite the detrimental effects of male sex
hormones in experimental aneurysm of the
abdominal aorta (AAA), it seems that lower tes-
tosterone levels in men are associated with aortic
dilatation, and physiological levels of endoge-
nous male sex hormones mediate protection
[150]. However, further studies are required to
establish more conclusive results. Currently,
there are a few animal studies suggesting a pro-
tective role of estrogens. The use of exogenous
female sex hormones in menopausal women has
been found to be contradictory [56, 58,
72]. Finally, differential molecular mechanisms
of sex hormones can provide potential therapeutic
goals for AAA [83]. Davis et al. have shown that
female mesenchymal stem cells (MSC) more sig-
nificantly inhibit aneurysm progression and
inflammation in the aortic wall. Furthermore,
they demonstrated that priming male MSC with
finasteride resulted in therapeutic and anti-
inflammatory characteristics similar to those of
female MSC. Perhaps the application of MSC
from different gender sources will provide hope
for their future use in biological methods of
treating AAA [26].

Aortic Stenosis
There are no sex differences in the aortic stenosis
occurrence in patients with a tricuspid aortic
valve, while bicuspid aortic valve is three times
more common among men than women. Despite

the fact that the incidence of the bicuspid aortic
valve is higher in men, in men the manifestation
of the disease is more likely to occur with aortic
insufficiency, while in women it is more often
manifested with aortic stenosis [68]. Estrogen
receptors regulate transcriptional pathways of
proteins affecting myocardial hypertrophy or
interrupt calcium channel expression on the cell
membrane. It was shown that β-estrogen receptor
mRNA is significantly increased in patients with
aortic stenosis and more pronounced in women
[101]. Study of healthy porcine valves identified
183 significantly different genes in male and
female; many of those are relevant to valvular
heart diseases [88]. In men valvular interstitial
cells are more prone to calcification. β-Estradiol
in women has a protective effect in heart
valve diseases [20]. Furthermore inhibitory effect
of the β-estradiol on the rat aortic valve interstitial
cells proliferation was found only in female.
It’s possible that men and women have different
density of estrogen receptors in valvular intersti-
tial cells or different density of predisposed to
osteogenic differentiation cells in the aortic
valve [87].

Conclusions

This survey demonstrates how integrating gender
into strategies for new technologies can lead to
more streamlined utilization of research evidence
and more tailored interventions.

In cardiology we can describe gendered
innovations as the following:

1. Analyzing sex in clinical research that can lead
to an understanding that diseases in women
often have a different pathophysiology than
in men.

2. New diagnostic and treatment techniques (can
be still experimental)—some are more or less
effective than old ones in women and in men,
respectively.

3. Understanding sex differences in symptoms
can lead to earlier and better diagnosis of
CVD in men and women.
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4. Rethinking the cardioprotective effect of hor-
mone replacement therapy.
We will have to focus more on sex in our

future literature reviews, formulate scientific
hypotheses that let us include sex as a
contributing factor, plan experiments and collect
data accordingly, and pay special attention to sex
in data analysis.

To investigate the influence of sex on CVD
development, one must therefore not only include
samples from females and males but also design a
methodological framework by which this influ-
ence can be analyzed. For example, to avoid sex
being either overrepresented or introducing a bias
in the analysis of results, similar numbers of male
and female subjects must be included in every
clinical study of new drugs, technologies,
biomarkers, and devices (Table 40.2).
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Sex- and Age-Related Reference Values
in Cardiology, with Annotations
and Guidelines for Interpretation

41

Peter L. M. Kerkhof , Richard A. Peace ,
and Peter W. Macfarlane

Time line indicating the transition from the Galenic school to the concept of a cardiac pump, based on the work of
various scholars, both from Italy and those coming from abroad, including Vesalius (from Leuven), Servetus (from
Spain, via Paris), and finally Harvey. Remarkably, this pattern was paralleled, if not preceded, by the perfection of
mechanical pump systems, also starting in Italy. Dr. Kolff began designing an artificial kidney and later focused on the
artificial heart. Interestingly, the reverend Hales (1733) studied both the volume of the heart and arterial pressure. The
year listed at the location of various universities refers to the year of foundation. The mathematician Borelli (1608–1679)
who conceived the body as a machine [37] seems to bridge the concept of the physiological and mechanical pump.
Further details can be found in the Appendix.

Abstract

The definition of “abnormal” in clinical
sciences is often based on so-called reference
values which point to a range that experts by
some sort of consensus consider as normal
when looking at biological variables. Such a
level is commonly calculated by taking (twice)
the standard deviation from the mean, or con-
sidering certain percentiles. The suspicion or
even confirmation of a disease is then
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established by demonstrating that the value
measured exceeds the upper or lower reference
value. As is often the case, the measurement
accuracy may depend on the conditions and
specific method employed to collect and ana-
lyze data. This implies that, for example, data
assessed by 2D echocardiography possibly dif-
fer from those obtained by MRI and therefore
require modality-specific reference values. In
this review we summarize reference values for
the electrocardiogram, cardiac compartmental
volumes, and arterial vessel size in males and
females for various age groups. These values
may further depend on other variables such as
body size, physical training status, and ethnic-
ity. Additional variables relevant for cardiology
such as those referring to the microcirculation
and biomarkers are only mentioned with refer-
ence to the pertinent literature. In general, the
sex- and age-specific differences observed are
often remarkable and warrant consideration in
clinical practice and basic biomedical sciences.

Keywords

Cardiology · Reference values · Normal
limits · Nomogram · Ejection fraction · Cutoff
values · Heart rate · Heart rate variability ·
Electrocardiogram · Pediatric cardiology ·
Blood pressure · Pulsology · Ventricular size ·
Right ventricle · Left atrium · Right atrium ·
Aortic diameter · Coronary artery · Coronary-
aorta index · Biomarkers · Surrogate index ·
Tissue Doppler imaging · Age-specific
analysis · Sex-specific analysis · Aging
effects · Giovanni Borelli · Review

Introduction

Age, sex, size, and ethnicity all matter.

Compiling a survey of reference values, regard-
less of the area of application, is a continuously
evolving project. In the field of cardiology, not
always a clear distinction has been made between

sexes, although Löllgen [76] in the general
guidelines for his handbook on cardiopulmonary
diagnostics mentions the word “sex” twice,
namely, as a codeterminant concerning
Muskelkraft and Leistungsfähigkeit.

Investigational methods are improved over
time, insights adjusted, or previously established
approaches simply replaced by more advanced
metrics. In the field of physiology the task of
assembling reference values is particularly com-
plex, because most metrics depend on sex and age,
among other possible confounders such as the use
of medication, time of the day, or level of physical
training. The factors age and body mass are domi-
nantly present in growing children, and for girls
and boys alike. In adults certain variables may
diverge as evidenced from cardiac sizes. Particu-
larly in women the interpretation of measurements
may require reference to their sex hormone levels
which oscillate during childbearing ages and
decline with menopause. For reference values
regarding blood components, see Huxley and
Kemp [46]. While the measurement methods
employed to obtain an electrocardiogram (ECG)
or to record blood pressure (BP) levels follow a
rather standard protocol with national or interna-
tional reference values, this is not always the case
when cardiac dimensions are concerned. Apart
from a diversity of techniques (such as echocardi-
ography,MRI and SPECT, etc.) we face variability
related to interobserver differences. A plethora of
papers on cardiac dimensions can be found in
recent review papers and meta-analyses, e.g.,
Dorosz et al. [27], Bhave and Lang [11], Wood
et al. [125], Buccheri et al. [14], Kawel-Boehm
et al. [53], and Kerkhof [55]. We list those as a
source for further reference. The examples
presented in this survey are by no means selected
on the basis of alleged “superiority” but rather
collected to reflect the diversity encountered in
the literature with occasionally some attractiveness
based on the scope (in terms of sex, age, ethnic
groups, and normalization specifications). It is left
to the reader to decide which publication best
serves the individual needs, aided by the list of
references.
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Sex refers to a person’s biological status
and is typically categorized as male,
female, or intersex. There are a number of
indicators of biological sex, including sex
chromosomes, gonads, internal reproduc-
tive organs, and external genitalia [3].

Gender refers to the attitudes, feelings,
and behaviors that a given culture
associates with a person’s biological sex.
Behavior that is compatible with cultural
expectations is referred to as gender-
normative; behaviors that are viewed as
incompatible with these expectations con-
stitute gender nonconformity [3].

Heart Rate

Resting heart rate (HR) is higher in smaller
animals (up to 1200 beats per minute (bpm) in a
hummingbird compared to 8 in a whale). Simi-
larly, HR declines markedly during progressing
childhood, without appreciable differences
between boys and girls [102]. This trend is
reasonably well described from infancy to adult-
hood for both sexes by an allometric relationship
involving the inverse 0.25 power of body mass
[73]. In healthy adults resting HR remains fairly
constant (with slightly higher values in women),
although maximum achievable values during
exercise decline with age in both sexes.

Several epidemiological studies demonstrate
the association between resting HR above
70 beats per minute and cardiovascular morbidity
and mortality in adults [119]. Likewise, in animal
research high frequency pacing is an established
method to induce heart failure (HF). On the other
side of the spectrum, HR reduction is suggested to
be a mechanism explaining the prognostic benefit
of beta-blockers (BB) after myocardial infarction
(MI) or in HF patients. A prolonged diastolic
phase supposedly enhances ventricular filling
volume and thus increases stroke volume (SV).
The SV vs HR diagram provides insight into the
relative contribution of both components to
cardiac output (CO) as illustrated elsewhere

[62]. However, in view of the negative inotropic
effect of BB, it remains unclear whether other
effects besides HR reduction affect cardiovascu-
lar prognosis when using BB.

