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 Hypertension in children and adolescents has become more commonplace, 
and it is a disease that directly causes target organ damage, is associated with 
premature vascular disease and places the affected child at greater risk for 
hypertension and its complications as an adult. The third edition of  Pediatric 
Hypertension , is  the  reference textbook for clinicians and investigators who 
are involved with evaluation and management of childhood hypertension. 
The new edition follows the second edition by only 2–3 years but is clearly 
updated from the prior edition of the book published in 2011 – there are sev-
eral new chapters, and some previous chapters have been modifi ed and have 
new authors. Thus, this third edition of  Pediatric Hypertension  is a compre-
hensive textbook of 38 chapters that remain divided into four broad themes: 
I. Regulation of blood pressure and pathophysiologic mechanisms of hyper-
tension; II. Assessment of blood pressure in children including measurement, 
normative data, and epidemiology; III. Hypertension in Children that includes 
predictors, risk factors and special populations; and IV. Evaluation and treat-
ment of pediatric hypertension. 

 As in the prior editions of this book, the chapters are written by experts in 
their respective fi elds and remain well-written and organized in a clear and 
logical fashion. The fi rst section has been re-organized and now includes 
chapters on perinatal programming and experimental models in childhood 
hypertension. The chapter on cardiovascular infl uences has been rewritten. 
The second section of the book has new chapters on ambulatory blood pres-
sure monitoring in children as well as cardiovascular risk assessment in chil-
dren and adolescents. The third section has been expanded substantially to 
encompass more in-depth discussion of stress and salt sensitivity and also 
important clinical sub-populations with vascular and endocrine hypertension 
as well as management of the pregnant teenager with hypertension. In this 
third edition, there are also discrete new chapters on cognitive and behavioral 
aspects of childhood hypertension as well as regulatory aspects of drug devel-
opment for children and adolescents. The material in each chapter is pre-
sented in a lucid manner, with clearly interpreted results and extensive 
referencing. Clinical applications are given so that the clinician can better 
incorporate this material into their understanding of the pathophysiology of 
hypertension in neonates, children, and adolescents. 

 The chapters in  Pediatric Hypertension  will be helpful for trainees in pedi-
atrics and its sub-specialties as well as practicing clinicians due to their 
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pragmatic nature. The updated chapters as well as new materials noted above 
make the book the most comprehensive and up-to-date reference in the fi eld 
of hypertension and its complications in children. 

 As series editor of  Clinical Hypertension and Vascular Diseases , I am 
both enthusiastic and proud of the extremely high quality of the third edition 
of  Pediatric Hypertension.  In addition, the editors have a good deal to be 
proud about as well as they have persisted in bringing this third edition of 
their book to the public in record time and by doing so have a very contem-
porary textbook for their audience. I am certain that pediatricians, primary 
care providers and all physicians with an interest in clinical and translational 
aspects of hypertension and its complications will fi nd  Pediatric Hypertension  
an important and worthwhile addition to their library. 

 William B. White, M.D., FASH, FAHA, FACP 
 Professor of Medicine 

 Chief, Division of Hypertension and Clinical Pharmacology 
 Pat and Jim Calhoun Cardiology Center 

 University of Connecticut School of Medicine, Farmington 
 President, American Society of Hypertension, 2012–2014  
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 We are excited to offer you this third edition of  Pediatric Hypertension . 
Interest in childhood hypertension has increased markedly since the publica-
tion of the prior editions of this text, fueled in part by the increase in the 
prevalence of hypertension in children and adolescents, owing to the obesity 
epidemic. Investigators have continued to explore many aspects of hyperten-
sion in the young, resulting in better understanding of the mechanisms, mani-
festations and management of this important clinical problem. Cardiovascular 
disease remains the leading medical cause of death in the world. Only by 
understanding important risk factors such as hypertension at the earliest 
stages of disease, during childhood, can substantial progress at eradicating 
this disease be made. 

 In this edition, we have retained most of the topics from the prior two edi-
tions, but have made some important additions and replacements that we feel 
will increase the usefulness of the text to clinicians and researchers alike. 
New clinically oriented chapters on obesity-related hypertension, endocrine 
hypertension and renovascular hypertension should help guide the evaluation 
and management of these major causes of hypertension in the young. A new 
chapter on models of hypertension should help both researchers and clini-
cians to better understand the investigative approaches that have been 
employed to study childhood hypertension. There are also new chapters on 
hypertension in pregnancy and ethnic infl uences on hypertension in the 
young, which should be of particular interest to those who care for large num-
bers of teens and minority patients, respectively. 

 A text such as this would not have been possible without contributions 
from many busy people, all of whom are acknowledged experts in the fi eld. 
We are profoundly grateful to our colleagues who agreed to contribute chap-
ters to this text, especially those who willingly took on new topics only 2–3 
years after writing their chapters for the second edition! It has been a privi-
lege to work with such a talented and generous group of collaborators, and we 
are sure that you will agree that their efforts have resulted in an enhanced 
third edition. 

 Seattle, WA, USA Joseph T. Flynn 
 Boston, MA, USA Julie R. Ingelfi nger 
 Princeton, NJ, USA Ronald J. Portman  
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         Introduction 

 Cardiovascular homeostasis is mediated through 
interacting neural, hormonal, and metabolic mech-
anisms that act both locally and systemically. 

These basic physiological mechanisms, which 
have been extensively studied in the adult, are 
functional earlier, during development, 
although differential rates of maturation of 
these systems infl uence their ability to maintain 
blood pressure and delivery of oxygen and 
nutrients. This chapter focuses on autonomic 
control of the fetal and postnatal cardiovascular 
system and how humoral factors acting within 
the central nervous system infl uence sympa-
thovagal balance.  

        J.  L.   Segar ,  M.D. (*)          
  Department of Pediatrics, Roy J. and Lucille A. 
Carver College of Medicine ,  University of Iowa , 
  Iowa City ,  IA   52242 ,  USA   
 e-mail: jeffrey-segar@uiowa.edu  

  1

    Abstract 

   Neural, hormonal, and metabolic mechanisms are involved in setting 
blood pressure. These components act both systemically and locally. This 
chapter discusses the basic physiological mechanisms of the neurohu-
moral and autonomic contributions to blood pressure regulation. Much 
that we will present about these mechanisms stems from studies in adult 
humans and experimental models. This chapter focuses on the role of 
these mechanisms during fetal and postnatal development. Differential 
rates of maturation of these systems affect their ability to maintain blood 
pressure and delivery of oxygen and nutrients at specifi c times of life. This 
chapter will consider autonomic control of the fetal and postnatal cardio-
vascular system and will discuss humoral factors that act within the central 
nervous system to infl uence sympathovagal balance. 

   Keywords 

   Autonomic   •   Barorefl ex   •   Blood pressure   •   Fetus   •   Parasympathetic   • 
  Sympathetic 

      Neurohumoral and Autonomic 
Regulation of Blood Pressure 

           Jeffrey     L.     Segar      
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    Overview of Autonomic Function 

    Vasoactive Sites in the Brain 

 Simplistically, arterial blood pressure is deter-
mined by total peripheral resistance, blood vol-
ume, and the contractile force of the heart (see 
Chaps.   1    ,   2    , and   3    ). Thus, blood pressure is 
maintained through interacting neural, hor-
monal, and metabolic mechanisms signaling 
within the brain, end organs, and the vascula-
ture. The central nervous system is particularly 
critical for cardiovascular homeostasis, as auto-
nomic tone to the heart and vasculature is con-
tinuously modulated by input from the arterial 
baroreceptors and chemoreceptors acting upon 
cardiovascular centers within the brain. These 
centers, located between afferent and efferent 
pathways of the refl ex arc, integrate a variety of 
visceral and behavioral inputs and in turn mod-
ulate a wide range of cardiovascular and meta-
bolic responses [ 1 ]. Studies using a number of 
investigational approaches identifi ed that affer-
ent fi bers from baroreceptors and chemorecep-
tors, located within the carotid sinus, aortic 
arch, and carotid bodies, travel with the glos-
sopharyngeal and vagal nerve and terminate 
within the medullary nucleus tractus solitarius 
(NTS) [ 2 ]. Second- order neurons originating 
from the NTS project to and excite, via gluta-
matergic synapses, the caudal and rostral ven-
trolateral medulla (VLM). Sympathoexcitatory 
neurons in the rostral VLM project via the 
intermediolateral cell column of the spinal cord 
to cardiac and vasomotor sympathetic ganglia. 
Baroreceptor signals are also transmitted to 
supramedullary regions. An important aspect of 
this refl ex loop is the ability of circulating sig-
naling molecules, such as angiotensin II (ANG 
II), to act on autonomic control centers in the 
hypothalamus and medulla to regulate efferent 
neural outputs. Although these centers are pro-
tected behind the blood-brain barrier, a group 
of specialized central nervous systems struc-
tures, the circumventricular organs, which lack 
a blood-brain barrier, are able to sense these 

peripheral signals and transmit information via 
neural projections to these hypothalamic auto-
nomic control centers (reviewed in Smith [ 3 ]). 
Specialized anatomic features such as dense 
fenestrated capillaries and receptors for periph-
eral signals allow circumventricular organs to 
directly monitor elements in the peripheral cir-
culation and communicate this information 
directly to cardiovascular centers in the medulla 
and hypothalamus.  

    Tonic Autonomic Activity 

 The contribution of the tonic baseline level of 
autonomic activity to the maintenance of blood 
pressure is diffi cult to assess directly and likely 
changes during development. The hypotensive 
response to ganglionic blockade may be used 
an as index of the neurally mediated contribu-
tion to blood pressure. Both α (alpha)-adrener-
gic and ganglionic blockade, which inhibit 
end-organ responses to noradrenaline and sym-
pathetic transmission at the ganglia, respec-
tively, produce greater decreases in blood 
pressure in term fetal sheep than in preterm 
fetal sheep or newborn lambs, suggesting that 
fetal sympathetic tone is relatively high late in 
gestation [ 4 ,  5 ]. The infl uence of the parasym-
pathetic system on resting heart rate also 
appears to increase with maturation [ 6 ]. 
Cholinergic blockade produces no consistent 
effect of heart rate in premature fetal sheep, a 
slight increase in heart rate in term fetuses, and 
the greatest effect in lambs beyond the fi rst 
week of life [ 5 ,  7 ,  8 ]. In rats, the sympathetic 
nervous system appears much more immature 
at birth as ganglionic blockade in the fi rst 
24–36 h of life has no effect on resting blood 
pressure [ 9 ]. At an early age, ganglionic trans-
mission appears to be the rate-limiting step in 
efferent sympathetic control, and the pressor 
response to tyramine, which stimulates norepi-
nephrine release, is minimal. On the other hand, 
the vascular sensitivity to alpha-adrenoreceptor 
stimulation is enhanced immediately after birth, 
an adrenergic compensatory response. 

J.L. Segar

http://dx.doi.org/10.1007/978-1-62703-490-6_1
http://dx.doi.org/10.1007/978-1-62703-490-6_2
http://dx.doi.org/10.1007/978-1-62703-490-6_3
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 Direct recordings of muscle sympathetic nerve 
activity (MSNA) in humans indicate that baseline 
nerve activity varies widely in normotensive adults, 
with little relations between MSNA and blood 
pressure under 40 years of age [ 10 ]. With aging, 
modest increases in both MSNA and blood pres-
sure occur, with MSNA about twofold greater in 
healthy 60–70-year-olds compared to younger 
adults [ 11 ,  12 ]. Ganglionic blockade produces a 
greater decrease in blood pressure in older com-
pared to young adults, consistent with greater 
sympathetic support of blood pressure in older 
subjects [ 13 ]. Interestingly, there appears to be an 
inverse relationship between plasma nitrates (a 
marker of whole-body nitric oxide production) 
and MSNA, suggesting that a high vasodilator 
tone might limit blood pressure effects of high 
sympathetic traffi c [ 10 ]. 

 Arterial pressure displays natural oscillations 
within a physiological range, similar in fetal and 
postnatal life [ 14 – 17 ]. In the adult, ganglionic 
blockade increases low-frequency arterial pres-
sure variability, suggesting that a component of 
arterial pressure lability is peripheral or humoral 
in origin and is buffered by autonomic functions 
[ 14 ,  18 ]. In contrast, ganglionic blockade in term 
fetal sheep signifi cantly attenuates heart rate and 
arterial pressure variability [ 16 ]. Booth et al. 
identifi ed entrainment or rhythmicity of RSNA 
with diastole in preterm, term, and adult sheep, 
though the delay between the diastolic nadir and 
the next peak in RSNA signifi cantly decreases 
with maturation [ 19 ]. Burst frequency also 
increased in term compared to preterm sheep 
and became sleep state dependent. Fetal sympa-
thetic activity heart rate, arterial pressure, and 
catecholamine levels are highest during periods 
of high- voltage, low-frequency electrocortical 
activity, suggesting oscillations in sympathetic 
tone are related to changes in the behavioral state 
of the fetus [ 19 – 24 ]. Other physiological param-
eters, including organ blood fl ows, regional vas-
cular resistances, and cerebral oxygen 
consumption are also dependent on electrocorti-
cal state and likely refl ect changes in autonomic 
activity [ 20 ,  25 ,  26 ].   