Throughout all species the life span correlates
inversely with resting HR, but the relationship
between HR and longevity is not entirely clear.
In a Danish study involving 1233 twin pairs, the
resting HR was independently associated with
longevity, even when familial factors were con-
trolled for. Heritability estimates were 0.27
(0.15–0.38) for males and 0.17 (0.06–0.28) for
females. In multivariable models adjusting for
age, sex, body mass index (BMI), diabetes,
hypertension, pulmonary function, smoking,
physical activity, and zygosity, resting HR was
significantly associated with mortality [49]. In
another study a 14% reduction of HR by daily
administration of ivabradine in (male) mice
prolonged life (P¼ 0.01) only by 6.2% compared
to a placebo group, while excluding effects
related to caloric restriction [38]. That study
could not clarify underlying mechanisms and
emphasized that generally mice do not die from
cardiac disease, making cardioprotection by low-
ering HR in these animals of less importance.

Individual HR values in adults vary by time
of the day, sex, body mass, physical condition,
lifestyle, and many other factors, making it diffi-
cult to establish universal reference values.
Bjerregaard [13] studied HR in 260 healthy
subjects (age 40–79 years) during a full day.
Mean 24 h HR varied from 53 to 95 beats per
minute (bpm). On average males had a lower
HR than matched female counterparts, as also
documented in a recent study [62] based on a
single HR determination in each participant.
Older subjects had a lower HR than younger
individuals. HR exhibits a circadian rhythm,
with lowest readings around 4 a.m. and highest
values showing almost a plateau starting in the
morning at 8 o’clock. Peak HR during
exercise declines gradually with age, approxi-
mately as given in the following expression:
HRmax ¼ {208–0.75 (age as years)}; see
Medicographia [83].

The study of HR variability (HRV), based on
beat-by-beat oscillations in RR interval length,
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reveals information on underlying neural control
mechanisms, referring to the instantaneous bal-
ance between parasympathetic and sympathetic
innervation/activity. Sex-specific differences for
HRV are well-known [66, 91]. The field is inten-
sively explored (now >22,300 PubMed listed
publications), including studies in both sexes
regarding healthy individuals [94], during endur-
ance sports with aging [123] and in patients, for
example, with Brugada syndrome [16]. Sex-spe-
cific reference values of HRV during ordinary
daily activity with age as covariable have recently
been published [108]. BP variability (BPV) was
also studied in combination with HRV [51].

Electrocardiogram

Apart from pulsology (i.e., the art of feeling and
interpreting the pulse), no other area of cardiovas-
cular investigations has thus far received as much
attention as that devoted to electrophysiology of
the heart [80]. One important practical advantage
of recording the electrical activity resides in the
fact that the (electrical) signals originating in the
heart can be detected on the surface of the body.
What remains is to solve the interpretation based
on the so-called inverse problem, meaning the
derivation of information about the heart (as a
source) from body surface potentials.

The advantage of directly recording transmit-
ted signals does not apply to the other two impor-
tant measures, namely, pressure and volume.
Only the ictus cordis (apex beat), parasternal
heave, and systolic pressure can be estimated
from the chest wall and periphery, respectively.
Determination of diastolic pressure requires either
an invasive procedure or the application of (often
not very reliable) surrogate measures. Even more
difficult is the determination of the phasic volume
of the lumen of each cardiac compartment. The
inherent limitations to accurately collect details
on pressure and volume have further promoted
investigations regarding the ECG. This process
leads to refinements and the recognition of a
wealth of information based on noninvasive
recordings of electrical phenomena originating
in the heart. Details on the ECG with attention

to sex, age, and ethnicity have been described in
detail [81]. In summary, Tables 41.1, 41.2, and
41.3 concern interval and duration of ECG
measurements from Caucasian healthy males
and females, similar measurements versus HR
ranges, and miscellaneous measures including
cardiac axes and the Lewis index, respectively.

Blood Pressure and Pulsology

The art of feeling the arterial pulse goes back to
China in the period 2500 BC [8]. In the morning,
and before taking any meal, the physician analyzed
his patient, while following a strict protocol to
carefully feel the pulse at three locations on both
wrists, using index, middle, and ring fingers. Espe-
cially pulses originating from the liver, the heart
being less relevant and regarded as the son,
appeared informative, but interpretation always
required consideration of the season [8]. In current
times interpretation of the arterial pulse is still
important, especially the more quantitative aspects
including the mean value and augmentation index
[7]. This section is limited to adults, as patterns of
BP in children are discussed in the chapter by
Dallaire and Sarkola [24].

Brachial or finger pressure levels are usually
determined using noninvasive methods. The
values refer to peripheral systolic (SBP) and dia-
stolic BP (DBP). Age-dependent viscoelastic
properties of the arterial vessel wall as well as
reflections at branching sites modify the pressure
waveform. This explains why the radial pressure
wave is more peaked than the central aortic or
carotid pressure wave. Central pressure can be
derived from peripheral pressure recordings
using a transfer function. Estimated central SBP
(cSBP) and amplification (brachial SBP-cSBP)
are noninvasively obtained measures expectedly
offering prognostic information on cardiovascu-
lar disease (CVD). Until recently, no worldwide,
multiple-device reference values were available.
However, a multicenter study [43] established
reference values and investigated how these
values alter by presence of cardiovascular risk
factors (CVRFs). Data on 45,436 untreated
subjects without diabetes or overt CVD as
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collected from 50 centers were available. Of
those, 18,183 (52% females) subjects made up
the “normal population” (no CVRFs), and 27,253
subjects (48% females) having at least one CVRF
were categorized as the “reference population.”
Values of cSBP and amplification were calcu-
lated as percentiles for both populations and for
each sex stratified by brachial BP categories
(as explained in Fig. 41.1.) and age decade. The
study showed that amplification decreased with age
and more so in males than in females. Sex was the
most powerful factor associated with amplification
being 6.6 mmHg (range 5.8–7.4) higher in males
than in females. Amplification was marginally but
significantly influenced by CVRFs, with smoking
and dyslipidemia decreasing amplification, but
more pronounced with increasing levels of blood
glucose. Thus, amplification is significantly
influenced by CVRFs but differently in men and
women.

Cardiac Output (CO)

Ideally, ventricular function should be analyzed
in the pressure-volume-time domain [71]. Due to
the technical complexity, this goal is not yet a
routine procedure in clinical practice. Therefore,
often derived metrics such as SV, CO, or ejection
fraction (EF) are used. A few studies have
investigated if major hemodynamic variables are
sex-specific or change during the menstrual cycle.
The outcomes are summarized elsewhere [90]
and generally indicate that HR, SV, CO,
end-systolic volume (ESV), end-diastolic volume
(EDV), and EF do not significantly fluctuate
when early follicular, ovulatory, and mid-luteal
phases are compared.

The CO is clearly associated with body size
[88]. Therefore, CO as well as other volume-
related variables are often indexed (i) by consid-
ering body surface area (BSA), here yielding

Table 41.2 Interval measurements (in milliseconds) from Caucasian normals versus heart rate

Heart rate (bpm) PR interval QT interval QTc interval Hodges
a

QTc interval
Bazettb

<50 145.067 � 18.19 443.6 � 21.62 420.5 � 20.49 391.537 � 17.70

116–176 396–482 376.75–459.25 357.864–426.6

n ¼ 15 n ¼ 15 n ¼ 15 n ¼ 15

50–59 154.753 � 25.81 417.425 � 21.27 410.197 � 21.08 402.633 � 21.28

110–220 378–468 370–458.5 358.078–454.235

n ¼ 146 n ¼ 146 n ¼ 146 n ¼ 146

60–69 154.769 � 22.62 399.339 � 21.51 408.173 � 20.54 415.549 � 21.38

116–208 354–444 368.75–450.25 372.64–462.2

n ¼ 372 n ¼ 372 n ¼ 372 n ¼ 372

70–79 151.196 � 20.28 382.44 � 19.82 407.516 � 19.18 425.481 � 21.51

114–196 344–426 372.25–452 388.32–477.234

n ¼ 408 n ¼ 408 n ¼ 408 n ¼ 408

80–89 150.51 � 20.19 367.522 � 17.36 409.076 � 16.93 434.074 � 20.06

114–194 332–406 376.5–444.5 395.044–474.053

n ¼ 247 n ¼ 247 n ¼ 247 n ¼ 247

90–99 151.368 � 17.52 356.842 � 17.59 415.958 � 17.34 446.019 � 21.80

114–182 320–388 383.5–449.25 405.54–488.23

n ¼ 114 n ¼ 114 n ¼ 114 n ¼ 114

�100 151.459 � 14.14 328.108 � 16.25 408.372 � 18.63 435.705 � 23.93

130–180 298–352 377.25–439.5 395.685–476.246

n ¼ 37 n ¼ 37 n ¼ 37 n ¼ 37
aQTc ¼ QT + 1.75(rate – 60)
bQTc ¼ QT (rate/60)1/2
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COi. Cattermole et al. [18] reported for healthy
Chinese children (N ¼ 1197), adolescents
(N ¼ 460), and adults (N ¼ 667, aged
19–89 years) the normal ranges of cardiovascular
variables measured using an ultrasonic CO moni-
tor. In children there was no sex-related differ-
ence for HR, SVi, COi, mean arterial pressure
(MAP), and peripheral resistance. Remaining
data are published for three age groups, report-
edly showing only minor differences between
men and women, presented as centile curves but
tabulated without sex stratification [18]. Obvi-
ously, COi increases in pregnant women [33].

Left Ventricular Mass (LVM)

An echo study involving 100 healthy participants
(48 males) showed that LV mass (LVM, by
Devereux formula), adjusted or not for BSA or
body height, was significantly higher in males
[112]. Other studies, e.g., using 2D echo, con-
firmed that the LVM (by Penn convention) in
healthy men (N ¼ 503) was larger (P < 0.0001),
regardless of indexation for BSA, compared to
540 matched women [125]. Similarly, one study
using multidetector computed tomography
(MDCT) in 103 normotensive, nonobese adults

Fig. 41.1 Tridimensional
bar graphs representing
amplification (peripheral-
central systolic blood
pressures) according to sex
(females upper panel, males
below), age categories, and
blood pressure categories.
The value represented here
is the median of the group.
Some categories are not
represented because there
were less than
50 observations.
ISH, isolated systolic
hypertension. Stages 1, 2,
and 3 refer to 50th
percentile values of
143, 161, and 183 mmHg,
respectively. (From Herbert
et al. [43], reproduced with
permission)
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(43% women, age 51 � 14 years) showed that
LVM was significantly higher in men, even after
indexation to body height [75].

A prospective study concerned longitudinal
tracking of LVM over the adult life course
(16 years), based on 4217 Framingham parti-
cipants (mean age 45 years, 53% women).
Women and participants with diabetes mellitus
(DM) experienced a steeper increase in LVM
with advancing age (compared with men and
those without DM). Women also displayed
greater increments in LVM with increasing BMI
compared with men. Analyses evaluating short-
term (4-year) changes in LVM identified the
same key determinants (i.e., BMI, sex, SBP, anti-
hypertensive treatment, and smoking) that
influenced its long-term trajectory [74]. In a
subsequent longitudinal analysis of 4320 parti-
cipants (52% women) of the Framingham off-
spring cohort at echo examination cycles
(1987–1991), (1991–1995), (1995–1998), and
(2005–2008), sex-related differences in trends in
LVM were observed. In men, age-adjusted LVM
modestly increased (likely attributable to increas-
ing body size) from first to last examination
(192 to 198 g, P-trend ¼ 0.0005), whereas in
women it decreased from 147 to 140 g (P-trend
<0.0001). Indexing LVM to BSA abolished the
increasing trend in men (P-trend¼ 0.49), whereas
the decreasing trend in women was maintained.
Elucidation of the basis for these sex-related
differences requires further study [50].

Age Effects A CMR study included 804 healthy
Caucasian adults who were stratified by sex and
age (45–54, 55–64, 65–74). LVM was signifi-
cantly higher in males compared to females
(mean � SD of 53 � 9 g/m2 vs 42 � 7 g/m2).
In older age groups, the LVM was lower in men
but remained virtually unchanged in women
[97]. In a relatively young group using MRI,
75 healthy subjects (age range 8–55, mean
28 years, 28 females) were studied, and no signif-
icant difference between males and females was
found for the LVM to EDV ratio [78].

Exercise The LVM may increase with repeated
physical activity and was measured by

echocardiography in 1051 elite athletes (26%
female, aged 18–40 years) and in 338 sedentary
controls matched for age, sex, and body size.
Normative ranges were calculated scaled to
BSA, height, height(^2.7), and fat-free mass
(FFM). The strongest correlation was found for
FFM (R ¼ 0.70). The LVM differed significantly
(P < 0.05) between athletes of low, moderate, and
high dynamic disciplines. LVM remained signifi-
cantly increased in high dynamic athletes despite
correction for body size. Sex differences for
scaled LVM remained significantly increased in
male athletes [99].

Myocardial Mass and Coronary Vascu-
lature Scaling relationships between myocardial
mass and the morphometry of coronary vasculature
have been studied, where volume, diameter, and
cumulative length of coronary arteries were
reconstructed from casts and related to the perfused
myocardial mass [21]. This aspect is discussed
further in the section on coronary arteries.

Left Ventricular Size and Related
Indexes

A classical paper highlights the importance of
investigating the size of the heart by stating that
normal heart muscle grows in order to maintain a
constant relationship between systolic pressure
and the ratio of wall thickness to radius
[31]. The author claims that EF is a double sensi-
tive index of cardiac failure, because it is affected
by both SV and EDV. Nowadays we observe that
half of all HF patients do not exhibit the
anticipated decline of EF. This finding
necessitates a reevaluation of the traditional
model. Subsequent publications have added the
relevance of the shape of the ventricle [122] and
are reviewed elsewhere [55]. Size is still impor-
tant but only within the context of age, sex,
body mass [95, 98], ethnicity, and pathology
(if present).

A systematic survey on LV volumes and EF
assessed by 3D echocardiography can be found in
Dorosz et al. [27] and Buccheri et al. [14], both
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based on meta-analysis. Similarly, Bhave and
Lang [11] summarize research on the use of 3D
echocardiography, also including LVM. Because
3D transthoracic echo (TTE) aids in identification
of the true LV apex, it provides more accurate LV
volumes than its 2D counterpart. As compared
with a CMR standard, 3D TTE tends to slightly
underestimate LV volumes, partly because iden-
tification of the true endocardial border is more
difficult. Also, 3D TTE better assesses the extent
of regional wall motion abnormalities, is superior
for quantification of LVM, and offers applications
such as speckle-tracking strain assessment,
dyssynchrony analysis, and LV shape determina-
tion. The authors (as well as [70]) discuss in
particular the publications by Aune et al. [6],
Chahal et al. [19], Muraru et al. [85], and Fukuda
et al. [34]. The latter concerned 410 healthy
subjects (without history of cardiac disease and
no risk factors) aged from 20 to 69 years
(253 men) who had a 3D echo. The mean values
in men and women were 50� 12 and 46� 9 mL/
m2 for LV EDVi, 19 � 5 and 17 � 4 mL/m2 for
ESVi, 61 � 4% and 63 � 4% for EF, and 64 � 1
2 g/m2 and 56 � 11 g/m2 for LVM. LV sizes
decreased with age, whereas LVMi (i.e., LVM
indexed for BSA) did not change according to
Fukuda et al. [34].

For the range 20–80 years, mean� 95% CI for
EF, ESVi, EDVi, LVM and sphericity index
measured by CMR (while including papillary
muscle to LV mass) have been reported for
males and females, based on data collected in a
review by Kawel-Boehm et al. [53]. For LV and
RV in both sexes, these authors found that ESVi
and EDVi decline with age, while EF slightly
increases.

Another CMR study included 804 healthy Cau-
casian adults who were stratified by sex and age
(45–54, 55–64, 65–74 years). LV volumes were
larger in males compared to females for absolute
and indexed values. With advancing age, LV
volumes were mostly smaller in both sexes. EF
was significantly greater in females compared to
males (mean � SD of 61 � 5% vs 58 � 5%) and
remained static with age for both sexes [97].

Using MDCT in 103 normotensive, nonobese
adults (43% women, age 51 � 14 years, 47%
smokers, 28% non-Caucasian), it was shown that
LVEDVwas significantly larger in men, even after
indexation to BSA [75]. However, EFwas reported
not to be different between men and women in this
somewhat heterogeneous study group.

For cardiac patients with widely differing
levels of HR, Fig. 41.2 shows a simple nomogram
combining information on EF, EDVi, and ESVi.

Fig. 41.2 Schematic
design of a nomogram
relating ejection fraction
(%) to end-systolic volume
index for fixed values
(straight lines) of
end-diastolic volume index
(EDVi), on the basis of two
nonlinear regression curves
referring to cardiac patients
with heart rate (HR) below
60 or above 80 beats per
minute (bpm), as described
elsewhere [61]
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Examples are provided for EDVi values of
100 and 150 mL/m2. However, any other fixed
level of EDVi can be inscribed by taking the
pertinent EDVi identical with ESVi (yielding
EF ¼ 0) along the abscissa. The figure applies
to both men and women, although it must be kept
in mind that generally average ESVi is smaller in
females compared to matched males. When LV
size is estimated on the basis of diameter (as was
common practice in older studies), then LV diam-
eter may be found to be larger in women, proba-
bly because of their more spherical LV shape.

There is evidence that following cardiac trans-
plantation the LV size of the transplanted heart
tends to adapt to the sex of the recipient and that
ESV is significantly smaller in female recipients,
irrespective of the sex of the donor [64].

Right Ventricular Mass (RVM)

Using MRI the RV in 75 healthy subjects (age
range 8–55, mean 28 year, 28 females) was stud-
ied [78]. In contrast to findings for the LV, in
the same study the ratio of RVM to RV EDV
was significantly lower (P < 0.05) in males
(0.33 � 0.06 g/mL) compared to females
(0.38 � 0.06 g/mL).

Maceira et al. [79] studied 120 healthy
subjects (60 women, 20–80 years) by CMR.
Sex, BSA, and age were independent predictors
of several RV parameters including RVM. The
RV volumes and RVM were larger in males
(P < 0.01). Normalized RVM and both absolute
and normalized RV volumes decreased signifi-
cantly with age, whereas RV EF increased. In
that study increasing BSA values were associated
with elevated RVM and larger RV volumes.