    Arterial Barorefl ex 

 Arterial baroreceptors, the major sensing elements 
of the cardiovascular regulatory system, are 
essential in short-term control of blood pressure. 
Acute changes in vascular stretch related to alter-
ations in blood pressure modify the discharge of 
afferent baroreceptor fi bers located in the carotid 
sinus and aortic arch. Following central integra-
tion of these changes in afferent nerve traffi c, 
efferent parasympathetic and sympathetic nerve 
activities are altered to infl uence heart rate and 
peripheral vascular resistance and buffer changes 
in arterial pressure [ 27 ,  28 ]. Barorefl ex control of 
heart rate is dominated by changes in cardiac 
vagal tone, although integrity of the refl ex 
depends on both sympathetic and parasympa-
thetic pathways [ 29 ]. Animal studies demonstrate 
that the arterial barorefl ex is functional during 
fetal and early postnatal life [ 6 ,  17 ,  30 – 32 ]. The 
observation that sinoaortic denervation produces 
marked fl uctuations in fetal arterial pressure and 
heart rate further suggests the importance of the 
barorefl ex to cardiovascular homeostasis in early 
development [ 17 ,  31 ]. 

 Single-fi ber recordings of baroreceptor affer-
ents in fetal, newborn, and adult animals demon-
strate that carotid sinus nerve activity is phasic 
and pulse synchronous and that activity increases 
with a rise in arterial or carotid sinus pressure 
[ 33 – 37 ]. The sensitivity of carotid baroreceptors 
to increases in carotid sinus pressure is greater in 
fetal than in newborn and 1-month-old lambs 
[ 34 ] and in newborn compared to adult rabbits 
[ 37 ]. These fi ndings suggest that any reduced 
heart rate responses to changes in arterial pres-
sure during fetal life are not due to immaturity of 
afferent activity of baroreceptors but to differ-
ences in central integration and efferent path-
ways. The mechanisms regulating the changes in 
sensitivity of the baroreceptors early in develop-
ment have not been investigated, but may be 
related to changes in the degree of mechanical 
deformation of nerve endings and thus strain sen-
sitivity, ionic mechanisms that operate at the 
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receptor membrane to cause hyperpolarization, 
or substances released from the endothelium, 
including prostacyclin and nitric oxide, which 
modulate baroreceptor activity [ 38 – 43 ]. 

 Many but not all studies in fetal and newborn 
animals describe barorefl ex sensitivity, deter-
mined by the heart rate response to alterations in 
blood pressure, being decreased early in develop-
ment [ 44 – 48 ]. Heart rate responses to increases 
and decreases in blood pressure in the premature 
sheep fetus appear to be asymmetric, being more 
sensitive to an increase than a decrease in blood 
pressure [ 32 ]. In contrast to fi ndings in sheep, the 
sensitivity of the cardiac barorefl ex is greater in 
the horse fetus at 0.6 of gestation than at 0.9 of 
gestation [ 49 ]. 

 Developmental changes in the cardiac barore-
fl ex continue postnatally. Heart rate responses to 
pharmacologically induced increases and 
decreases in blood pressure in fetal (135 ± 2-day 
gestation, term 145 day), newborn, and 4–6-week- 
old sheep demonstrated a tendency for the sensi-
tivity of barorefl ex control of heart rate to 
decrease with maturation [ 50 ]. Other studies in 
sheep [ 47 ] and other species [ 51 ,  52 ] have found 
increasing cardiac barorefl ex sensitivity with 
postnatal age. Refl ex bradycardia in response to 
carotid sinus stimulation is absent in the newborn 
piglet, although vagal efferents exert a tonic 
action on the heart at this stage of development 
[ 51 ]. Age-related changes in heart rate in response 
to phenylephrine are also greater in 2-month-old 
piglets than in 1-day-old animals [ 52 ]. Differences 
in species, experimental conditions, and develop-
mental changes in the innervation and functional 
contributions of the two arms of the autonomic 
nervous system likely contribute to these reported 
differences. 

 Barorefl ex control of central sympathetic out-
fl ow, primarily measured as renal sympathetic 
nerve activity (RSNA), has also been assessed. 
Booth et al. demonstrated in the preterm fetal 
sheep (0.7 of gestation) that barorefl ex control 
RSNA was absent although pulse-synchronous 
bursts of RSNA were present [ 32 ]. This same group 
demonstrated in slightly older sheep (123 days or 
0.83 of gestation) that barorefl ex- mediated inhibi-
tion but not excitation of RSNA was present [ 53 ]. 

This lack of sympathetic response to hypotension 
may have important implications in the ability of 
the fetus (or preterm infant) to adapt to low blood 
pressure. In studies of late-gestation fetal 
(135 ± 2-day gestation), newborn, and 4–6-week-
old sheep, renal sympathoexcitation was present 
in response to hypotension, and in fact the sensi-
tivity of the RSNA barorefl ex function curve was 
greatest in the fetus and decreased during the 
postnatal period [ 50 ]. Interestingly, studies in 
aging animals have shown that barorefl ex control 
of heart rate and sympathetic nerve activity is 
impaired with senescence [ 54 ]. Thus, the sensi-
tivity of the barorefl ex likely increases with early 
maturation, reaching a maximum sensitivity 
occurring during some developmental period, 
and then decreases with advancing age, an 
effect that may contribute to the development of 
hypertension. 

    Resetting of the Arterial Barorefl ex 

 Resetting of the arterial barorefl ex is defi ned as a 
change in the relation between arterial pressure 
and heart rate or between pressure and sympa-
thetic and parasympathetic nerve activities [ 39 , 
 40 ] and sensitivity for resetting changes with mat-
uration. With sustained changes in blood pres-
sure, the operating range of the baroreceptors also 
shifts, or resets, in the direction of the prevailing 
arterial pressure. This shift in the range of blood 
pressure over which the barorefl ex remains func-
tional occurs during fetal life, is present immedi-
ately after birth, and continues with postnatal 
maturation, paralleling the naturally occurring 
increase in blood pressure [ 55 ]. The mechanisms 
regulating developmental changes in barorefl ex 
sensitivity and controlling the resetting of the 
barorefl ex are poorly understood. Changes in the 
relationship between arterial pressure and sympa-
thetic activity or heart rate occur at the level of the 
baroreceptor itself (peripheral resetting), from 
altered coupling within the central nervous sys-
tem of afferent impulses from baroreceptors to 
efferent sympathetic or parasympathetic activities 
(central resetting) and at the end organ [ 39 ]. 
Locally produced factors, such as nitric oxide, 
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and circulating hormones and neuropeptides, 
such as ANG II and  vasopressin (AVP), activate 
additional neural refl ex pathways that may modu-
late the changes in arterial barorefl ex during 
development [ 56 ].  

    Autonomic Function During Human 
Development 

 In the human infant, neural control of the circula-
tion may be assessed by analysis of heart rate 
indices at rest and in response to postural changes. 
While some investigators have been unable to 
demonstrate a consistent response of heart rate to 
tilting and concluded that the heart rate compo-
nent of the barorefl ex is poorly developed during 
the neonatal period, others have demonstrated in 
healthy preterm and term infants that unloading 
arterial baroreceptor by head-up tilting produces a 
signifi cant heart rate response [ 57 – 59 ]. Using 
venous occlusion plethysmography, Waldman 
et al. [ 59 ] found in healthy preterm and term 
infants that 45° head-up tilting produced no sig-
nifi cant tachycardia, although a mean 25 % 
decrease in limb blood fl ow was observed, sug-
gesting increased peripheral vascular resistance. 
In contrast, Meyers et al. found that 1–2-day-old 
healthy, term newborns display changes in heart 
rate with head-up and head-down tilt similar to 
those observed in the adult [ 60 ]. However, at 2–4 
months of age, the increase in heart rate to unload-
ing of baroreceptors (head-up tilt) is lost [ 60 ,  61 ]. 

 Linear heart rate variability analysis in both 
the time and frequency domains, which quanti-
fi es the small spontaneous beat-by-beat varia-
tions in heart rate, has been used in human infants 
[ 62 – 64 ] and fetuses [ 65 – 67 ] to evaluate the con-
tribution of the autonomic nervous system in 
maintaining cardiovascular homeostasis. An 
increase in sympathetic tone appears around 0.8 
of gestation, followed by moderation of sympa-
thetic outfl ow related to the establishment of fetal 
behavioral states [ 65 ]. In the newborn, there is a 
progressive decline in the ratio of the low- 
frequency (LF) to high-frequency (HF) compo-
nents of the heart rate power spectrum with 
increasing postnatal and gestational age, indicating 

an increase in parasympathetic contribution to 
control of resting HR with maturation. 
Clairembault et al. found that changes in the HF 
component of the spectrum were greater at 37–38 
weeks, suggesting a steep increase in vagal tone 
at this age [ 64 ]. Power spectral analysis has also 
been used to characterize developmental changes 
in sympathovagal balance in response to arterial 
baroreceptor unloading in preterm infants begin-
ning at 28–30 weeks post-conceptional age [ 68 ]. 
Longitudinal examination of heart rate power 
[ 68 ] found that in infants at 28–30 weeks, the LF/
HF ratio did not change with head-up postural 
change, whereas with increasing postnatal age, 
the LF component of the spectrum increases with 
head-up tilt. In an elegant cross-sectional study 
of 1-week-old infants with postmenstrual ages 
28–42 weeks, Andriessen found increases in R-R 
interval, low- and high-frequency spectral pow-
ers, and barorefl ex sensitivity with postmenstrual 
age [ 62 ]. Taken together, these fi ndings suggest 
that neural regulation of cardiac function, partic-
ularly parasympathetic modulation, undergoes 
maturational change and becomes more func-
tional with postnatal development. 

 More recently, the use of noninvasive blood 
pressure techniques, primarily plethysmography, 
has further advanced our understanding of auto-
nomic functional changes with maturation. Using 
this technique to examine sequences of spontane-
ous changes in blood pressure and heart rate in 
infants 24-week gestational age to term, Gournay 
et al. reported barorefl ex sensitivity increased 
with gestational age and in premature infants 
<32-week gestation with postnatal age [ 69 ]. In 
contrast, Witcombe et al. found that preterm 
infants, but not term infants, when fi rst studied at 
2–4-week corrected age, had no maturational 
increase in spontaneous barorefl ex sensitivity 
over the next 6 months of life [ 70 ]. Differential 
rates of maturation in preterm and term infants of 
parasympathetic contributions to heart rate, 
which falls in the fi rst month of life, followed by 
progressive increases between 1- and 6-month 
postnatal age may contribute to these fi ndings. In 
term infants studied over the fi rst 6 months of 
life, Yiallourou et al. [ 71 ] found that spontaneous 
barorefl ex sensitivity was decreased in prone 
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compared to supine infants at 2–3 and 5–6 
months of age while barorefl ex sensitivity 
increased with postnatal age. A study of blood 
pressure and heart rate variability in this same 
population found blood pressure LF/HF ratio 
decreases with postnatal age, suggesting a with-
drawal or decrease in sympathetic vascular mod-
ulation over this period while parasympathetic 
control of heart rate strengthened. 

 In adults, initial stages of hypertension are 
associated with elevated sympathetic drive and 
barorefl ex impairment. Studies of the contribu-
tion of these factors in children are limited. In a 
study of 10-year-old children, Genovesi et al. 
found spontaneous barorefl ex impairment and 
reduced R-R interval variability (suggestive of 
dysfunctional vagal regulation of SA node) in 
prehypertensive (90–95th percentile for age, gen-
der, and height) and hypertensive subjects (>95th 
percentile) compared to controls [ 72 ]. These data 
suggest that early autonomic dysfunction, includ-
ing barorefl ex impairment, could contribute to 
the later development of hypertension in a subset 
of children.   

    Cardiopulmonary Refl ex 

 Cardiopulmonary receptors are sensory endings 
located in the four cardiac chambers, in the great 
veins, and in the lungs [ 73 ]. In the adult, volume 
sensors mediating refl ex changes in cardiovascu-
lar and renal function are believed to be primarily 
those residing in the atria [ 74 ,  75 ] and the ven-
tricles [ 73 ], with the ventricular receptors being 
of utmost importance during decreases in cardio-
pulmonary pressures [ 73 ,  76 ,  77 ]. The majority 
of ventricular receptor vagal afferents are unmy-
elinated C fi bers that can be activated by expo-
sure to chemical irritants (chemosensitive) and 
changes in pressure or strength (mechanosensi-
tive receptors) [ 78 ,  79 ]. These receptors have a 
low basal discharge rate which exerts a tonic 
inhibitory infl uence on sympathetic outfl ow and 
vascular resistance[ 73 ] and regulates plasma 
AVP concentration [ 80 ]. Interruption of this basal 
activity results in increases in heart rate, blood 
pressure, and sympathetic nerve activity, whereas 

activation of cardiopulmonary receptors results 
in refl ex bradycardia, vasodilation, and sympa-
thoinhibition [ 73 ]. 

 Characterization of the cardiopulmonary 
refl ex during the perinatal and neonatal periods 
was initially performed by stimulation of chemo-
sensitive cardiopulmonary receptors [ 52 ,  81 ,  82 ]. 
Stimulation of cardiopulmonary receptors by 
volume expansion had no effect on basal renal 
nerve activity in the fetus, but signifi cantly 
reduced RSNA in newborn and 8-week-old sheep 
[ 83 ,  84 ]. However, the decrease in RSNA in 
response to volume expansion was totally abol-
ished in sinoaortic-denervated (SAD) newborn 
lambs but was not affected by SAD in 6–8-week- 
old sheep [ 85 ]. These results indicate that cardio-
pulmonary refl exes are not fully mature early in 
life and that stimulation of sinoaortic barorecep-
tors plays a greater role than cardiopulmonary 
mechanoreceptors in regulating changes in sym-
pathetic activity in response to expansion of vas-
cular volume early during development. 