Right Ventricular Size and Related
Indexes

Assessment of RV volume has traditionally
been challenging, predominantly due to the
complex anatomy of the RV, which does not
resemble a simple geometrical shape. Therefore,
cardiologists often rely on RV diameter or area,

with associated fractional shortening (FS) and
fractional area change (FAC) as alternatives for
EF. Indeed, Aune et al. [5] warned that 3D echo
may have limited value for the RV. Ostenfeld and
Flachskampf [93] reviewed various studies on
RV volume. Our Table 41.4 is an updated ver-
sion, showing that average ESVi is smaller in
women compared to men and that the associated
average EF is higher. This implies that in this
respect the sex-specific observations for the RV
are similar to findings described for the
LV. Interestingly, Rominger et al. [104] studied
both LV and RV in the same subjects (N ¼ 377,
subdivided into 23 diagnostic groups), and the
relationship between EF and ESVi superimposes
for LV and RV, as described elsewhere [63]. In
contrast, for post Fallot repair patients distinct
regression curves were found [59] indicating a
different pattern of volume regulation in these
patients. Later studies, e.g., the one by
Maffessanti et al. [82] using 3D echo in
507 healthy volunteers, similar as for the LV,
also found for the RV a larger EF in women.

Effect of Age A CMR study by Petersen et al.
[97] included 804 healthy Caucasian adults who
were stratified by sex and age (45–54, 55–64,
65–74 years). RV volumes were significantly
larger in males compared to females for absolute
and indexed values, and were smaller with
advancing age. RV EF was higher with increasing
age in females only. Similarly, the impact of sex
and age on RV volumes were analyzed by CMR
in a longitudinally followed cohort free of pulmo-
nary and cardiovascular disease, while RV
trabeculations and papillary muscles were consid-
ered cavity volume. Women had higher RV EF
than men (Table 41.4). Sex, age, height, BMI,
and HR were found to account for most of the
variability in RV volumes. Sex-related differ-
ences in volume persisted after indexation to
height and to BSA (all P < 0.001 for both
sexes). In summary: RV volumes increase with
body size, are greater in men, and are smaller in
older people [30]. A 3D echo with disk summa-
tion study [39] performed acceptably when com-
pared with CMR for the RV in 71 healthy
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volunteers (36 women), with similar differences
for men and women (Table 41.4).

Ethnicity Another study [117] established MRI
reference ranges for 500 subjects (268 women)
free of clinical CVD. Except for EF, all unad-
justed RV parameters were significantly greater
in men than in women (P < 0.001). Even after
adjusting for BSA and height, Chinese
participants (N¼ 70) had significantly smaller RV
volumes compared with Caucasians.

RV and a Regional Curvature Index RV
remodeling involves changes in size, wall thick-
ness, function, and shape. It has been suggested
that regional curvature indices (rCI) may be use-
ful for shape analysis [2]. Using 3D echo
6 regional values of rCI in 245 healthy subjects
(age 42 � 12 years) were established. Mean cur-
vature was calculated for RV inflow tract (RVIT)
and RV outflow tract (RVOT), besides free wall
and septal regions for both apex and body. Septal
curvature did not change significantly from
end-diastole to end-systole, but RVOT and
RVIT flattened. There were no sex-related
differences in rCI. In subjects �55 years the RV
free wall and RVOT were flatter, and the apex
less pointed. These changes suggest that the RV is
stiffer in older subjects, with less dynamic con-
traction of the RVIT and less bellows-like
movement [2].

While summarizing current knowledge on the
pathophysiology underlying RV failure, this part
of the heart has most appropriately been termed

“the dark side of the moon” [32]. However, newer
imaging modalities are addressing some of
the underexposed aspects, e.g. by introducing
regional curvature indices mentioned above [2].

The lapidary question What is a “normal”
right ventricle? has been posed by Kovalova
et al. [67]. What makes their study particularly
interesting is the fact these authors also evaluated
the LV in the same individuals and compared the
findings for men and women. Their fascinating
results are presented and discussed later in the
section on EF.

Left Atrium (LA)

Enlargement of the LA volume index (LAVi) is a
risk factor for cardiovascular complications and
death [106]. Recently, LA size has been
recognized as a powerful imaging biomarker.
Reference values can be found in the review by
Kawel-Boehm et al. [53]. Using 3D echo in
410 healthy Japanese subjects (253 men, age
20–69 years), it was found that in both sexes
LA maximum and minimum sizes slightly
increase with age, particularly after indexation
for BSA [34], whereas LV size decreased. Simi-
larly, in 1480 healthy individuals (mean age
36.1 � 15.5 years, range 20–80; 61% males) a
comprehensive TTE showed that mean LAVi in
the overall population was 29.5 � 10.8 mL/m2

(range: 26.1–41.8 mL/m2). Again, distinct higher
values were found in subjects �50 years as com-
pared with those who were younger
(33.4 � 12.5 vs. 29.1 � 13.5; P < 0.001). On

Table 41.4 Right ventricular (RV) volume index in healthy adults (mean � SD)

Authors Year Method N Sex RVEDVi RVESVi RVEF Age

Aune et al. 2009 3D echo 87 F 38 � 10 15 � 5 62 � 10 29–80

Aune et al. 2009 3D echo 79 M 42 � 11 17 � 6 60 � 11 29–80

Gopal et al. 2007 3D echo 36 F 65.4 � 13.4 29.2 � 10.7 56.2 � 9.1 56 � 14

Gopal et al. 2007 3D echo 35 M 74.7 � 13.0 37.8 � 7.4 48.9 � 9.5 56 � 14

Foppa et al. 2016 CMR 760 F 59 � 10 19 � 5 68 � 6 64 � 9

Foppa et al. 2016 CMR 576 M 70 � 13 26 � 8 64 � 7 63 � 9

Petersen et al. 2017 CMR 432 F 77 � 13 33 � 9 58 � 6 45–74

Petersen et al. 2017 CMR 368 M 93 � 17 43 � 11 54 � 6 45–74

RVEDVi right ventricular end-diastolic volume index, RVESVi right ventricular end-systolic index, RVEF right ventricu-
lar ejection fraction
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univariate analysis, LA volume was significantly
associated with age (R ¼ 0.48, P < 0.0001), male
gender (R ¼ 0.28, P < 0.05), BSA (R ¼ 0.51,
P < 0.0001), LVEDV (R¼ 0.52, P < 0.0001), and
LVMi (R ¼ 0.31, P < 0.05), as reported by
D’Andrea et al. [25].

A CMR study including 804 healthy Cauca-
sian adults who were stratified by gender and age
(45–54, 55–64, 65–74) showed that LA maximal
volume was significantly larger in males com-
pared to females, but only for absolute values,
not for indexed values. LA EF was similar for
both sexes [97].

Clinical correlates and prognostic value of
(enlarged) LA volumes have also been studied
in the elderly, because they form a subgroup at
high risk for cardiovascular events. LAVimax,
LAVimin, and emptying fraction (EmF) were
measured by 3D echocardiography in a
community-based cohort including 706 parti-
cipants (71 � 9 years of age; 59% women).
LAVimax and LAVimin were not associated with
age in a healthy subgroup (N ¼ 142; 66� 9 years
of age; 55% women) but progressively increased
with age in the entire cohort (P < 0.001). In
univariate analysis, LAVimax, LAVimin, and res-
ervoir function parameters were significantly
associated with outcome in terms of stroke and
MI [106].

The relationship of demographics and cardio-
vascular risk factors to LA size was also explored
in a more diverse study. LAVi was measured by
CMR in 2576 asymptomatic participants of
MESA (average 68.7 years, 53.0% women,
white 42.2%, Chinese American 12.0%, black
24.5%, and Hispanic 21.2%). The mean LAVi
was 36.5 � 11.4 mL/m2 in the entire cohort and
35.5 � 10.1 mL/m2 in subjects free of cardiovas-
cular risk factors (N ¼ 283). Multivariable
adjusted analysis showed age (β ¼ 0.2 mL/m2

per year, P < 0.0001), male sex (β ¼ �4.2 mL/m
2, P < 0.0001), obesity (β¼ 1.3 mL/m2, P < 0.01),
EDVi (β ¼ 0.4 mL/m2, P < 0.0001), Chinese
American (β ¼ �2.6 mL/m2, P < 0.0001), and
Hispanic (β ¼ 1.1 mL/m2, P < 0.05) ethnicities
were associated with LAVi, but DM and smoking
were not [128].

Right Atrium (RA)

2D speckle-tracking echocardiography (2D-STE)
and 3DE were used to define normative reference
values of RA volumes and longitudinal strain
(LS) in 200 healthy volunteers (43 � 15 years,
range 18–75; 44% men). RA total, passive, and
active emptying fractions (EmFs) were calcu-
lated. 3D echo volumes and EmFs were found
to be larger than 2DE ones (all P < 0.0001).
BSA-indexed 3D volumes were significantly
larger in men than in women and all EmFs
smaller. Aging was associated with a decrease in
passive EmF (P < 0.0001) and an increase in
active RA negative LS (P < 0.0001) in the study
by Peluso et al. [96].

A CMR study included 804 healthy Caucasian
adults who were stratified by sex and age (45–54,
55–64, 65–74). RA maximal volume was signifi-
cantly larger in males for both absolute and
indexed values, while RA EmF was significantly
higher in females [97]. Further details can be
found in the review by Kawel-Boehm et al. [53].