 Gomez et al. found that hemorrhage pro-
duced a signifi cant decrease in arterial blood 
pressure without accompanying changes in 
heart rate in fetal sheep less than 120 days ges-
tation, whereas blood pressure remains stable 
and heart rate increased in near-term fetuses 
[ 86 ]. However, other investigators [ 87 ,  88 ] 
found the hemodynamic response to hemor-
rhage to be similar in immature and near-term 
fetuses, with reductions in both heart rate and 
blood pressure. Inhibition of vagal afferents 
during slow, non-hypotensive hemorrhage 
blocks the normal rise in plasma vasopressin but 
does not alter the rise in plasma renin activity in 
near-term fetal sheep [ 87 ]. When input from 
cardiopulmonary receptors is removed by sec-
tion of the cervical vagosympathetic trunks, the 
decrease in fetal blood pressure in response to 
hemorrhage is similar to that in intact fetuses 
[ 89 ], whereas vagotomy with SAD enhances the 
decrease in blood pressure [ 87 ]. Therefore, it is 
likely that activation of fi bers from the carotid 
sinus (arterial baroreceptors and chemorecep-
tors) but not vagal afferents (cardiopulmonary 
baroreceptors and chemoreceptors) is involved in 
the maintenance of blood pressure homeostasis 
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during fetal hemorrhage. Cardiopulmonary 
receptors also appear to have a diminished role 
in early postnatal life as refl ex changes in new-
born lamb RSNA during non- hypotensive and 
hypotensive hemorrhage are dependent upon the 
integrity of arterial baroreceptors but not cardio-
pulmonary receptors [ 90 ]. In addition, the car-
diovascular responses to hemorrhage in newborn 
lambs are dependent upon intact renal nerves 
that in turn modulate release of AVP [ 91 ]. 

 The RSNA responses to vagal afferent nerve 
stimulation are similar in sinoaortic-denervated 
fetal and postnatal lambs [ 92 ], suggesting that 
delayed maturation of the cardiopulmonary 
refl ex is not secondary to incomplete central 
integration of vagal afferent input. On the other 
hand, the decreased sensitivity of the cardiopul-
monary refl ex early in development in the face of 
a sensitive arterial barorefl ex response (as out-
lined above) may suggest that there is an occlu-
sive interaction between these two refl exes 
during development. In support of this hypothe-
sis, studies in adults [ 93 ,  94 ] suggest that activa-
tion of arterial baroreceptors may impair the 
refl ex responses to activation of cardiopulmo-
nary receptors.  

    Peripheral Chemorefl ex 

 Peripheral chemoreceptors located in the aortic 
arch and carotid bodies are functional during 
fetal and postnatal life and participate in cardio-
vascular regulation [ 95 – 97 ]. Acute hypoxemia 
evokes integrated cardiovascular, metabolic, and 
endocrine responses that in the fetus result in 
transient bradycardia, increased arterial blood 
pressure, and peripheral vascular resistance and a 
redistribution of blood fl ow [ 96 ,  98 ]. Oxygen 
sensing in the carotid body is transduced by glo-
mus cells, specialized sensory neurons that 
respond to hypoxia at higher PaO 2  levels than 
other cell types. It is believed that in states of low 
O 2 , oxygen-sensitive K +  currents are inhibited, 
resulting in depolarization, an infl ux of Ca 2+ , and 
the release of neurotransmitters and neuromodu-
lators which generate an action potential in the 
carotid sinus nerve [ 99 ]. The bradycardia associated 

with hypoxemia is mediated by parasympathetic 
efferents, while the initial vasoconstriction results 
from increased sympathetic tone [ 97 ,  100 ]. The 
release of circulating factors such as AVP and 
catecholamines serves to maintain peripheral 
vasoconstriction while heart rate returns toward 
basal levels. 

 The ontogeny of fetal chemorefl ex-mediated 
cardiovascular responses to acute hypoxemia has 
primarily been assessed by studies in sheep uti-
lizing umbilical cord occlusion or administration 
of subambient oxygen to the ewe [ 97 ,  101 – 104 ]. 
The cardiovascular response to acute fetal hypox-
emia depends upon the prevailing intrauterine 
condition, including the redox state of the fetus 
[ 98 ,  105 – 110 ]. In fetal sheep, mild, acute acide-
mia (pH 7.29 ± 0.01), which often accompanies 
fetal hypoxemia, has no effects on basal cardio-
vascular function but markedly enhances periph-
eral vasoconstriction and endocrine responses to 
acute hypoxemia [ 107 ]. To examine the effects of 
prevailing hypoxemia on responses to acute 
hypoxemia, Gardner et al. [ 98 ] studied chroni-
cally instrumented fetal sheep grouped according 
to PaO 2 . Functional chemorefl ex analysis during 
early hypoxemia, performed by plotting the 
change in PaO 2  against the change in heart rate 
and femoral vascular resistance, demonstrated 
that the slopes of the cardiac and vasoconstrictor 
chemorefl ex curves were enhanced in hypoxemic 
fetuses relative to control. Additional evidence 
suggests exposure to hypoxemia for a limited 
period of time (hours to days) has a sensitizing 
effect on the chemorefl ex, whereas sustained 
hypoxemia (days to weeks) may have a desensiti-
zation effect [ 106 ]. The mechanisms regulating 
this alteration in response are unclear. In the 
chick embryo, hypoxia increases sympathetic 
nerve fi ber density and neuronal capacity for nor-
epinephrine synthesis [ 111 ]. Thus, augmented 
efferent pathways may contribute to the enhanced 
responses. On the other hand, recordings from 
carotid chemoreceptors in chronically hypoxic 
kittens demonstrate blunted responses to acute 
decreases in PaO 2  relative to control animals 
[ 112 ]. It is therefore possible that with prolonged 
hypoxia, blunting of the chemorefl ex responses 
may be related to afferent mechanisms. 
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 Although chemoreceptors are active and 
responsive in the fetus and newborn, studies in 
sheep and human infants suggest that chemore-
ceptor sensitivity and activity is reduced immedi-
ately after birth [ 113 ,  114 ]. This decreased 
sensitivity persists for several days until the che-
moreceptors adapt and reset their sensitivity from 
the low oxygen tension of the fetus to the higher 
levels seen postnatally [ 114 ,  115 ]. The mecha-
nisms involved with this resetting are not known, 
although the postnatal rise in PaO 2  appears cru-
cial as raising fetal PaO 2  produces a rightward 
shift in the response curve of carotid barorecep-
tors to differing oxygen tension [ 116 ]. Potential 
mechanisms within the glomus cell regulating 
developmental changes in O 2  transduction and 
chemoreceptor responses include, but are not 
limited to, anatomical maturation, developmental 
changes in oxygen-sensitive K +  currents, adenos-
ine responsiveness [ 117 ,  118 ], dopamine and cat-
echolamine turnover within the carotid body 
[ 119 ], and differences in intracellular calcium 
mobilization during hypoxia [ 99 ,  120 ].  

    Sympathetic Activity at Birth 

 The transition from fetal to newborn life is asso-
ciated with numerous hemodynamic adjustments, 
including changes in heart rate and peripheral 
vascular resistance and a redistribution of blood 
fl ow [ 121 ,  122 ]. Activation of the sympathetic 
nervous system appears to be an important part of 
this adaptive process and is associated with marked 
increases in circulating catecholamine [ 123 ,  124 ]. 
Arterial pressure, heart rate, and cardiac output 
are all depressed by ganglionic blockade in new-
born (1–3 days) but not older lambs, suggesting 
sympathetic tone is high during the immediate 
postnatal period [ 125 ]. Renal sympathetic nerve 
activity increases nearly 250 % following deliv-
ery of term fetal sheep by cesarean section and 
parallels the rise in arterial pressure and heart rate 
[ 55 ]. Delivery appears to produce near maximal 
stimulation of renal sympathetic outfl ow since 
further increases cannot be elicited by unloading 
of arterial baroreceptors [ 55 ]. Furthermore, refl ex 
inhibition of this increase in RSNA could not be 

achieved by arterial baroreceptor stimulation, as 
seen in fetal and 3–7-day- old lambs [ 50 ], sug-
gesting that central infl uences exist which over-
ride the arterial barorefl ex and that the 
maintenance of a high sympathetic tone is vital 
during this transition period. A similar pattern of 
baroreceptor refl ex inhibition has been well 
described in adult animals as part of the defense 
reaction [ 126 ]. 

 The factors mediating the increase in sympa-
thetic outfl ow at birth are unclear. In utero ven-
tilation studies of fetal sheep have shown that 
rhythmic lung infl ation increases plasma cate-
cholamine concentrations although there are no 
consistent effects on blood pressure or heart 
rate [ 127 ,  128 ]. Fetal RSNA increases only 
50 % during in utero ventilation, while oxygen-
ation and removal of the placental circulation 
by umbilical cord occlusion produce no addi-
tional effect [ 129 ], suggesting that lung infl a-
tion and an increase in arterial oxygen tension 
contribute little to the sympathoexcitation pro-
cess. The increases in heart rate, mean arterial 
blood pressure, and RSNA following delivery 
are similar in intact and sinoaortic-denervated 
plus vagotomized fetal lambs [ 130 ], demon-
strating that afferent input from peripheral che-
moreceptors and mechanoreceptors also 
contribute little to the hemodynamic and sym-
pathetic responses at delivery. 

 The change in environmental temperature at 
birth may play an important role in the sympatho-
excitatory response at birth. Cooling of the near- 
term fetus both in utero and in exteriorized 
preparations results in an increase in heart rate, 
blood pressure, and norepinephrine concentra-
tions, consistent with sympathoexcitation [ 131 , 
 132 ]. Fetal cooling, but not ventilation or umbili-
cal cord occlusion, initiates nonshivering thermo-
genesis via neurally mediated sympathetic 
stimulation of brown adipose tissue [ 133 ]. In 
utero cooling of fetal lambs also produces an 
increase in RSNA of similar magnitude to that 
seen at delivery by cesarean section [ 59 ], sug-
gesting that cold stress plays a role in the activa-
tion of the sympathetic nervous system at birth. 
These changes occur before a decrease in core 
temperature and are reversible with rewarming, 
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suggesting that sensory input from cutaneous 
cold-sensitive thermoreceptors rather than a 
response to a change in core temperature is medi-
ating the response. 

 Neuroanatomical studies have shown that 
nuclei within the hypothalamus project directly 
to a number of areas in the hindbrain containing 
preganglionic sympathetic and parasympathetic 
neurons, including the rostral and caudal ventro-
lateral medulla, the intermediolateral cell col-
umn, and the dorsal motor nucleus of the vagus 
[ 134 – 136 ]. In fetal sheep, electrical stimulation 
of the hypothalamus evokes tachycardia and a 
pressor response which are attenuated by 
α(alpha)-adrenoreceptor blockade [ 137 ]. 
Stimulation of the dorsolateral medulla and lat-
eral hypothalamus in the newborn piglet simi-
larly increases blood pressure and femoral blood 
fl ow [ 52 ]. Since the responses to hypothalamic 
stimulation are lost during stress (hypoxia, hyper-
capnia, hemorrhage) while those elicited from 
the medulla are not, some investigators have pro-
posed that the hypothalamus exerts little infl u-
ence of cardiovascular function until later in 
postnatal development [ 52 ]. However, other stud-
ies suggest forebrain structures are vital for nor-
mal physiological adaptation following the 
transition from fetal to newborn life. The 
increases in heart rate, mean arterial blood pres-
sure, and RSNA which normally occur at birth 
are absent in animals subjected to transection of 
the brain stem at the level of the rostral pons prior 
to delivery [ 129 ]. Ablation of the paraventricular 
nucleus of the hypothalamus in fetal sheep also 
attenuates the postnatal increase in sympathetic 
outfl ow and alters barorefl ex function [ 138 ]. 
Thus, supramedullary structures appear inti-
mately involved in the regulation of circulatory 
and autonomic functions during the transition 
from fetal to newborn life. 

 The hemodynamic and sympathetic responses 
at birth are markedly different in prematurely 
delivered lambs (0.85 of gestation) compared to 
those delivered at term [ 139 ]. Postnatal increases 
in heart rate and blood pressure are attenuated, 
and the sympathoexcitatory response as mea-
sured by RSNA is absent [ 139 ]. This impaired 
response occurs despite the fact the descending 

pathways of the sympathetic nervous system are 
intact and functional at this stage of development, 
as demonstrated by a large pressor and sympa-
thoexcitatory response to in utero cooling [ 139 ]. 
Antenatal administration of glucocorticoids, 
which has been shown to improve postnatal car-
diovascular as well as pulmonary function, aug-
ments sympathetic activity at birth in premature 
lambs and decreases the sensitivity of the cardiac 
barorefl ex [ 139 ]. The mechanisms are unclear, 
though stimulation of the peripheral RAAS and 
activation of peripheral angiotensin receptors are 
not involved [ 140 ].  

    Humoral Factors (See Also 
Chaps. 1 and 2) 

    Renin-Angiotensin-Aldosterone 
System 

 The renin-angiotensin-aldosterone system 
(RAAS) is active in the fetal and perinatal peri-
ods [ 141 – 143 ]. During embryonic and early fetal 
life, the primary function of the renin-angiotensin 
system may be to regulate cellular and organ 
growth as well as vascular proliferation [ 144 ]. 
Only later during fetal development does the 
renin-angiotensin system become involved in 
modulating cardiovascular function and renal 
hemodynamics. Many studies report that admin-
istration of inhibitors of the RAAS, including 
angiotensin-converting enzyme inhibitors and 
ANG II subtype 1 receptor blockers, decreases 
fetal and newborn arterial blood pressure [ 142 , 
 145 – 147 ]. Plasma renin activity is elevated dur-
ing the newborn period, declines rapidly in the 
fi rst year of life, and then gradually declines fur-
ther until adulthood [ 148 ,  149 ]. In preterm 
infants, plasma renin activity is markedly ele-
vated and has close inverse relationship to post- 
conceptual age [ 150 ]. 

 Fetal plasma renin activity and plasma ANG 
II concentration increase after aortic constric-
tion, hypotension, and blood volume reduction 
[ 141 ]. Conversely, increases in arterial blood 
pressure and volume expansion reduce plasma 
renin activity in fetal and newborn animals [ 151 ]. 
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The vasopressor response and renal vascular 
reactivity to exogenous ANG II are less in fetal 
lambs than in adult sheep [ 152 ]. One may specu-
late that differences in the localization and 
expression of the ANG II receptor subtypes con-
tribute to this effect. 

 While baroreceptors and chemoreceptors reg-
ulate the release of vasoactive hormones, such as 
ANG II [ 56 ,  153 ], changes in the levels of these 
circulating hormones, in turn, infl uence neural 
regulation of cardiovascular function. For exam-
ple, in the sheep fetus, the increase in arterial 
blood pressure produced by ANG II administra-
tion produces little or no cardiac slowing [ 152 , 
 154 ], although dose-dependent decreases in heart 
rate may occur [ 155 ,  156 ]. The bradycardic and 
sympathoinhibitory responses to a given increase 
in blood pressure are less for ANG II than for 
other vasoconstrictor agents [ 157 ]. In the adult 
ANG II facilitates activation of sympathetic gan-
glia and enhances the release of norepinephrine 
at the neuroeffector junction [ 158 ]. 

 Within the central nervous system, ANG II 
stimulates sympathetic outfl ow and alters baro-
receptor refl exes by acting on ANG II type 1 
(AT 1 ) receptors located within the hypothala-
mus, medulla, and circumventricular organs 
[ 159 – 161 ]. In the sheep fetus, endogenous brain 
ANG II appears to contribute little to basal arte-
rial pressure. However, lateral ventricle injection 
of ANG II increases blood pressure, an effect 
blocked by AT 1  receptor antagonists [ 162 – 164 ]. 
Increased blood pressure via activation of angio-
tensin receptors was associated with elevated 
c-fos expression (a marker of neuronal activa-
tion) in numerous cardiovascular areas known to 
be AT 1  receptor abundant [ 162 – 164 ]. Lateral 
ventricle administration of an AT 1  but not AT 2  
receptor antagonist also lowers blood pressure 
and resets the barorefl ex toward lower pressure 
in newborn and 8-week-old sheep at doses that 
have no effect when given systemically [ 165 ]. 
An endogenous local RAAS in the brain, including 
ACE, also appears to be functional in the fetus, 
as intracerebroventricular injection of ANG I 
increases blood pressure and c-fos expression 
in the supraoptic nucleus and paraventricular 
nucleus [ 166 ]. 

 Endogenous circulating ANG II participates 
in regulating arterial barorefl ex responses early 
during development. The absence of rebound 
tachycardia after reduction in blood pressure by 
angiotensin-converting enzyme (ACE) inhibitors 
is well described in fetal and postnatal animals 
[ 145 ] as well in human adults and infants [ 63 ]. 
In the newborn lamb, angiotensin-converting 
enzyme inhibition or AT 1  receptor blockade 
decreases RSNA and heart rate and resets the 
barorefl ex toward lower pressure [ 157 ,  165 ]. 
Resetting of the refl ex is independent of changes 
in prevailing blood pressure.   

    Arginine Vasopressin 

 Several lines of evidence suggest that arginine 
vasopressin (AVP) is important in maintaining 
cardiovascular homeostasis during fetal and post-
natal development. Fetal plasma AVP concentra-
tions are increased by multiple stimuli, including 
hypotension, hemorrhage, hypoxemia, acidemia, 
and hyperosmolality [ 153 ,  167 – 169 ]. Vasopressin 
responses to hypotension are partially mediated 
by arterial baroreceptors, whereas the contribu-
tion of carotid or aortic chemoreceptors appears 
to play little role in the AVP response to hypoxia 
[ 170 ,  171 ]. AVP infusion increases fetal blood 
pressure and decreases fetal heart rate in a dose- 
dependent manner [ 172 ,  173 ], although AVP has 
limited impact on basal fetal circulatory regula-
tion. Blockade of AVP receptors in fetal sheep 
has no measurable effects on arterial blood pres-
sure, heart rate, or renal sympathetic nerve activ-
ity in fetal sheep or newborn lambs [ 174 ,  175 ]. 
However, AVP receptor inhibition impairs the 
ability of the fetus to maintain blood pressure 
during hypotensive hemorrhage and reduces the 
catecholamine response [ 176 ]. 

 In several adult species, AVP modulates para-
sympathetic and sympathetic tone and barorefl ex 
function [ 56 ,  175 ,  177 ,  178 ]. Administration of 
AVP evokes a greater sympathoinhibition and 
bradycardia than other vasoconstrictors for a 
comparable increase in blood pressure [ 56 ,  178 ], 
attributed to AVP enhancing the gain of the refl ex 
and resetting it to a lower pressure [ 56 ,  178 ]. 
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However in fetal and newborn sheep, sequential 
increases in plasma AVP do not alter heart rate or 
RSNA barorefl ex responses to acute changes in 
blood pressure [ 175 ]. 

 Endogenous AVP has little effect on barore-
fl ex function early during development. 
Peripheral administration of a V 1 -receptor antag-
onist has no measurable effects on resting hemo-
dynamics in fetal sheep or on basal arterial blood 
pressure [ 174 ], heart rate, RSNA, or barorefl ex 
response in newborn lambs [ 175 ]. This lack of 
barorefl ex modulation by AVP may facilitate the 
pressor response to AVP in fetuses and newborns 
during stressful situations such as hypoxia and 
hemorrhage, which may be particularly impor-
tant for maintaining arterial pressures during 
these states early in development. 

 The role of central AVP in maintaining hemo-
dynamic homeostasis in the developing animal 
has not been extensively studied. Under basal 
conditions, fetal AVP levels are tenfold higher in 
the cerebrospinal fl uid than in plasma, suggesting 
AVP contributes to central regulation of auto-
nomic function [ 179 ]. Intracerebroventricular 
infusion of AVP produces signifi cant decreases in 
mean arterial blood pressure and heart rate in 
newborn lambs although no refl ex changes in 
RSNA are seen [ 180 ]. The changes in blood pres-
sure and heart rate are completely inhibited by 
administration of an AVP receptor type 1 (V 1 ) 
antagonist, demonstrating that central cardiovas-
cular effects of AVP are mediated by V 1  receptors, 
as has been reported in mature animals [ 181 ]. 

    Glucocorticoids 

 The prepartum surge in fetal cortisol levels that is 
present in all mammalian species is vital for nor-
mal physiological development. Fetal adrenalec-
tomy attenuates the normal gestational 
age-dependent increase in blood pressure that 
occurs in late gestation, while cortisol replacement 
produces a sustained increase in fetal blood pres-
sure [ 182 ,  183 ]. Antenatal exposure to exogenous 
glucocorticoids increases fetal and postnatal arte-
rial blood pressure by enhancing peripheral vascu-
lar resistance and cardiac output without altering 
heart rate [ 184 – 186 ]. The use and effectiveness 

of hydrocortisone for hypotension in preterm and 
term neonates is well described [ 187 ,  188 ]. 
However, the mechanisms accounting for the 
increase in blood pressure and vascular resistance 
are not clear. In the adult, administration of hydro-
cortisone or dexamethasone suppresses resting 
and stimulated muscle sympathetic nerve activity, 
suggesting little role for augmented sympathetic 
tone [ 189 ,  190 ]. In contrast, glucocorticoids 
enhance pressor responsiveness and vascular reac-
tivity to norepinephrine and angiotensin II [ 191 , 
 192 ], in part by increasing α 1 - adrenergic and AT 1  
receptor levels and potentiating angiotensin II 
and vasopressin- induced inositol triphosphate 
production [ 193 ,  194 ]. Glucocorticoids also 
reduce the activity of depressor systems, including 
vasodilator prostaglandins and nitric oxide, and 
have been shown to decrease serum NO2 − /NO3 − , 
endothelial nitric oxide synthase mRNA stability 
and protein levels [ 195 ]. 

 In the sheep fetus, cortisol infusion increases 
blood pressure as well as the hypertensive 
response to intravenous ANG II but not norepi-
nephrine [ 182 ]. However, infusions of synthetic 
glucocorticoids, which also increase arterial blood 
pressure, do not alter the pressor response to 
phenylephrine, angiotensin II, or vasopressin [ 196 ]. 
Furthermore, the increase in blood pressure is not 
inhibited by RAAS blockade [ 140 ]. In vitro stud-
ies demonstrate that fetal treatment with beta-
methasone enhances the contractile response of 
femoral arteries to depolarizing potassium solu-
tions, supporting a role for enhanced calcium 
channel activation [ 197 ]. Glucocorticoid expo-
sure enhances in vitro responses of peripheral 
arteries to vasoconstrictors, including norepi-
nephrine and endothelin 1, while attenuating 
vasodilator effects of forskolin and bradykinin 
and nitric oxide production [ 197 – 200 ]. 

 In addition to peripheral effects on vascular 
reactivity, antenatal glucocorticoids also modify 
autonomic and endocrine functions. Increases in 
fetal blood pressure and vascular resistance fol-
lowing betamethasone treatment occur despite 
marked suppression of circulating 
 vasoconstrictors, including catecholamines, 
ANG II, and AVP [ 139 ,  184 ,  201 ]. Circulating 
neuropeptide Y concentration, which may pro-
vide an index of peripheral sympathetic activity, 
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is increased following fetal exposure to dexa-
methasone [ 202 ]. Glucocorticoid treatment 
accelerates postnatal maturation of brain cate-
cholaminergic signaling pathways in rats and 
enhances renal sympathetic nerve activity in pre-
maturely delivered lambs [ 84 ,  203 ,  204 ]. 

 Endogenous production of cortisol is impor-
tant for normal maturational changes in auto-
nomic refl ex function. Adrenalectomized sheep 
fail to display the normal postnatal increase in 
RSNA, while the response is restored by cortisol 
replacement [ 205 ]. Restoring circulating cortisol 
levels to the prepartum physiological range shifts 
the fetal and immediate postnatal heart rate and 
RSNA barorefl ex curves toward higher pressure 
without altering the slope of the curves [ 205 ]. 
Antenatal administration of betamethasone 
decreases the sensitivity of barorefl ex-mediated 
changes in heart rate in preterm fetuses and pre-
mature lambs [ 139 ] and alters barorefl ex and che-
morefl ex function in fetal, newborn, and adult 
sheep [ 196 ,  201 ,  206 ,  207 ]. Barorefl ex control of 
heart rate and RSNA is reset upward in 
glucocorticoid- exposed animals, while barore-
fl ex sensitivity is impaired, an effect that may be 
mediated through an imbalance of ANG II/angio-
tensin 1–7 [ 208 ]. Sympathetic-mediated 
responses to behavioral or pharmacological chal-
lenges are also exaggerated in 6-week-old sheep 
following antenatal betamethasone exposure 
[ 206 ]. Glucocorticoid exposure also appears to 
alter chemorefl ex-mediated cardiovascular 
responses. In response to acute hypoxia, fetuses 
exposed to exogenous corticosteroids display 
prolonged bradycardia and attenuated plasma 
catecholamine and vasopressin responses [ 202 ]. 
In all, it appears that glucocorticoids modify 
autonomic and endocrine control of cardiovascu-
lar function during development. However, in 
humans, exposure to antenatal glucocorticoids 
has not been associated with increased blood 
pressure in childhood, and indicators of cardiac 
autonomic balance including heart rate variabil-
ity and sympathovagal balance are preserved 
[ 209 ,  210 ]. Studies of humans long after gluco-
corticoid administration are necessary to deter-
mine if persistent effects on autonomic and 
cardiovascular function exist.  