Myocardial Strain (Rate)

Analysis of longitudinal and circumferential
strain using two-dimensional speckle-tracking
imaging (2D-STI) is considered an important
method for the assessment of real-time, quantita-
tive global, and regional LV function. In a pro-
spective study involving 119 healthy volunteers
(age range 22–76 years, 60 women), the impact of
age, sex, SV, and HR on LV longitudinal and
circumferential strains was investigated for three
myocardial layers, using short-axis (for circum-
ferential strain) and apical (for longitudinal strain)
views [114]. Longitudinal and circumferential
three-layer strain was highest in the apex and
lowest in the base. The mean global longitudinal
strain in the endocardial layer (GLS-endo), in the
mid-myocardial layer (GLS-mid) and in the
epicardial layer (GLS-epi) were �24.3 � 3.1%,
�21.3 � 2.9%, and �18.9 � 2.8%, respectively.
Sex, HR, and SV were independent predictors of
GLS-endo, GLS-mid, and GLS-epi. The mean
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global circumferential strain in the endocardial
layer (GCS-endo), in the mid-myocardial layer
(GCS-mid), and in the epicardial layer
(GCS-epi) were �34.3 � 4.4%, �20.5 � 3.0%,
and �11.8 � 2.7%, respectively. HR indepen-
dently predicted GCS-endo, GCS-mid, and
GCS-epi [114]. Figure 41.3 shows the findings
for four adult age groups, illustrating the often
diverging outcomes in both sexes. As a matter of
fact, a recent study by Biering-Sørensen et al. [12]
including 1296 participants undergoing a health
examination with primary end point the compos-
ite of incident HF, acute MI, or CVD, indicated
that after multivariable adjustment GLS was an
independent predictor of outcomes in men but not
in women.

A total of 440 (age, 45 � 13 years) healthy
subjects were analyzed by 3DE. Upper limits of
LV EDVi and ESVi were larger in men (97 and
42 mL/m2) than in women (82 and 35 mL/m2;
P < 0.0001). Conversely, lower limits of LV EF
were higher in women than in men (51% vs. 50%;

P < 0.01). Similarly, all strain components were
higher in women than in men. Lower range was
�18.6% in men and � 19.5% in women for
longitudinal strain, �27.0% and � 27.6% for
circumferential strain, �33.2% and � 34.4%
for tangential strain, and 38.8% and 40.7% for
radial strain, respectively. Among the strain
components, longitudinal strain was the only
one which did not change with age [10].
Sex-specific reference values for RV strain
estimated by 2D echo have also been reported
[86]. These findings emphasize the necessity to
establish robust reference values in this relatively
new area of evaluating cardiac function. The
outcomes may be further complicated by size-
dependent factors also reported. An animal
study was designed to assess to what extent LV
size influences strain and strain rate (SR) during
controlled HR levels and different loading
conditions. Longitudinal strain and SR were
found to decrease with increasing LV dimensions
in spite of unaltered contractility, showing that

Fig. 41.3 Graphs illustrating left ventricular layer-
specific global longitudinal strain (GLS) and global cir-
cumferential strain (GCS) changes across age groups in
men and women. A ¼ 22–40 year (11 males and
10 females); B ¼ 41–50 year (31 males and 26 females);

C¼ 51–60 year (15males and 17 females); D¼ 61–76 year
(2 males and 7 females). GLS and GCS seem to be inde-
pendent of age and sex. (Reproduced from Shi et al. [114],
with permission)
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heart size influences strain and SR, which in
addition are highly load-dependent parameters
[105]. This observation has been confirmed in a
meta-analysis [127] involving 2597 healthy
subjects from 24 studies.

Ejection Fraction: A Measure Based
on Physiology?

EF is the most widely applied metric to evaluate
“systolic function.” Mathematically, EF is “one”
minus the ratio of two volume-related numbers,
where the smaller one is compared to the larger
one of each pair. Therefore, this ratio yields a
number between 0 and 1 or between 0 and
100 if expressed as a percentage. A low value
for EF is supposed to reflect serious cardiac ill-
ness. EF does not depend on any scaling or index-
ation (such as BSA), since it is a dimensionless
ratio. This sounds like an advantage. However,
the sole fact that it is a ratio implies that some
information is missing. In practice, EF is a num-
ber obtained by dividing the outcome of two
measurements that have the same dimension
(i.e., mL or mL/m2). If, for example, EF is 60%
then EDV could be 100 mL while ESV is 40 mL,
or EDV is 150 mL with an ESV of 60 mL. Yet,
the two ventricles characterized by these {EDV,
ESV} pairs, are different in many respects. The
inverse relationship between EF and ESV as
observed for patient data [54, 95] can also be
found by using Monte Carlo simulation [56]. It
is important to appreciate that EF has no strict
physiological basis other than that ESV cannot be
larger than EDV [56]. In a meta-analysis on LV
reference values by 3D echo [14], including 2806
subjects from 13 studies, it was found that aver-
age LV EF was significantly higher in female
subjects (P ¼ 0.003). This finding is not
surprising in view of the smaller ESVi values
found in women and the inverse association for
EF vs ESV(i) [60, 61, 95].

EF and LV volumes are considered of vital
importance in clinical cardiology [27, 61]. In par-
ticular, LV EF is often considered a predictor of
outcome in patients with chronic HF. Some
treatments cause a small increase in EF and

may, thereby, improve prognosis. However, HF
patients (N ¼ 99) with very low EF (all �20%)
were censored at 3 years follow-up, and mortality
appears to be 75%, while EF was found not to be
a predictor (P¼ 0.36). The authors concluded that
once the EF � 20% this metric is no longer a
predictor of mortality [89]. See within this con-
text also Fig. 41.2 which features an asymptotic
range where (extrapolated) EF does barely
change, while rather ESV is the major determi-
nant of ventricular function.

Interestingly, EF is higher in women, both in
healthy individuals [15, 62], nearly normals
[36], and in cardiac patients [1, 63], as well as
specifically in HF patients [57, 120]. Remarkably,
EF has a (supra)normal value in half of all
patients with HF. A rationale for the universal
applicability of EF has never been published.
Despite the obscure origin, it has been
demonstrated that EF often corresponds with
improvement following therapeutic intervention
and seems to be associated with prognosis. This
is not totally surprising, as it has been
documented that EF is primarily determined by
ESV [54]. In turn, ESV is the major contributor to
the numerical value of end-systolic
elastance [65].

To derive age-, sex-, and ethnicity-specific
reference values for LV volumes and EF using
3D echo, a total of 978 healthy European White
and Asian Indian subjects were studied
[19]. Indexed LV volumes were significantly
smaller in female compared with male subjects
and in Indian Asians compared with European
whites. Upper limit of normal (mean � 2 SD)
reference values for ESVi and EDVi as follows:
European white men, 29 mL/m2 and 67 mL/m2;
Indian Asian men, 26 mL/m2 and 59 mL/m2;
European white women, 24 mL/m2 and 58 mL/m2;
Indian Asian women, 23 mL/m2 and 55 mL/m2,
respectively.

Using a careful diagnostic pathway (including
CMR) based on current best evidence in one
study, 245 (47% females) out of 319 patients
admitted to an HF clinic met the criteria and
were phenotyped. Depending on the threshold
selected (at 55, 50, 45, and 40% for EF), the
ratio of HFrHF to HFpEF was 5.2, 3.2, 1.9, and
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1.3 to one, respectively [121]. This study
demonstrates that the estimated impact of the
new HFpEF epidemic strongly depends on a sin-
gle criterion. Unfortunately, this study did not
stratify for sex, implying that further refinements
may be required (Fig. 41.4). In addition, the
imaging modalities employed yield varying
outcomes as is often reported in the litera-
ture [125]. For example, in a comparative study
concentrating on 52 HF patients it was found that
EF measurements by M-mode echo, 2D echo,
radionuclide ventriculography, and CMR are not
interchangeable. As a consequence the
conclusions and recommendations in HF studies
should be interpreted in the context of locally
available techniques [9].

In an interesting combined LV and RV 2D
echo study concerning 91 healthy volunteers
(age 17–62 years, 46 males), Kovalova et al.
[67] found that the RV EF was lower than the
LV EF, but the difference was more pronounced
in men (50.0% � 9.7 vs. 60.7% � 8.4) than in
women (58.0% � 13.6 vs. 61.7% � 9.4). These
findings can be fully explained on the basis of the
inverse EF-ESVi relationship described for both
LV and RV [61], when keeping in mind that the
SVi values observed in this investigation were
similar in men and women. As a result the authors
found two distinct distributions for EF which was
most pronounced for the relatively larger RV in

both sexes as determined by their method and
also supported by their literature study
(Fig. 41.5). In a review (ages 20–68 years)
Kawel-Boehm et al. [53] reported average values
for EDVi, being larger (91 and 80 mL/m2) for the
RV, than in the LV (81 and 76 mL/m2) for males
and females, respectively. Figure 41.5 compares
well with the theoretical one composed for the LV
in HF patients which for simplicity is assumed
symmetrical for both sexes (Fig. 41.4).

Meta-analysis Comparing SPECT and CMR By
considering only few subjects, many studies left
uncertainty about the frequency of discrepancies
between SPECT and CMR. Therefore, a meta-
analysis of data on 164 subjects from 9 studies
was performed. Correlation between both
methods was good: EDV (R ¼ 0.89), ESV
(R ¼ 0.92), and EF (R ¼ 0.87). However, rates
of discrepancies for individual subjects were con-
siderable (37% for at least 30 mL in EDV; 35%
for at least 20 mL in ESV; 52% for at least 5% in
EF; and 23% for at least 10% in EF. The
misclassification rate for the 40% EF cutoff was
11% [47].