    Nitric Oxide 

 Though not regarded as a classic neurohumoral 
factor, nitric oxide (NO) plays an important 
role in autonomic control of systemic hemody-
namics early in development. NO synthase 
immunoreactivity has been demonstrated in 
multiple locations along the central barorefl ex 
pathway and preganglionic sympathetic neu-
rons [ 211 ,  212 ], which suggests that NO may 
function as a neurotransmitter to regulate arte-
rial blood pressure in addition to its local regu-
lation of vascular tone [ 213 – 215 ]. In adult rats, 
NO within the paraventricular nucleus may 
exert a sympathoinhibitory effect [ 216 ]. 
Downregulation of neuronal NO synthase in 
the NTS reduces barorefl ex tachycardic 
responses to acute hypotension but not refl ex 
bradycardia to acutely increased blood pres-
sure [ 217 ]. Thus, NO synthesized in the NTS 
may be integral to barorefl ex sympathetic acti-
vation, but not parasympathetic responses. 
Using a nitric oxide clamp technique, Thakor 
et al. demonstrated in fetal sheep that NO syn-
thase blockade increases the sensitivity of the 
barorefl ex, suggesting that endogenous NO 
reduces barorefl ex sensitivity [ 218 ]. 
Administration of the NO donor nitroglycerin 
into the fourth cerebral ventricle of the ovine 
fetus decreases mean arterial pressure, whereas 
blocking NO synthase in the 4th ventricle 
increases fetal blood pressure [ 219 ]. Expression 
of NO synthase isoforms in the fetal sheep 
brain stem is highest early in gestation and 
decreases with advancing age [ 220 ]. Reduced 
expression of NO synthase in these regions 
may contribute to the reduced barorefl ex sensi-
tivity of the fetus early in life. In 1- and 
6-week-old lambs, inhibition of endogenously 
produced NO increases blood pressure to simi-
lar extents although the concomitant decreases 
in heart rate are greater in the young lamb 
[ 221 ]. Endogenous nitric oxide also appears to 
regulate arterial barorefl ex control of heart rate 
in 1-week but not 6-week-old lambs, again 
supporting a possible role in the developmental 
changes in barorefl ex function during this 
period [ 221 ].  
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    Reactive Oxygen Species 

 Reactive oxygen species signaling has emerged 
as a major signaling mechanism of sympathetic 
activation. For example, increased reactive oxy-
gen species production in the rostral ventrolateral 
medulla enhances central sympathetic outfl ow, 
leading to hypertension [ 222 ]. Oxidative stress 
appears to be a key mechanism in ANG 
II-dependent neurogenic hypertension [ 223 ]. In 
humans and animal models, chronic intermittent 
hypoxia, as occurs with recurrent apnea, increases 
ROS generation through transcriptional dysregu-
lation of genes encoding pro- and antioxidant 
enzymes [ 224 ]. In juvenile rats (19–21 day of 
age), chronic intermittent hypoxia for 10 days 
results in signifi cantly increased blood pressure 
and sympathetic overactivity, though cardiac 
barorefl ex function remains intact [ 225 ,  226 ]. In 
a series of studies, Giussani and colleagues iden-
tifi ed important roles of reactive oxygen species 
and nitric oxide bioavailability in modulating 
cardiovascular defense responses to acute 
hypoxia in fetal sheep [ 108 – 110 ]. Whether these 
effects are mediated through mechanism similar 
to those described in the adult is not known.   

    Conclusion 

 Understanding the mechanisms regulating car-
diovascular function in the perinatal and postna-
tal periods is important. Failure to regulate 
arterial pressure, peripheral resistance, and 
organ blood fl ow may lead to signifi cant varia-
tions in substrate delivery, resulting in ischemic 
or hemorrhagic injury. Autonomic regulatory 
mechanisms, including baroreceptors and che-
moreceptors, are major modulators of blood 
pressure and circulatory function throughout 
life. Humoral and endocrine factors, including 
many not addressed, such as opioids, natriuretic 
peptides, and prostanoids, also act directly and 
indirectly to regulate vascular tone and cardiac 
function. Additional study is needed to 
 determine the role of these factors, and their 
interactions, during relevant pathophysiological 
conditions.     
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    Introduction 

 Vasoactive peptide systems play a critical role 
in the regulation of arterial blood pressure (BP). 
Inappropriate stimulation or deregulation of a 
cross talk among diverse vasomotor factors 
often contributes to or accounts for develop-
ment of hypertension, cardiovascular, and kid-
ney disease in children. Understanding how 
derangements in vasoactive factor systems lead 
to such health problems might potentially pre-
vent future disease. This chapter reviews newer 

advances in physiology, biochemistry, patho-
physiology, and function of the renal and sys-
temic vasoactive systems with special emphasis 
on their role in the pathogenesis of hyperten-
sion in children.  

   Renin–Angiotensin–Aldosterone 
System 

 The renin–angiotensin–aldosterone system 
(RAAS) plays a fundamental role in the regula-
tion of arterial BP. Emerging evidence suggests 
that local tissue-specifi c formation of components 
of the RAAS is of major importance in the regula-
tion of the angiotensin (Ang) levels in many 
organs [ 1 ,  2 ]. The components of the RAAS are 
shown in Fig.  2.1 . Renin cleaves its substrate, 
angiotensinogen (AGT), to generate Ang I 
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[Ang-(1-10)] (Fig.  2.1 ). Ang I is then converted to 
Ang II [Ang-(1-8)] by angiotensin- converting 
enzyme (ACE). ACE expression on endothelial 
cells of many vascular beds including the kidney, 
heart, and lung allows systemic  formation of Ang 
II, the most powerful effector peptide hormone of 
the RAAS, active throughout the circulation and 
locally, within tissues [ 3 – 5 ]. Most of hyperten-
sinogenic actions of Ang II are attributed to the 
AT 1  receptor (AT 1 R) [ 6 ]. Binding of prorenin to 
the (pro)renin receptor induces a conformational 
change of prorenin, facilitating the conversion of 
AGT to Ang I [ 7 ]. ACE2, a homologue of ACE, 
acts to promote Ang II degradation to the vasodi-
lator peptide Ang-(1-7) [ 8 ,  9 ]. Ang-(1-7) acts via 
its cognate receptor, Mas, to counteract Ang II–
AT 1 R-mediated effects [ 10 ,  11 ].

      Angiotensinogen 

 Angiotensinogen (AGT) is formed and constitutively 
secreted into the circulation by the hepatocytes 
[ 12 ]. In addition, AGT mRNA and protein are 
expressed in kidney proximal tubules, central 
nervous system, heart, adrenal gland, and other 
tissues [ 13 ,  14 ]. Although AGT is the only sub-
strate for renin, other enzymes can cleave AGT to 
form Ang I or Ang II (Fig.  2.1 ) [ 15 ,  16 ]. 
Expression of the  AGT  gene is induced by Ang II, 
glucocorticoids, estrogens, thyroxine, and 
sodium depletion [ 14 ,  17 ,  18 ]. Importantly, A/G 
polymorphism at −217 in the promoter of the 
 AGT  gene appears to play a signifi cant role in 
hypertension in African-Americans [ 19 ]. A sig-
nifi cant association of a T704 → C (Met235 → Thr) 

  Fig. 2.1    The renin-angiotensin-aldosterone system. Ang II, angiotensin II; CAGE, chymostatin-sensitive Ang 
II-generating enzyme; AMPN, aminopeptidase N; tPA, tissue plasminogen activator       
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variant in exon 2 of the AGT gene with essential 
hypertension was reported in the cross-sectional 
study in Salt Lake City and Paris [ 20 ]. Recent 
meta-analysis indicated signifi cant association 
between A-6G and A-20C polymorphisms in the 
AGT promoter and hypertension in the Chinese 
populations [ 21 ].  

   Prorenin, Renin, and (Pro)renin 
Receptor 

 Renin is synthesized as preprorenin in juxtaglo-
merular cells of the afferent arterioles of the kid-
ney [ 22 ]. The human renin gene encoding 
preprorenin is located on chromosome 1 [ 23 ]. 
Cleavage of a 23 amino acid signal peptide at car-
boxyl terminus of preprorenin generates prorenin 
which is then converted to active renin by cleav-
age of 43-amino acid N-terminal prosegment by 
proteases [ 5 ,  24 ]. The kidney secretes both renin 
and prorenin into the peripheral circulation. 
Plasma levels of prorenin are approximately ten-
fold higher than those of renin [ 25 ]. Renin release 
is controlled by baroreceptors in the afferent arte-
rioles of the glomeruli, chloride-sensitive recep-
tors in the macula densa (MD) and juxtaglomerular 
apparatus, and renal sympathetic nerve activity in 
response to changes in posture or effective circu-
lating fl uid volume (Fig.  2.2 ) [ 26 – 29 ]. Inhibition 
of renin secretion in response to an increase in 

NaCl at the MD is adenosine dependent, whereas 
stimulation of renin release by a low perfusion 
pressure depends on cyclooxygenase-2 and neu-
ronal nitric oxide (NO) synthase (NOS) [ 30 – 32 ]. 
In contrast, changes in AGT synthesis occur 
more slowly and thus are less responsible for the 
dynamic regulation of plasma Ang I and Ang II 
than renin [ 3 ,  33 ]. In addition, the circulating 
concentrations of AGT are more than 1,000 times 
greater than the plasma Ang I and Ang II levels 
[ 1 ]. Therefore, renin activity is the rate-limiting 
factor in Ang I formation from AGT [ 5 ]. Although 
Ang II can be generated from AGT or Ang I via 
renin/ACE-independent pathways [ 15 ,  16 ], the 
circulating levels of Ang II primarily refl ect the 
consequences of renin action on AGT [ 34 ].

   The renin/prorenin–(pro)renin receptor com-
plex has emerged as a newly discovered pathway 
for tissue Ang II generation. In addition to pro-
teolytic activation, prorenin may be activated by 
binding to (pro)renin receptor (PRR) [ 7 ]. 

 The (pro)renin receptor (PRR) is expressed on 
mesangial and vascular smooth muscle cells and 
binds both prorenin and renin [ 35 ]. Binding of 
renin or prorenin to the PRR induces a conforma-
tional change of prorenin facilitating catalytic 
activity and the conversion of AGT to Ang I [ 7 ]. 
A direct pathological role of the PRR in hyper-
tension is suggested by the fi ndings of elevated 
BP in transgenic rats that overexpress the human 
PRR [ 36 ]. An important role for the PRR in the 
pathogenesis of hypertension in humans is sup-
ported by the fi ndings that a polymorphism in the 
 PRR  gene is associated with a high BP in men 
(IVS5 + 169C > T) and left ventricular hypertro-
phy in women (+1513A > G) [ 37 – 39 ]. Two 
single- nucleotide polymorphisms in the PRR 
gene (rs296815; rs5981008) were reported to be 
signifi cantly associated with hypertension in 
adult Caucasians [ 40 ].  

   Angiotensin-Converting Enzyme 

 Angiotensin-converting enzyme (ACE) is 
involved in the posttranslational processing of 
many polypeptides, the most notable of which 
are Ang I and bradykinin (BK) (Figs.  2.1  and  2.3 ). 

  Fig. 2.2    Renin-angiotensin-aldosterone system in vaso-
constriction, renal sodium, and water retention. Renin is 
secreted in response to reduced arterial pressure or NaCl 
delivery to macula densa (MD) and cleaves angiotensino-
gen to Ang I. Ang I    is converted to Ang II by ACE. Ang II 
acts via the AT1 receptor (AT1R) to increase blood pres-
sure by arteriolar vasoconstriction and stimulate aldoste-
rone secretion. Ang II and aldosterone also cause renal 
sodium and water retention leading to suppression of 
renin release       
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There are two ACE isozymes, somatic and 
testicular, transcribed from a single gene by 
 differential utilization of two distinct promoters [ 41 ]. 
Human somatic ACE contains 1,306 amino acids 
and has a molecular weight of 140–160 kilodal-
tons (kDa). In the kidney, ACE is present as ecto-
enzyme in glomerular vascular endothelial and 
proximal tubular cells [ 42 ]. ACE localized in glo-
merular endothelium may regulate intraglomeru-
lar blood fl ow, whereas ACE expressed in the 
proximal tubular epithelia and postglomerular 
vascular endothelium may play an important role 
in the regulation of tubular function and postglo-
merular circulation. 

 An important role for ACE in normal kidney 
development and the regulation of BP is evident 
from the fi ndings that  ACE  mutations are linked 
to an autosomal recessive renal tubular dysgene-
sis (RTD), a severe disorder of renal tubular 
development characterized by persistent fetal 
anuria, pulmonary hypoplasia, and refractory 
arterial hypotension [ 43 ]. The human  ACE  gene 
contains a polymorphism consisting of either an 
insertion (I) or deletion (D) of a 287 bp Alu repet-
itive sequence in intron 16. It has been demon-
strated that allelic ACE variation is responsible 
for 47 % of the variance of plasma ACE activity 
[ 44 ]. Notably, D allele and the DD genotype have 
been reported to be associated with elevated lev-
els of ACE and a higher risk of left ventricular 
hypertrophy and hypertension in humans [ 45 , 

 46 ]. In addition, ACE enzymatic activity,  ACE  D 
allele frequency, and systolic BP were higher in 
low birth weight (LBW) compared with normal 
birth weight children [ 47 ]. Thus, ACE DD geno-
type can be an important factor in association 
between LBW and high BP levels.  