Importance of Software In a gated SPECT study
two software programs (Quantitative Gated
SPECT (QGS) and Segami) were compared in a
sex-specific study by Yamada et al. [126] to

Fig. 41.4 Since women
have on average a higher
ejection fraction (EF, both
in health and disease), it
seems plausible to consider
a higher cutoff value for
heart failure
(HF) phenotypes, e.g., at
55% rather than a single
traditional value such as
50% for both sexes. In fact,
several studies have
proposed a higher EF cutoff
value for women. In the
situation suggested, the
prevalence of HF with
preserved EF is equal in
men and women, given the
distribution assumed as in
this theoretical example

692 P. L. M. Kerkhof et al.



evaluate the influence of age, weight, height, HR,
SBP, DBP, BMI, and BSA in 181 healthy
Brazilian individuals (20–80 years, 96 women).
Previously it was demonstrated that QGS
underestimates LV volume, which deviation is
nonlinear for the range 37–101 mL. Yet, for
both methods significant differences (P � 0.001)
for EDVi, ESVi, and EF were found between men
and women. Neither method showed a significant
association between EF and age.

Exercise in Trained and Untrained Men It is
believed that EF is a useful variable to evaluate
LV function. However, changes of EF values in
athletes during exercise are controversial [28],
although baseline LV volumes are consistently
increased. Unfortunately, these authors studied
only males when comparing EF response to
supine bicycle exercise in normals and athletes.
Within this context it is relevant that we have
shown that EF vs ESVi is described by a nonlin-
ear relationship in both sexes, which for males is
not different for baseline data compared to exer-
cise [61]. Given the fact that the athletes report-
edly had larger average ESVi and EDVi at rest, it
may be expected that on average their EF changes
as induced by exercise are smaller in magnitude
compared to those observed in the control group.
In the latter group the average ESVi decreased
(P < 0.001) during exercise from 29 to 17 mL/m2

and in the athletes from 50 to 40 mL/m2

(P < 0.001), thus explaining the relatively minor
EF changes (P < 0.001) in these male athletes.

Exercise test and EF in Cardiac Patients Sex-
related differences were not only investigated in
healthy individuals (e.g., [15, 28, 126]) but also in
cardiac patients. In the study by Ababneh et al. [1]
patients were referred for the evaluation of chest
pain or dyspnea, often having cardiac risk factors,
but all with normal exercise capacity corrected for
age, no ECG signs of ischemia, normal perfusion
scans, and no wall motion abnormalities. A total
of 1513 patients (mean age 60 � 12, range
24–92 years) who had normal results on Bruce
exercise tests had either Tc-99 m sestamibi
(N ¼ 884) or Tl-201 (N ¼ 629) injected at peak
stress. The mean EF for gated Tc-99 m sestamibi
scans did not differ from gated Tl-201 scans.
However, when sex was considered, the mean
EF for women was 66% � 8% with Tc-99 m
sestamibi gated SPECT (N ¼ 519), higher than
the mean EF for men (58% � 8%, n ¼ 365,
P < 0.0001). Similarly, the mean EF for women
studied with Tl-201 gated SPECT (67% � 8%,
N ¼ 326) was higher than that of men
(59% � 7%, N ¼ 303, P < 0.0001). Unfortu-
nately, these investigators did not consider age
and medication in the analysis of their cardiac
patients. However, they demonstrated that the
sex-related difference in mean EF found for
normals in other studies persists in these cardiac
patients, thus providing evidence for the concept
developed in Fig. 41.4.

The EF Paradigm EF has played a central role in
the design and interpretation of almost every

Fig. 41.5 Distribution of
ejection fraction (EF) for
the right ventricle in healthy
men (N ¼ 46) and women
(N¼ 45), determined by 2D
echo. (Reproduced, with
permission, from Kovalova
et al. [67])
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clinical trial that involves cardiac function.
Although cutoff values may differ from one
study to another, well-documented sex-related
differences regarding EF have barely been
incorporated. Whenever considering future stud-
ies, sex-specific aspects may be the first step to
take. Various major drug-related trials have been
carefully analyzed by Fogel [29]. How predictive
an increase in EF on therapy is of morbidity and
mortality remains a matter of debate. His review
outlines the utilization of EF (or lack thereof), in
various congestive HF drug trials, and its relation-
ship to symptomatic improvement and morbidity/
mortality.

The VRG and Derived Metrics
in Cardiac Disease

The volume regulation graph (VRG) relates
ESVi to EDVi and applies to all four cardiac
compartments, as described elsewhere
[65]. Since EF ¼ 100*(1 –ESVi/EDVi), any EF

value can be readily identified in this representa-
tion, as shown in Fig. 41.6. An arbitrary EF value
has been selected to illustrate that this metric
associated with a given {EDVi, ESVI} pair
(as represented by the surprise box) includes
information on various other well-known
variables. The upper inset figure shows that EF
is inversely related to ESVi, with a high correla-
tion for this group consisting of 28 HF patients,
described by Asanoi et al. [4]. The inset to the
right illustrates that EF is also highly correlated
with the ventriculo-arterial coupling (VAC) index
[63], not only when the volume intercept
(Vo) is omitted but also when the actual value
of Vo is considered. Thus, the information
offered by the triad EF, ESVi, and VAC is nearly
equivalent.

Aortic Diameter

Reference ranges for echocardiographic
dimensions of the proximal aorta [111] have

Fig. 41.6 Ventricular volume domain showing the rela-
tionship of end-systolic volume index (ESVi) versus
end-diastolic volume index (EDVi). Actual data points
are only located below the (black) identity line because
ESVi cannot be larger than EDVi. All data points (in the
two insets) refer to heart failure patients. Ejection fraction

(EF) for any {EDVi, ESVi} is reflected by the slope of the
(red) line with arrow head. The metric EF has two close
family members, namely, ESVi itself (see upper inset) and
the ventriculo-arterial (VA) coupling index (see inset to
the right). For further explanation see text
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been based on 704 (mean age: 46.0 � 13.5 years)
healthy volunteers (394 women). Aortic dimen-
sions were obtained in systole and diastole, fol-
lowing both the leading-edge to leading-edge
and the inner-edge to inner-edge conventions.
Diameters were measured at four levels:
ventricular-arterial junction, sinuses of Valsalva,
sinotubular junction, and proximal tubular
ascending aorta. Measures of aortic root in the
short-axis view following the orientation of each
of the three sinuses were also performed. Men
had significantly larger body sizes when com-
pared with women and showed larger aortic
dimensions independently of the measurement
method used. Dimensions indexed by height and
BSA are provided, as well as stratification by age
ranges. In multivariable analysis, the independent
predictors of aortic dimensions were age,
gender, and height or BSA. Thus, age, sex, and
body size are significant determinants of aortic
dimensions [111].

Reference values for aortic root diameter
(ARD) have been determined by Doppler TTE
[124] in a cohort of 1043 Caucasian healthy
volunteers (mean age 44.7 � 15.9, range 16 to
92 years, 503 men [48%]). Measurements were
made at end-diastole in parasternal long-axis
views at four levels: (1) annulus, (2) sinuses of
Valsalva, (3) sinotubular junction, and (4) proxi-
mal ascending aorta. The absolute ARDs
were significantly greater in men at all four levels,
whereas BSA-indexed diameters were greater
in women (P ¼ 0.0001). No significant sex
differences were registered for sinuses of
Valsalva and sinotubular junction to annulus
diameter ratios (P ¼ 0.9), whereas ascending
aorta to annulus diameter ratio was higher in
women (P ¼ 0.0001). There was a linear correla-
tion between ARDs (both absolute and indexed
values), their ratios, and age in both sexes
(P ¼ 0.0001), as described by Vriz et al. [124].

Kawel-Boehm et al. [53] review varies studies
reporting aortic diameter at well-defined
anatomical locations in men and women for vari-
ous age groups (20–80 years). Size appears to
vary with BMI, and BSA-indexed readings seem
to be slightly higher in women older than
30 years, both systolic and diastolic. Also, aortic
diameters in men and women in various ethnic

populations have been reported, e.g., in healthy
Japanese individuals (age 20–80 years) by Dai-
mon et al. [23].

Obviously, aortic diameters are increased in
hypertensives. Effects of prolonged exercise are
less clear. Aortic dissection is a highly morbid
and mortal condition (in-hospital mortality over
25%), with dilation of the thoracic aorta as the
primary risk factor, associated with sex, age,
body size, hypertension, and inherited/congenital
conditions. However, patients often present with
significant aortic dilation in the absence of a clear
risk factor or cause. Current consensus indicates
that athletic participation has minimal impact on
aortic size, implying that significant aortic dila-
tion in an athlete is viewed as pathological. Also,
it has been hypothesized that remodeling and
dilation of the aorta may be stimulated by
exercise-induced hemodynamic factors (includ-
ing increased SV and elevated cSBP). However,
all prior research has limitations because it has
focused on athletes with an average age below
30 years [22].

Coronary Arteries

Coronary dominance is known to be influenced
by postnatal workload changes of the ventricles,
making serial assessments concerning size of spe-
cial importance. Z-score equations for diameter
reference values of two major coronary arteries
adjusted for growth changes have been deter-
mined in 200 healthy, near-term neonates
(106 boys) at birth, with follow-up at 1 and
6 months. Several regression models for the left
(LCA) and right coronary artery (RCA) diameters
were tested with weight, height, BSA, and aortic
annulus (AoA) diameter. The coronary diameters
at birth were strongly correlated with birth
weight, height, BSA, and AoA diameter
(R > 0.8, all P < 0.01). Only at 6 months the
diameters in boys were larger than in girls, but
this difference did not reach significance
[52]. Growth in caliber of the coronary arteries
is definite and progressive during postnatal life.
As with other variables (including BP and HR)
sex-specific differences occur only later in life.
Further details on major studies in children can
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be found in the extensive review by Dallaire
and Sarkola [24], and regarding adults in
Taqueti [118].