   Angiotensin II Receptors 

 Ang II acts via two major types of G-protein- 
coupled receptors (GPCRs): AT 1 R and AT 2 R. In 
rodents, AT 1 R has two distinct subtypes, AT 1A  
and AT 1B , with greater than 95 % amino acid 
sequence homology [ 48 ]. In the kidney, AT 1 R 
mRNA has been localized to proximal tubules, 
the thick ascending limb of the loop of Henle, 
glomeruli, arterial vasculature, vasa recta, arcu-
ate arteries, and juxtaglomerular cells [ 49 ]. 
Activation of the AT 1 R increases BP in three 
ways: fi rst, via direct vasoconstriction and 
increase in peripheral vascular resistance; sec-
ond, by stimulation of Na +  reabsorption via 
NHE3 at the proximal nephron and by NHE3 and 
bumetanide-sensitive cotransporter 1 (BSC-1) at 
the medullary thick ascending limb of the loop of 
Henle; and third, via stimulation of aldosterone 
biosynthesis and secretion by the adrenal zona 
glomerulosa (Fig.  2.2 ) [ 50 – 52 ]. AT 1 R activation 
also stimulates vasopressin and endothelin secre-
tion, the sympathetic nervous system, and prolif-
eration of vascular smooth muscle and mesangial 
cells [ 53 – 55 ]. The AT 2 R has 34 % homology 
with AT 1A  or AT 1B  receptors [ 56 ]. AT 2 R is 
expressed in the glomerular epithelial cells, prox-
imal tubules, collecting ducts, and parts of the 
renal vasculature of the adult rat [ 57 ]. In contrast 
to AT 1 R, AT 2 R elicits vasodilation by increasing 
the production of nitric oxide (NO) and   cyclic 
guanosine monophosphate     (cGMP) either by 
stimulating formation of bradykinin or by direct 
activation of NO production [ 58 – 60 ]. In addition, 
the AT 2 R promotes renal sodium excretion and 
inhibits proliferation in mesangial cells [ 58 ,  61 , 
 62 ]. Thus, the AT 2 R might oppose AT 1 R-mediated 
effects on blood pressure, cardiovascular and 
renal growth, fi brosis, and remodeling, as well as 
RBF, fi brosis, and sodium excretion.  

  Fig. 2.3    The kallikrein–kinin system       
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   Angiotensin-Converting Enzyme 2 

 ACE2, a homologue of ACE, is abundantly 
expressed in the kidney and acts to counterbal-
ance ACE activity by promoting Ang II degrada-
tion to the vasodilator peptide Ang-(1-7) [ 8 ,  9 ]. 
Ang-(1-7) acts via the GPCR Mas encoded by the 
 Mas  proto-oncogene and counteracts Ang II–
AT 1 R-mediated effects [ 10 ,  11 ]. An important 
role for ACE2 in the regulation of BP is sug-
gested by the fi ndings of a decreased ACE2 
expression in the kidney of hypertensive rats and 
a reduction of BP following genetic overexpres-
sion of ACE2 in their vasculature [ 63 ,  64 ]. 
Although ACE2-null mice are normotensive and 
have normal cardiac structure and function, they 
exhibit enhanced susceptibility to Ang II-induced 
hypertension [ 65 ]. Studies in mice have demon-
strated that, during Ang II infusion, administra-
tion of recombinant ACE2 (rACE2) results in 
Ang II degradation and a decrease in BP [ 66 ]. 
The mechanism of rACE2 action results from an 
increase in systemic, not kidney or cardiac tissue, 
ACE2 activity and from the lowering of plasma 
Ang II rather than the attendant increase in Ang-
(1-7). Thus, increasing ACE2 activity may pro-
vide a new therapeutic target in states of Ang II 
overactivity. Moreover, Mas-defi cient mice 
exhibit increased BP, endothelial dysfunction, 
and an imbalance between NO and reactive oxy-
gen species [ 67 ]. Other major degradation prod-
ucts of Ang II include Ang III [Ang-(2-8)] and 
Ang IV [Ang-(3-8)]. These peptides have bio-
logical activity, but their plasma levels are much 
lower than those of Ang II or Ang-(1-7) [ 68 ].  

   Developmental Aspects 
of the RAAS 

 The developing metanephric kidney expresses all 
the components of the RAAS (Table  2.1 ). The 
activity of the renal RAAS is high during fetal 
and neonatal life and declines postnatally [ 69 , 
 70 ]. Immunoreactive Ang II levels are higher in 
the fetal and newborn kidney than in the adult rat 
kidney [ 70 ]. The ontogeny of AT 1 R and AT 2 R 

mRNA in the kidney differs. AT 2 R mRNA is 
expressed earlier than AT 1 R, peaks during fetal 
metanephrogenesis, and rapidly declines postna-
tally [ 71 ,  72 ]. AT 1 R mRNA expression increases 
during gestation, peaks perinatally, and declines 
gradually thereafter [ 71 ,  73 ]. ACE mRNA and 
enzymatic activity are expressed in the develop-
ing rat kidney, where they are subject to regula-
tion by endogenous Ang II and bradykinin [ 70 , 
 73 ]. In addition, the developing kidney expresses 
considerable ACE-independent Ang II-generating 
activity [ 15 ,  74 ], which may compensate for the 
low ACE levels in the early metanephros [ 70 ]. 
ACE2 mRNA and protein are expressed in the 
developing mouse kidney as early as on E12.5 
[ 75 ]. Ang II, acting via the AT 1 R, exerts a nega-
tive feedback on ACE2 in the developing 
metanephros.

   The role of the ACE2–Ang-[1-7]–Mas axis 
and the PRR in developmental origins of 
hypertension remains to be determined. 
Functionally, Ang II, acting via the AT 1 R, 
counteracts the vasodilator actions of bradyki-
nin on the renal microvasculature of the devel-
oping rat kidney [ 76 ]. Premature infants exhibit 
markedly elevated PRA, which is inversely 
related to postconceptual age [ 77 ]. In healthy 
children, plasma renin activity (PRA) is high 
during the newborn period and declines gradu-
ally towards adulthood [ 78 ]. 

 Pharmacologic or genetic interruption of the 
RAAS during development alters BP phenotype 
and causes a spectrum of congenital abnormalities 
of the kidney and urinary tract (CAKUT) in 
rodents and RTD and renal failure and other abnor-
malities (e.g., hypocalvaria) in humans (Table  2.2 ) 
[ 43 ,  79 ]. Therefore, RAAS inhibitors should not 
be used during pregnancy and postnatally until 
nephrogenesis is completed. Beyond these periods 
of life, high activity of the RAAS coupled with 
persistent expression of the renal AT 1 R provides 
the foundation for the use of the classical RAAS 
inhibitors (ACE inhibitors and AT 1 R antagonists) 
in the treatment of children with RAAS-dependent 
hypertension (e.g., renovascular hypertension). 
In addition, RAAS inhibitors may be benefi cial in 
children with primary hypertension and particu-
larly in obese adolescents, who exhibit elevated 
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plasma renin activity [ 80 ]. Recent availability of a 
direct inhibitor of (pro)renin receptor offers new 
possibilities in antihypertensive therapy in children 
that remain to be explored [ 81 ].

      Aldosterone 

 Ang II, acting via the AT 1 R, stimulates an 
increase in transcription and expression of the 
rate-limiting enzyme in the biosynthesis of aldo-
sterone and CYP 11B2 (aldosterone synthase) in 
the zona glomerulosa of the adrenal glands [ 50 ]. 
Aldosterone stimulates reabsorption of Na +  and 
secretion of potassium by principal cells in the 
collecting duct. In turn, retained Na +  is respon-
sible for increased extracellular fl uid volume 
that increases BP. Secretion of aldosterone is 
stimulated by high plasma potassium concentration 
and adrenocorticotropic hormone (ACTH) and 
inhibited by atrial natriuretic peptide (ANP) 
[ 82 – 84 ]. Aldosterone-dependent Na +  reabsorp-
tion is due to upregulation of epithelial Na +  

channel-α (alfa) (ENaCα (alfa)) subunit gene 
expression and increased apical density of ENaC 
channels due to serum- and glucocorticoid-
induced kinase-1 (Sgk1)-induced disinhibition 
of Nedd4-2- triggered internalization and degra-
dation of ENaC [ 85 ]. Aldosterone downregu-
lates the expression of histone H3 
methyltransferase Dot1a and the DNA-binding 
protein Af9 complexed with chromatin within 
the ENaCα (alfa) 5’-fl anking region [ 86 ]. In 
addition, aldosterone- induced Sgk1 phosphory-
lates Ser435 of Af9, causing disruption of the 
protein–protein interactions of Dot1a and Af9. 
This results in hypomethylation of histone H3 
Lys79 and release of transcriptional repression 
of the  ENaCα b gene. Important role of aldoste-
rone in childhood hypertension is underscored 
by the ability of mineralocorticoid receptor 
antagonists not only to effectively reduce elevated 
BP due to hyperaldosteronism (e.g., adrenal 
hyperplasia) but to offer survival benefi ts in 
heart failure and augment potential for renal pro-
tection in proteinuric chronic kidney disease.  

   Table 2.1    Expression    of the renin–angiotensin system components during metanephric kidney development   

 E12  E14  E15  E16  E19  References 

  AGT  
  Mouse :  UB, SM  UB, SM, PT  [ 178 ] 

  Rat : UB, SM  UB, SM, PT  PT  [ 179 ] 
  Renin  
  Mouse : precursor cells present M of entire kidney M, close to V and G V, G  [ 180 ] 

  Rat : V  V  V  [ 69 ] 
  ACE  

  Rat : PT, G, CD  [ 181 ] 
  ACE2  
  Mouse   UB, G, PT  PT  [ 75 ] 
  AT   1   
  Mouse :  UB, M  UB, G  UB, V  PT, UB, SM, G  PT, DT  [ 178 ] 

 [ 73 ] 
  Rat : G, 
UB, SM 

 SM  PT, CD, G  [ 71 ] 

  AT   2   
  Mouse :  MM  MM, SM  Medullary SM, under 

renal capsule 
 [ 73 ] 

  Rat : MM  Condensed M  Medulla, G, V  [ 71 ] 

   AGT  angiotensinogen,  ACE  angiotensin-converting enzyme,  ACE2  angiotensin-converting enzyme 2,  AT   1  / AT   2   angioten-
sin II receptors,  UB  ureteric bud,  M  mesenchyme,  SM  stromal mesenchyme,  PT  proximal tubule,  DT  distal tubule,  G  

glomeruli,  V  renal vessels,  CD  collecting duct  
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   Glucocorticoids 

 Glucocorticoids are vital for normal development 
and control of hemodynamic homeostasis. Cortisol 
or dexamethasone infusion increases BP in the fetal 
sheep [ 87 ,  88 ]. Dexamethasone increases BP in 
wild-type serum and glucocorticoid- inducible 
kinase (Sgk)  Sgk1  +/+  mice but not in  Sgk1  −/− mice 
[ 89 ], indicating that hypertensinogenic effects of 
glucocorticoids on BP are mediated, at least in part, 
via Sgk1. A higher ratio of cortisol to cortisone in 
venous cord blood is associated with higher systolic 
blood pressure later in life in humans [ 90 ], suggest-
ing that increased fetal glucocorticoid exposure 
may account for higher  systolic BP in childhood. 
However, no differences in BP and cardiovascular 
function are detected at school age in children 

treated as neonates with glucocorticoids for chronic 
lung disease [ 91 ]. It is possible that the functional 
consequences of glucocorticoid therapy during neo-
natal life may manifest only later in life. Deleterious 
effects of elevated endogenous glucocorticoids on 
childhood BP are apparent, for example, in 
Cushing’s disease or glucocorticoid-remediable 
aldosteronism.  

   Kallikrein–Kinin System 

 The kallikrein–kinin system (KKS) is another 
group of proteins that plays an important role in 
the regulation of blood pressure. Kinins, includ-
ing bradykinin (BK), are formed from kininogen 
by kininogenase tissue kallikrein [ 92 ] (Fig.  2.3 ). 

   Table 2.2    Effect of genetic inactivation of the renin–angiotensin system genes in mice on the renal and blood pressure 
phenotype   

 Gene  Function of gene  Renal phenotype  Blood pressure  References 

  AGT   Renin substrate  Vascular thickening  Very low  [ 168 ,  170 ] 
 Interstitial fi brosis 
 Delayed glomerular maturation 
 Hypoplastic papilla 
 Hydronephrosis 
 Reduced ability to concentrate urine 

  Renin   Enzyme that generates 
ANG I from AGT 

 Arterial wall thickening  Very low  [ 171 ] 

 Interstitial fi brosis 
 Glomerulosclerosis 
 Hypoplastic papilla 
 Hydronephrosis 

  ACE   Enzyme that generates 
ANG II from ANG I 

 Arterial wall thickening  Very low  [ 172 ] 

 Hypoplastic papilla and medulla 
 Hydronephrosis 
 Reduced ability to concentrate urine 

  AT   1A/B    Ang II receptor  Decreased kidney weight  Very low  [ 173 ,  174 ] 
 Delayed glomerular maturation 
 Arterial wall thickening 
 Interstitial fi brosis 
 Tubular atrophy 
 Hypoplastic papilla and medulla 
 Hydronephrosis 
 Reduced ability to concentrate urine 

  AT   1A    Ang II receptor  Normal or mild papillary hypoplasia  Moderately low  [ 6 ] 
  AT   1B    Ang II receptor  Normal  Normal  [ 175 ] 
  AT   2    Ang II receptor  Duplicated ureters  High  [ 176 ,  177 ] 

 Hydronephrosis 
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Bradykinin is degraded by ACE–kininase II, the 
enzyme that also converts Ang I to Ang II [ 93 ]. 
Kinins act by binding to B1 (B 1 R) and B2 (B 2 R) 
receptors. The B 1 R is activated by Des-Arg 9 -BK 
produced from BK by kininase I and mediates 
tissue injury and infl ammation [ 94 ]. The renal 
and cardiovascular effects of BK are mediated 
predominantly by the B 2 R. Kininogen is 
expressed in the ureteric bud and stromal intersti-
tial cells of the E15 metanephros in the rat [ 95 ]. 
Following completion of nephrogenesis, kinino-
gen is localized in the collecting duct. The main 
kininogenase, true tissue kallikrein, is encoded 
by the  KLK1  gene [ 96 ]. Transcription of the 
 KLK1  gene is regulated by salt and protein intake, 
insulin, and mineralocorticoids. Expression of 
the renal  KLK1  gene is suppressed in chronic 
phase of renovascular hypertension [ 95 ].