In a prospective study reference ranges of the
proximal LCA and RCA internal diameters
(in diastole) in 390 healthy Asian children
(ages of 2 months to 8 years, 55% boys) at
predetermined anatomical sites were established.
The LCA and RCA diameters correlated linearly
with age, height, weight, BSA, as well as the
AoA diameter, yielding R > 0.8, P < 0.005.
The coronary-aorta index (i.e., coronary artery
to AoA ratio) falls within a narrow range:
LCA/AoA ¼ 0.15 � 0.02 (range 0.09–0.21),
RCA/AoA ¼ 0.13 � 0.02 (range 0.09–0.20).
This index may serve as a quick guide to detect
coronary dilatation [116].

In healthy adults several studies have demon-
strated that coronary vessel size is significantly
larger in 50 males (compared to 25 women) for
left main and LAD [113], as well as for LCA
and RCA in 100 males vs 100 females [68],
while Hiteshi et al. [45] found in 710 subjects
(327 females) that neither body habitus nor
LVM relate to the sex-related difference in vari-
ous coronary artery diameters. Obviously, these
differences between men and women have
consequences for coronary artery bypass grafting
(CABG), as discussed, e.g., by Dickerson
et al. [26] and Hannan et al. [42].

Scaling relationships between myocardial
mass and the morphometry of coronary vascula-
ture have been studied in normal porcine hearts.
Volume, diameter, and cumulative length of cor-
onary arteries were reconstructed from casts and
related to the perfused myocardial mass. It was
shown that arterial volume is linearly related to
regional myocardial mass, whereas the sum of

coronary arterial branch lengths, vessel
diameters, and volumetric flow show an approxi-
mately 3/4, 3/8, and 3/4 power-law relationship,
respectively, in relation to myocardial mass. Fun-
damental design principles underlying the
structure-function relations were suggested
based on these scaling laws [21]. This publication
triggered an editorial entitled: “Why are arteries
the size they are?” by Santamore and Bove [109]
bringing up questions such as what is driving
arterial size: an energy cost factor, oxygen carry-
ing capacity of blood, shear rate, or circumferen-
tial strain?

Remarkably, at follow-up in 86 heart
transplant patients (median age 24 years) it was
found that coronary artery size (expressed as -
cross-sectional area) was significantly
(P ¼ 0.01) increased in male recipients of female
hearts (Table 41.5), as reported by Herity
et al. [44].

Biomarkers in Clinical Chemistry

Relevant data are presented elsewhere [84].

Microvasculature

Relevant data are presented elsewhere [46].

Fetal Development and Pediatric
Cardiology

A cross-sectional ultrasound study [41] evaluated
in 184 fetuses of normal pregnancies
(19–42 weeks) the LV and RV volumes, SV,

Table 41.5 Coronary artery size (by IVUS) following heart transplantation (M/F)

Initial area (mm2) Follow-up area (mm2) P

Female donors 15.7 (13.8–17.9) 17.0 (14.3–19.2) 0.49

Female recipients (N ¼ 16) 15.5 (13.7–18.5) 15.9 (14.1–17.9) 0.63

Male recipients (N ¼ 21) 16.1 (13.9–17.9) 17.9 (15.4–19.6) 0.01
Male donors 16.8 (15.4–18.7) 17.7 (15.2–19.7) 0.86

Female recipients (N ¼ 17) 16.3 (15.1–17.8) 17.3 (14.6–19.5) 0.55

Male recipients (N ¼ 32) 17.1 (15.4–19.5) 17.8 (15.4–19.8) 0.89

Data as the median value (interquartile range). IVUS intravascular ultrasound. Changes in vessel area of the proximal left
anterior descending coronary artery. From Herity et al. [44], reproduced and slightly modified with permission
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COi, and EF. With advancing gestation, ventricu-
lar volumes, SV, and COi increased, whereas EF
decreased. RV ESV was larger than LV ESV
(0.50 vs 0.27 mL; P < 0.001), and a similar
difference was found for diastole (1.20 vs
1.03 mL; P < 0.001). LV EF was greater than
the RV EF (72.2 vs 62.4%; P < 0.001).

During childhood, most cardiovascular
variables depend on body mass [24]. Starting at
a reference range from 95 to 155 bpm during the
first 2 years, HR in Chinese children was found to
steadily decline and reach a lowest value of 65 at
the age of 12 years [100]. Over the same period,
SBP rises from a maximum of 95 to 135 mmHg,
while average SVi sharply increases until the age
of 5 years when a plateau at 55 mL/m2 is reached.
Limited information is available on cardiac size in
children. A classical study reported on LV vol-
ume, LV mass, and LA volume [40]. SVi and, to a
lesser extent, the COi generally increase from
ages 1 to 5 years, but plateau or fall slightly
thereafter [100]. Four studies on LV volume
were conducted in children and young
adolescents; one study provided data in an inde-
pendent pediatric subgroup. In pediatric studies,
EDV pooled mean value was 53.1 mL (95% CI,
38.1–68 mL), while for ESV, it was 19.8 mL
(95% CI, 14.8–24.8 mL); LV EF mean value
was 63.3% (95% CI, 61.6–65%). Significant het-
erogeneity and inconsistency were noted among
studies. Age, SBP, and HR were identified as a
source of between-studies variation for LV
volumes [14]. In 60 healthy children (age
8–17 years, 30 girls), no difference has been
found for EF in both LV and RV in three age
groups on the basis of CMR [103]. Further details
can be found in the review by Kawel-Boehm et al.
[53], reporting on normal values for CMR in
adults and children, including chamber size and
function, aortic diameters, and distensibility.
Remarkably, the MRI study by Sarikouch et al.
[110] found that BSA-indexed LV EDV was
10–15% larger in boys (age 8–20 years).
Published nomograms of pediatric echocardio-
graphic measurements are often limited by insuf-
ficient sample size to assess the effects of age,
sex, race, and ethnicity. Data collected from
healthy nonobese children �18 years of age at

19 centers with a normal echocardiogram
included age, sex, race, ethnicity, height, weight,
echocardiographic images, and measurements
performed at the Core Laboratory. Z-score
models involved indexed parameters (X/BSAα)
that were normally distributed without residual
dependence on BSA. The models were tested
for the effects of age, sex, race, and ethnicity.
Raw measurements from models with and with-
out these effects were compared, and < 5% dif-
ference was considered clinically insignificant
because interobserver variability for echocardio-
graphic measurements are reported as �5% dif-
ference. Of the 3566 subjects, 90% had
measurable images [77]. Furthermore, meta-
analysis based normal ranges of RV strain
(rates) in children have been published [72]. Sim-
ilar data for the LV have been reviewed
elsewhere [17].

National High Blood Pressure Education Pro-
gram [87] reports on reference values, see their
Table 3 (BP levels for boys by age (1 through
17 years) and height percentile) and Table 4
(BP levels for girls by age (1 through 17 years)
and height percentile), available via: http://pediat
rics.aappublications.org/content/114/Supplement
_2/555.long. To use the tables in a clinical setting,
the height percentile is determined by using the
newly revised CDC growth charts (www.cdc.
gov/growthcharts). Central and brachial BP
values for children have been presented in Avolio
et al. [7]. BMI Tables for children can be found at:
http://www.who.int/childgrowth/standards/bmi_
for_age/en/

Metrics, Indexes, and (Doppler)
Surrogates in Cardiology

The easiest and most common way to assess the
RV is by two-dimensional (2D) transthoracic
echocardiography measuring surrogate indexes,
such as tricuspid annular plane systolic excursion
(TAPSE) and fractional area change (FAC)
[32]. TAPSE reflects longitudinal myocardial
shortening, being the main component of RV
contraction in normal hearts.
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Choi et al. [20] found that mitral early diastolic
(E) and late diastolic (A) velocity as well as E/A
ratio were significantly higher in women com-
pared to those in men. Conversely, mitral peak
systolic and late diastolic annular velocities in
both septal and lateral mitral annuli were signifi-
cantly lower in women compared to those in men.
However, there were no significant differences in
both septal and lateral mitral early diastolic annu-
lar (e’) velocity between men and women. In both
men and women, mitral E velocity and its decel-
eration time as well as both E/A and E/e’ ratio
considerably increased with age. There were no
significant differences in tricuspid inflow
velocities and tricuspid lateral annular velocities
between men and women except e’ velocity,
which was significantly higher in women com-
pared to that in men. However, changes in both
tricuspid inflow and lateral annular velocities
according to age were similar to those in mitral
velocities. Lancellotti et al. [69] have also
described echo surrogates for LV end-diastolic
pressure (EDP) in 159 patients (25% EF < 50%,
64% NYHA � II, and 53% with coronary artery
disease) who underwent simultaneous echo eval-
uation (E/A, E/e’, LA volume, tricuspid regurgi-
tation jet velocity) and invasive measurement of
EDP. Sixty-four patients had elevated LVEDP
(�15 mmHg). The 2016 recommendations (sen-
sitivity 75%, specificity 74%, positive predictive
value 39%, negative predictive value 93%, AUC
0.78) identified slightly better patients with ele-
vated invasive LVEDP (� 15 mmHg) as com-
pared with the 2009 recommendations.
Reference values for variables from tissue Dopp-
ler imaging (TDI) according to sex, age aspects,
and specific ethnic groups are summarized in
Table 41.6.

How to Interpret Measurements?