   In the developing rat kidney, kallikrein mRNA 
and immunoreactivity are present in the connect-
ing tubule [ 97 ]. In the mature kidney, tissue kal-
likrein mRNA is expressed in the distal tubule 
and glomeruli [ 98 ]. Thus, BK can be generated 
intraluminally from kininogen present in the col-
lecting duct or in the interstitium. BK generated 
intraluminally causes natriuresis, whereas inter-
stitial BK may regulate medullary blood fl ow 
[ 99 ]. The proximity of the distal tubule to the 
afferent arteriole may allow kallikrein or BK to 
diffuse from the distal tubular cells and act in a 
paracrine manner on the preglomerular microves-
sels [ 100 ]. The human  B   1   R  and  B   2   R  genes are 
located on chromosome 14 and demonstrate 36 % 
genomic sequence homology [ 101 ]. Both B 1 R 
and B 2 R are members of the seven- transmembrane 
GPCR family. During metanephrogenesis, the 
B 2 R is expressed on both luminal and basolateral 
aspects of collecting ducts suggesting that activa-
tion of B 2 R is important for renal tubular growth 
and acquisition of function [ 102 ]. The expression 
of B 1 R is inducible rather than constitutive. In 
contrast to B 2 R, B 1 R is not expressed in signifi -
cant levels in normal tissues [ 94 ]. Although BK 
does not appear to be a primary mediator of the 
maturational rise in RBF in the rat, its vasodila-
tory effects in the developing kidney are tonically 
antagonized by Ang II AT 1 R [ 76 ]. Stimulation of 

the B 2 R during adult life stimulates production 
of nitric oxide and prostaglandins resulting in 
vasodilation and natriuresis [ 99 ]. The impor-
tance of the KKS in the regulation of BP is 
underscored by the fi nding of elevated BP in 
mice that lack the B 2 R [ 100 ]. Moreover,  B   2   R -null 
mice are prone to early onset of salt-sensitive 
hypertension [ 103 ]. Interestingly, B 1 R receptor 
blockade in  B   2   R -null mice produces a signifi cant 
hypertensive response [ 104 ], indicating that both 
receptors participate in the development of 
hypertension. In keeping with this hypothesis, 
single-nucleotide polymorphisms in the promot-
ers of both  B   1   R  and  B   2   R  genes have been reported 
to be associated with hypertension in African-
Americans, demonstrating that the two receptors 
play a role in BP homeostasis in humans [ 105 ]. 
The direct potential role of the KKS in childhood 
hypertension is further highlighted by studies 
showing that endogenous bradykinin contributes 
to the benefi cial effects of ACE inhibition on BP 
in humans [ 106 ].  

   Arginine Vasopressin 

 Arginine vasopressin (AVP), also known as 
antidiuretic hormone (ADH), is synthesized in 
the hypothalamus and released in response to 
increased plasma osmolality, decreased arterial 
pressure, and reductions in circulating blood vol-
ume. Three subtypes of vasopressin receptors, 
V 1 R, V 2 R, and V 3 R, mediate vasoconstriction, 
water reabsorption, and central nervous system 
effects, respectively. In addition, stimulation of 
the V 2 R induces endothelial NOS expression and 
promotes NO production in the renal medulla 
which attenuates the V 1 R-mediated vasoconstric-
tor effects [ 107 ]. In adult species, AVP supports 
arterial BP when both the sympathetic system 
and the RAAS are impaired by sympathetic 
blockade [ 108 ]. Treatment with a V 1 R antagonist 
has no effect on arterial BP in fetal sheep [ 109 , 
 110 ]. In contrast, antagonism of the V 1 R during 
hypotensive hemorrhage impairs the ability of 
the fetus to maintain BP [ 111 ]. Thus, endogenous 
AVP has little impact on basal hemodynamic 
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homeostasis of the fetus but plays an important 
role in vasopressor response to acute stress such 
as hemorrhage.  

   Endothelium-Derived Vasoactive 
Factors 

   Nitric Oxide 

 Hypertension is associated with abnormal endo-
thelial function in the peripheral, coronary, and 
renal vasculature. Nitric oxide (NO) is an impor-
tant mediator of endothelium-dependent vasodi-
lation. NO enhances arterial compliance, reduces 
peripheral vascular resistance, and inhibits prolif-
eration of vascular smooth muscle cells [ 112 ]. 
The major source of NO production in the rat 
kidney is the renal medulla, where NO regulates 
medullary blood fl ow, natriuresis, and diuresis 
[ 113 ,  114 ]. NO promotes pressure natriuresis via 
cGMP [ 115 ]. The effects of Ang II or AVP on 
medullary blood fl ow are buffered by the 
increased production of NO [ 113 ], indicating that 
endogenous NO tonically counteracts the effects 
of vasoconstrictors within the renal medullary 
circulation. Interestingly, endothelial dysfunction 
is not only a consequence of hypertension but 
may predispose to the development of hyperten-
sion. In this regard, impaired endothelium- 
dependent vasodilation has been observed in 
normotensive children of patients with essential 
hypertension as compared with those without a 
family history of hypertension [ 115 ], demon-
strating that an impairment in NO production 
precedes the onset of essential hypertension. 
Acute antagonism of NO generation leads to an 
increase in BP and decreases RBF in the fetal 
sheep [ 116 ]. In fetal rat kidneys, endothelial NO 
synthase (eNOS) immunoreactivity is fi rst 
detected in the endothelial cells of the intrarenal 
capillaries on E14 [ 117 ]. These fi ndings suggest 
that eNOS may play a role in regulating renal 
hemodynamics during fetal life. Moreover, 
eNOS-knockout mice exhibit abnormal aortic 
valves and congenital atrial and ventricular septal 
defects, indicating that eNOS-derived NO plays 

an important role in the development of the 
 circulatory system [ 118 ]. The effect of intrarenal 
infusion of the NO antagonist L-NAME on 
decreases in RBF and GFR is more pronounced in 
the newborn than in the adult kidney [ 119 ]. These 
effects of NO may act to oppose high RAAS 
activity present in the developing kidney. Similar 
to NO, hydrogen sulfi de (H 2 S) is a gasotransmit-
ter that has been recently revealed as playing a 
role in cardiovascular physiology.  H   2   S -knockout 
mice develop age-dependent hypertension, 
whereas administration of H 2 S donors attenuates 
the hypertensive response via decreased renin 
production in a rat two-kidney one-clip renovas-
cular hypertension model [ 120 ,  121 ].  

   Asymmetrical Dimethylarginine 

 Asymmetric dimethylarginine (ADMA) is an 
endogenous inhibitor of eNOS [ 122 ]. Infusion of 
ADMA increases BP and renal vascular resistance 
and decreases renal plasma fl ow during adulthood 
[ 123 ]. ADMA levels in fetal umbilical venous 
plasma are higher than in maternal plasma [ 124 ]. 
However, low resistance to umbilical blood fl ow is 
maintained despite substantially higher fetal 
ADMA levels, which, by implication, has led to 
speculation that NO must be a key modulator of 
fetal vascular tone. Hypertensive children had 
higher plasma ADMA levels as compared with 
normotensive children in one study [ 125 ]. In contrast, 
plasma ADMA levels did not differ between 
 normotensive and hypertensive young adults [ 126 ]. 
Moreover, plasma ADMA correlates negatively 
with vascular resistance [ 126 ], suggesting that in a 
physiological setting ADMA levels in people with 
elevated vascular tone may decrease to compensate 
for inappropriately high resistance.  

   Endothelin 

 Endothelins (ETs) are vasoconstrictor peptides 
produced by endothelial cells [ 127 ,  128 ]. Three 
ETs have been described – endothelin-1 (ET-1), 
-2 (ET-2), and -3 (ET-3). The hemodynamic 

2 Vasoactive Factors and Blood Pressure in Children



34

effects of ET-1 are mediated by ET A  and ET B  
GPCRs. In the kidney, ET-1 mRNA is expressed 
in the glomeruli and medullary collecting ducts 
[ 129 ,  130 ]. ET receptors are located in podocytes, 
glomeruli, afferent and efferent arterioles, proxi-
mal tubule, medullary thick ascending limb, and 
collecting duct [ 131 ]. Activation of the ET B  recep-
tor results in natriuresis and vasodilation via 
release of NO and PGE 2 , whereas the ET A  recep-
tor mediates renal vasoconstriction [ 132 ]. In the 
fetal lamb, ET A  and ET B  receptors expressed on 
vascular smooth muscle cells mediate vasocon-
striction, whereas ET B  receptors located on endo-
thelial cells mediate vasodilation [ 133 ,  134 ]. In 
the renal circulation of fetal sheep, ET-1, acting 
via the ET B  receptor, results in vasodilation [ 135 ]. 
However, ET A  receptor-mediated vasoconstriction 
also contributes to the regulation of the fetal renal 
vascular tone [ 136 ]. The critical role for the renal 
ET-1 and ET A /ET B  receptors in the regulation of 
systemic BP is demonstrated by the fi nding of 
increased BP in mice with collecting duct-specifi c 
knockout of either ET-1 or both ET A  and ET B  
receptors [ 137 ,  138 ]. Moreover, BP in these 
knockouts increases further with high salt intake, 
indicating that combined ET A /ET B  receptor defi -
ciency leads to salt-sensitive hypertension.   

   Natriuretic Peptides 

 Natriuretic peptides include atrial natriuretic 
peptide (ANP), brain natriuretic peptide (BNP), 
C-type natriuretic peptide (CNP), urodilatin, 
and Dendroaspis-type natriuretic peptide (DNP) 
[ 139 – 142 ]. Natriuretic peptides act through 
binding to three guanylyl cyclase-linked recep-
tors: NPR-A, NPR-B, and NPR-C [ 143 ]. In the 
adult heart, ANP and BNP are stored in atrial 
and ventricular myocytes, respectively, released 
in response to atrial stretch, increased BP, atrial 
tachycardia, or increased osmolality [ 143 ,  144 ], 
and are rapidly degraded in the lung and kidney 
by neutral endopeptidase [ 145 ]. ANP and BNP 
decrease the secretion of renin and aldosterone 
and antagonize the effects of Ang II on vascular 
tone and renal tubular reabsorption to cause 

natriuresis, diuresis, a decrease in BP, and 
intravascular fl uid volume [ 146 ]. ANP and BNP 
peptide levels are higher in fetal than adult ven-
tricles, suggesting that the relative contribution 
of ventricular ANP is greater during embryonic 
as compared to adult life [ 147 – 149 ]. ANP and 
BNP mRNA is expressed on E8 in the mouse 
and increases during gestation, suggesting that 
both ANP and BNP play a role in the formation 
of the developing heart. Circulating ANP levels 
are higher in fetal as compared to adult rat or 
sheep [ 148 ,  150 ]. Infusion of ANP into the cir-
culation of the lamb fetus decreases BP and 
causes diuresis [ 151 ]. ANP secretion during 
postnatal development is stimulated in response 
to similar physiological stimuli as in the adult 
animal and can be induced by Ang II infusion, 
volume loading, hypoxia, or increase in osmo-
lality [ 150 ,  152 ]. Plasma levels of ANP are 
higher in preterm as compared with term infants 
[ 153 ]. In full-term infants, circulating ANP lev-
els increase during the fi rst week of life and 
decrease thereafter [ 154 ]. Thus, the initial post-
natal increase in ANP may mediate diuresis dur-
ing the transition to extrauterine life. Subsequent 
decrease in plasma ANP may serve to conserve 
sodium, which is required for rapid growth. 
Although BP remains normal in BNP-null mice 
[ 155 ], ANP-null mice develop hypertension 
later in life [ 156 ]. Mice lacking NPR-A receptor 
exhibit cardiac hypertrophy and have elevated 
BP, indicating that the ANP and BNP play an 
important role in the regulation of myocyte 
growth and BP homeostasis during development 
[ 156 ,  157 ].  

   Vasoactive Factors and 
Developmental Programming 
of Hypertension 

 An inverse relationship between birth weight or 
maternal undernutrition and adult BP led to the 
concept of developmental programming of hyper-
tension ([ 158 ], and Chaps.   1    ,   2    ,   3    ,   4    ,   5    ,   6    , and   7    ). 
The tissue-specifi c brain RAAS was upregulated 
in the fetus of dams fed a low-protein (LP) diet, 
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and hypertensive adult offspring of LP-fed dams 
have evidence of an increased pressor response to 
Ang II [ 159 ,  160 ]. This and other studies suggest 
that inappropriate activation of the RAAS may 
link exposures in fetal life to childhood and adult 
hypertension. Interestingly, LP maternal diet has 
been reported to result in a decreased methylation 
of the promoter region of the  AT   1B   R  in offspring in 
the rat [ 161 ]. It is conceivable that epigenetic 
modifi cations of  AT   1B   R  gene may one mechanism 
by which changes in the RAAS lead to develop-
mental programming of hypertension. LP diet or 
caloric restriction during gestation has been asso-
ciated with a decrease in the renal kallikrein activ-
ity, blunted vasorelaxation to NO donor infusion, 
an increase in vascular superoxide anion concen-
tration, and a decrease in superoxide dismutase 
activity in the offspring [ 162 – 164 ]. In addition, 
heterozygous eNOS offspring of  eNOS -null 
mothers exhibit impaired endothelium-dependent 
vasodilation as compared to heterozygous off-
spring of  eNOS  +/+  mothers [ 165 ]. These observa-
tions indicate that impairment in 
endothelium-dependent vascular function is asso-
ciated with developmentally programmed hyper-
tension and that maternal  eNOS  genotype 
modulates the offspring’s predisposition to hyper-
tension. Further studies are needed to establish 
the mechanisms by which alterations in antenatal 
environment impact vasoactive factor systems 
and their interplay to program hypertension dur-
ing postnatal life.  