Many routes are available to collect information
on the heart. The next task is to interpret these
data. Obviously, no single measurement can
reveal all details about cardiac functioning, not
even in the healthy heart. Various pieces of infor-
mation each provide some insight. For example,

the heart axis based on the ECG may suggest the
presence of left ventricular hypertrophy. When
this suspicion is signaled, additional
measurements (e.g., by echocardiography) are
required to confirm and quantify the abnormality.
The various strategies involved can be viewed as
an exercise to identify from a particular dis-
tance the full characteristics of a remote object,
in Fig. 41.7 symbolically depicted by the large
turquois circle. This item will be referred to as the
“real picture” (RP). EF is a popular metric to
assess so-called systolic function. Since EF refers
to a ratio, it is impossible that this single number
(theoretically between 0 and 100%) can offer a
complete picture. Rather we must accept that EF
is an incomplete index. All missing details can be
lumped into a secondary index, which we will
refer to as the EF-extra (EFe), depicted as the
gray cylinder. The positive note comes from the
fact that “any” additional variable (such as LAVi,
strain, MAPSE, and many more not shown) will
assist in more completely describing the partially
unknown RP. The negative side stems from the
fact that any candidate selected is only a small
component of the solution. A smart approach
would be to not repeat the shortcoming inherent
to EF and thus avoid introducing any more ratios,
such as the ventriculo-arterial coupling index
[56].

Rather than collecting more tables or charts
with reference values for current metrics to eval-
uate cardiac function, we explore their anticipated
practical importance and interconnections. If we
represent the full information needed to describe
ventricular function as a central circular area
(the turquoise RP mentioned earlier), then each
known metric reveals part of the complete set, as
reflected by the partial overlap of circles in
Fig. 41.7. Appreciating additional sex-related
differences in this figure (not shown) may imply
specific therapeutic guidelines, as illustrated in
resynchronization therapy for women [130].

LV systolic long-axis shortening is one deter-
minant of volume change during the cardiac cycle
and can be measured as mitral annular plane
systolic excursion (MAPSE). The surrogate mea-
sure MAPSE is age dependent, but similar for
men and women in comparable age groups
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[92]. In a recent study of 1266 subjects without
evidence of heart disease, MAPSE was measured
in all three standard apical views. Mean MAPSE
was 1.58 (� 0.25) cm, declining with age, with
correlations between �0.50 and � 0.41. Again,
MAPSE was reported to be sex independent,
although values diverged for men and women
above 60 years [115].

No publications exist about a possible
sex-related difference regarding the end-systolic
volume intercept. All other metrics in Fig. 41.7
that refer to mechanical variables are
sex-dependent [63], with apparently an exception
in case of MAPSE for healthy individuals
<60 years (Table 3 in [115]). This complexity
makes it an enormous challenge to identify a
unique combination of metrics which in a con-
certed action could reliably describe cardiac func-
tion in the healthy individual. This task likely
becomes formidable when addressing disease
states.

Conclusions

Almost all volume-related metrics used to evalu-
ate ventricular and atrial function show sex-
specific reference values (Fig. 41.8). Age depen-
dence has also been noted, and occasionally
additional effects related to ethnicity can be
discerned. Most of the distinctions referring to
length, area, or volume persist after indexation
for BSA. Thousands of publications report refer-
ence values for the size of each cardiac compart-
ment, occasionally with conflicting outcomes,
likely based on minor differences in study design
and population characteristics. Furthermore,
various degrees of interobserver, intra-observer,
intervendor, and interphase variability are
reported.

For a particular group of metrics, there is no
meaning in indexation by whatever standard,
namely, those indicators which consist of a

Fig. 41.7 Schematic overview of indicators of cardiac
performance and the potential insight they provide. The
complete “real picture” (RP) is represented by the under-
lying large turquoise-colored circular area. Various
attempts have been made to characterize (part of) this
incompletely understood territory. The sizes tentatively
reflect the relative impact of each metric, and there is
also some overlap meaning that two metrics partly tell
the same story. One popular index is ejection fraction

(EF) which unfortunately can never describe the full
truth about RP, since it is based on a ratio. The information
not embodied by EF is supposed to be contained in a
cylinder (EFe, meaning EF-extra) [131]. The cylindrical
shape symbolizes that this metric primarily has a repair
function. In contrast, end-systolic volume appears to play a
pivotal role [60]. ECG electrocardiogram [101], EDV
end-diastolic volume, LAVI left atrial volume index,
MAPSE mitral annular plane systolic excursion
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dimensionless ratio such as EF and VAC index.
The EF and VAC are telling the same story if the
end-systolic volume intercept is not considered in
the calculation (Fig. 41.6). Similarly it should be
appreciated that strain analysis may have
limitations. As noted, a few metrics may only be
meaningful over a limited trajectory and are not
automatically applicable to all disease states. The
examples of Emax and HFpEF have been
discussed. Figure 41.8 summarizes the take-
home message. Regarding volume-related
metrics, it is generally not simple to establish
reference values, because their estimates depend
on imaging modality besides many other factors.
Indeed, age, sex, size, and ethnicity all matter.

Appendix on Biological and Technical
Pumps

Prototypes of technical pumps have been
designed for a long time. To raise water for irri-
gation, Egyptians around 2000 BC invented the
shadoof (or shaduf, also called a counterpoise lift)
which is hand-operated and uses a long

suspended rod with a bucket at one end and a
weight at the other. Another invention, the
Archimedean screw pump (200 BC), is actually
still in use in our times. It may not be a surprise to
learn that around the time that William Harvey
(1578–1657) was dealing with the heart as a
pump, engineers had already developed various
types of mechanical pumps, including the water
wheel [129] as described a century earlier by
Vannoccio Biringuccio (c.1480–c.1539) in De
la Pirotechnia (Venice 1540). In 1588 the sliding
vane water pump technology was detailed by the
Italian engineer Ramelli (1531–1600) in his book
The Diverse and Artifactitious Machines of Cap-
tain Agostino Ramelli, while in 1593 the French-
man Nicolas Grollier de Servière (1596–1689)
created an early design for a gear pump, followed
in 1636 by Pappenheim, a German engineer –

walk of life largely unknown – who invented the
double deep-toothed rotary gear pump, which is
still used to lubricate engines. This gear pump
made it possible to dispense with the
reciprocating slide valves used by Ramelli.
Pappenheim drove his machine by an overshot
water wheel set in motion by a stream and was

Fig. 41.8 Schematic overview of indicators of left ven-
tricular (LV) function to highlight male/female
differences. Ejection fraction (EF) in women is signifi-
cantly higher compared to matched male counterparts,
primarily because end-systolic volume index (ESVi) is
smaller. Since end-diastolic volume index (EDVi) is line-
arly correlated with ESVi, the values for EDVi are in men

usually larger than in women. The smaller ESVi in women
implies a larger end systolic elastance (Emax) as well as a
higher effective arterial elastance (Ea). LVM LV mass,
MAPSE mitral annular plane systolic excursion. As
emphasized in this survey, typical values may also depend
on age and ethnicity (For further explanation, see Kerkhof
et al. [62])
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used to feed water fountains. The emperor
Ferdinand II granted him a “privilege” – the
equivalent of a patent – in respect of this inven-
tion. In 1650 Otto van Guericke (1602–1686)
invented in Magdeburg the piston vacuum
pump, which used leather washers to prevent
leakage between the cylinder and the piston. In
1675 Sir Samuel Morland (1625–1695), an
English academic, diplomat, spy, inventor, and
mathematician, patented the packed plunger
pump, capable of raising great quantities of
water with far less proportion of strength than a
chain or other pump. The piston had a leather
seal. Morland’s pump may have been the first
use of a piston rod and stuffing box (packed in a
cylinder) to displace water. In 1687 the French-
born inventor Denis Papin (1647–1713), who
spent much of his life in London and Marburg,
developed the first true centrifugal pump, one
with straight vanes used for local drainage. With
the advent of steam engines, the design of effi-
cient mechanical pumps received strong impetus,
particularly in England with great names as
Thomas Newcomen and William Murdoch [129].

It is interesting to observe that the first
technical designs originated in Italy, also the cra-
dle of the anatomical and physiological study of
the cardiac pump (notably Borelli), and the
subsequent spread toward northern Europe
(Germany and France), to come to full glory in
England at the time of the industrial revolution.

Giovanni Borelli (1608–1679) was an Italian
iatromechanical physiologist, student of Galileo,
and teacher of Malpighi. In his early 30s he was
called to the University of Messina as professor of
mathematics, later becoming “physician” to
Christina of Sweden, who had chosen voluntary
exile in Rome. Apart from devoting some of his
time to astronomy, he also studied the heartbeat in
the frog [35]. Later he wrote: The true action of
the muscle of the heart is the contraction of its
ventricles, and the compression and expression of
the blood contained in them is carried out [like]
. . . a winepress [48]. The Leiden-born physician
Willem Kolff (1911–2009) devoted most of his
life to the development of an artificial kidney. In
1950 he immigrated to the USA and continued his
research at the Cleveland Clinic, extending his

work to the development of an artificial heart.
Robert Jarvik (1946–), an American physician
and researcher, joined the University of Utah’s
artificial organs program in 1971, then headed by
Kolff, his mentor. As an entrepreneur he became
known for his role in developing the Jarvik-7
artificial heart.

Sources: https://www.pumpsandsystems.com/
topics/pumps/pumps/history-pumps-through-
years

https://pumpsolutions.com.au/a-brief-history-of-
water-pumps-and-how-they-have-affected-
the-world/

https://pressurewasherify.com/blog/pumps-
history/
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