   Renalase 

 Renalase, an amine oxidase expressed in the kid-
ney, heart, liver, and brain, metabolizes catechol-
amines [ 166 ,  167 ]. Anesthetized BP and heart 
rate are reported as higher in renalase null as com-
pared to wild-type littermates [ 158 ]. Available 
data suggest that renalase defi ciency is associated 
with increased sympathetic tone and resistant 
hypertension. Further, recombinant renalase is a 
potent antihypertensive agent that has some 
promise as a potential option for treating hyper-
tension in chronic kidney disease [ 167 ].  

   Summary 

 Various vasoactive substances regulate cardio-
vascular homeostasis during development, and 
new ones are still being discovered. Many cardio-
vascular factors exert pleiotropic actions both 
systemically and within diverse organ systems. 
Continuous discovery of new vasoactive sub-
stances and more complete knowledge of their 
role during development improves our under-
standing of the developmental origin of hyperten-
sion and cardiovascular disease and helps to 
minimize their impact on the nation’s health. 
Further work is needed to more precisely defi ne 
the role of emerging cardiovascular regulatory 
factors and their growing relevance to a number 
of conditions in animal models of human disease 
and in human diseases including hypertension.     
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    Introduction 

 The regulation of the heart and the vasculature are 
connected by two fundamental principles. First, 
the metabolic state of each tissue or organ is 
dependent on the relationship between metabo-
lism and blood fl ow, and second, each tissue or 

organ has the ability to regulate its own blood fl ow 
according to local metabolic and functional needs. 

 Based on Ohm’s law for fl uids [ 1 ], blood fl ow 
through any tissue is equal to the pressure gradi-
ent across the tissue divided by the vascular resis-
tance of that tissue or organ. For the cardiovascular 
system on a macro-level, Ohm’s law for fl uids 
would state that whole-body fl ow (cardiac output 
(CO)) is equal to driving pressure (mean arterial 
blood pressure (MBP) minus mean venous pres-
sure divided by vascular resistance of the whole 
body (systemic vascular resistance (SVR)). 
However, since mean venous pressure is rela-
tively small, it is usually omitted. 
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    Abstract 

   The regulation of the heart and the vasculature are linked by the fundamental 
principles that the metabolic state of each organ or tissue is dependent on 
the relationship between metabolism and blood fl ow and that each organ 
or tissue has the ability to control its own blood fl ow according to local 
metabolic and functional needs. On a whole-body level, these principles 
are mediated through blood pressure homeostasis (a closed negative feed-
back loop that regulates mean arterial pressure around a set reference 
level). Mean systemic arterial pressure is defi ned as the product of the sum 
of all regional blood fl ows (cardiac output) and the parallel sum of all 
regional vascular resistances (total systemic vascular resistance), and this 
chapter discusses the important factors that regulate both cardiac output 
and systemic vascular resistance.  
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  Ohm’s Law for the Cardiovascular System:  

 
CO

MBP

SVR
=

 
  

 The local control of tissue and organ fl ow 
(autoregulation) involves both short- and long- 
term mechanisms. The short-term mechanisms 
can be activated within seconds resulting in vaso-
constriction or dilatation of the local vasculature 
and are usually mediated either by metabolic 
waste products, endothelial mechanisms, or myo-
genic responses. Long-term blood fl ow regula-
tion takes place over days to weeks and involves 
structural changes in the blood vessels such as 
thickening or thinning of vessel walls and/or 
decreasing or increasing the number of capillar-
ies. Since regional blood fl ows are diffi cult to 
measure clinically, differ widely, and in some 
cases vary greatly, most clinicians tend to con-
centrate more on whole-body measures of fl ow, 
pressure, and resistance. On a macro level, 
whole-body autoregulation can be viewed as a 
major determinant of systemic blood pressure 
homeostasis [ 2 ]. 

 Blood pressure homeostasis is accomplished 
through a closed negative feedback loop. 
Figure  3.1  schematically depicts the concept of a 
closed negative feedback loop [ 3 ]. The loop is 
negative, because the sensed value is subtracted 
from the desired value (reference value) to create 
an error signal, which is then applied to return the 
system to its reference level. For blood pressure 
homeostasis, the controllers are the determinants 
of mean arterial pressure, the system is the heart 
and vasculature, and the sensors are the physio-
logical monitors of the system output (systemic 
mean arterial pressure) that send data back to the 
controllers to adjust the determinants of mean 
arterial pressure.

   Systemic mean arterial pressure is defi ned as 
the product of the sum of all regional blood fl ows 
(cardiac output) and the parallel sum of all 
regional vascular resistances (total systemic vas-
cular resistance). Therefore, in order to under-
stand how systemic mean blood pressure is 
modulated, it is necessary to understand what 
regulates both cardiac output and systemic vascu-
lar resistance.  

  Fig. 3.1    A schematic illustration of a closed feedback 
loop to control mean arterial pressure (MAP) around a 
reference level (set point). The reference (basal MAP) is 
defi ned as the external input of the system. The controllers 
(physiological determinants of MAP) manipulate the 
inputs to the system (heart and vasculature) to obtain the 
desired effect on the system output (MAP). The sensors 

(physiological monitors of MAP) subtract the system 
output from the desired reference value and either amplify 
or suppress the controllers to maintain the system output 
(MAP) to reference levels. ( CNS  central nervous system, 
 SNS  sympathetic nervous system,  PSNS  parasympathetic 
nervous system,  SVR  systemic vascular resistance, and 
 SBP  systolic blood pressure)       
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   Cardiac Output 

 Three of the major determinants of cardiac output 
are preload, contractility, and afterload. Preload, 
contractility, and afterload are discussed in this 
section. 

   Preload 

 From a clinical standpoint, preload is defi ned as 
ventricular end-diastolic volume/pressure or 
atrial fi lling pressure. The Frank-Starling mecha-
nism [ 4 ] describes the ability of the heart to 
increase its cardiac output as end-diastolic vol-
ume increases (Fig.  3.2 ). The physiological basis 
of the Frank-Starling mechanism is that as end- 
diastolic volume increases, myocyte sarcomere 
length is increased, causing an increase in con-
tractile forces and a resultant increase in cardiac 
output. Two of the major determinants of preload 
are circulating blood volume and venous tone.

     Venous Tone 
 Short-term changes in preload can be mediated 
through changes in venous tone (venous compli-
ance Fig.  3.2 ). Venous compliance can be acutely 
effected by sympathetic-mediated vasoconstric-
tion, angiotensin II, respiratory activity, hydro-
static forces, and contraction of skeletal muscles. 
Clinically, venodilator drugs (such as nitroglyc-
erin, angiotensin converting enzyme inhibitors, 
and α-receptor blockers) increase venous compli-
ance and therefore are used to treat acute heart 
failure, pulmonary edema, and angina by acutely 
reducing preload. With exercise, venous compli-
ance acutely decreases in an attempt to increase 
venous return to the heart (preload) and thereby 
increases cardiac output. The exercise-induced 
decrease in venous compliance occurs since the 
major veins in the limbs and abdomen are situ-
ated between skeletal muscles. When the skeletal 
muscles contract and relax, they compress these 
veins, thereby decreasing venous compliance. 
It is also known that the duration of venoconstric-
tion after exercise relates to the length of exercise 

  Fig. 3.2    Graphic analysis of Guyton’s classic cardiac 
function curve and the venous return curve. The graph 
consists of simultaneous plots of cardiac output and 
venous return as a function of left ventricular end-dia-
stolic volume or right atrial pressure. The  solid dot  repre-
sents the steady state where the two curves intersect (i.e., 
the point where cardiac output is equal to venous return). 
MCFP (mean circulatory fi lling pressure) represents the 
degree of fi lling of the whole circulation (the theoretical 
atrial pressure when cardiac output is zero) and relates 
blood volume to vascular capacity. The  three curves  

represent the effect of blood volume on cardiac output. 
The center venous return curve represents the relationship 
at normal blood volume. With an increased    blood volume 
and/or a decrease in venous compliance, the venous return 
curve shifts in a parallel manner to the right resulting in 
both an increase in cardiac output and right atrial pres-
sures. Similarly with decrease in blood volume and/or an 
increase in venous compliance, the venous return curve 
shifts to the left resulting in both a decrease in cardiac 
output and right atrial pressure (Adapted from Montani 
and Van Vliet [ 5 ])       
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and appears to be independent of sympathetic 
activity [ 6 ].  

   Circulating Blood Volume 
 Long-term changes in preload are caused by 
changes in circulating blood volume. From the 
hearts standpoint, acute changes in preload (i.e., 
right and left ventricular volume/fi lling pressure) 
result in both changes in activation of the cardio-
pulmonary baroreceptors, which in turn change 
both sympathetic and parasympathetic tone, and 
changes in the release and production of natri-
uretic peptide (release is stimulated by distention 
of the atria and ventricles).  

   Cardiopulmonary Baroreceptors 
 The cardiopulmonary baroreceptors are com-
prised of a set of sensory afferent fi bers that 
respond to changes in central volume. The affer-
ent fi bers arise from the left ventricle, left atrium, 
and pulmonary veins and travel via the vagus 
nerve to afferent cell bodies in the nodose gan-
glia. The afferent cell bodies in the nodose gan-
glia send projections to the nucleus tractus 
solitarius in the medulla that modulates the sym-
pathetic nerve traffi c from the brain. The cardio-
pulmonary baroreceptors exert minimal effects 
on the parasympathetic nervous system.  

   Natriuretic Peptides 
 The natriuretic peptides are a family of peptide 
hormones that are synthesized and secreted by the 
heart, brain, and other organs (see Chaps.   1     and   2    ). 
The stimulus for release of these hormones by the 
heart is atrial or ventricular distention and/or neu-
rohumoral stimuli. Atrial natriuretic peptide, the 
fi rst of this peptide family to be identifi ed, is a 
28-amino acid peptide that is synthesized, stored, 
and released by atrial myocytes [ 7 ]. Brain natri-
uretic peptide is a 32-amino acid peptide that was 
originally identifi ed in the brain but is predomi-
nately located within the cardiac ventricles. The 
stimuli for release of both peptides are atrial or 
ventricular distention and stretch, sympathetic 
stimulation of β-adrenoceptors, angiotensin II, 
and endothelin [ 8 ]. There are three types of natri-
uretic peptide receptors, NPR-A, NPR-B, and 
NPR-C. Binding of the natriuretic peptide to its 

receptor (either NPR-A or NPR-B) causes the 
conversion of GTP (guanosine triphosphate) to 
cGMP (cyclic guanosine monophosphate). cGMP 
activates a cGMP- dependent kinase which phos-
phorylates proteins that produce the following 
physiological responses: in the kidney it dilates 
afferent glomerular arterioles resulting in 
increased glomerular fi ltration rate, it decreases 
sodium reabsorption in the distal convoluted 
tubule and cortical collecting ducts which results 
in a greater excretion of sodium and water, and it 
decreases renin release; in the adrenal gland it 
reduces aldosterone secretion; in the vascular sys-
tem it relaxes vascular smooth muscle in arteri-
oles and venules; and in adipose tissue it increases 
the release of free fatty acids. Natriuretic peptide 
receptor-C (NPR-C) functions mainly as a clear-
ance receptor by binding and sequestering atrial 
and brain natriuretic peptide from the circulation. 
The chronic increase in circulating blood volume 
observed in obesity is in part associated with an 
increase in NPR-C in adipose tissue leading to 
enhanced adipose-mediated clearance of natri-
uretic peptides and a concomitant reduction in 
circulation natriuretic peptide levels [ 9 ]. From a 
clinical standpoint, brain natriuretic peptide 
(BNP) is useful from both a diagnostic and thera-
peutic standpoint. For patients with congestive 
heart failure, BNP levels are usually greater than 
100 pg/ml [ 10 ]. A recombinant form of BNP 
(nesiritide) has been used to treat refractory con-
gestive heart failure [ 11 ].  

   The Kidney and Blood Volume 
 Changes both in autonomic tone and natriuretic 
peptide levels affect the control of salt and water 
excretion by the kidney. In most clinical situa-
tions, both short- and long-term changes in pre-
load are regulated based on the relationship of 
urinary sodium excretion as a function of arterial 
pressure (pressure-natriuresis relationship) [ 12 ,  13 ]. 
Figure  3.3  depicts the relationships between 
arterial pressure and sodium excretion under con-
ditions of normal, high, and low sodium intake. 
As can be seen in the fi gure, with changing salt 
intakes, adjustments in the pressure-natriuresis 
curve occur (left shift with a high salt intake and 
right shift with a low salt intake) allowing the 
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body to achieve sodium balance with minimal 
changes in arterial pressure. A number of neuro-
hormonal mechanisms (renal sympathetic nerve 
activity, natriuretic and antinatriuretic hormones, 
and the renin-angiotensin-aldosterone system) 
help to adjust the pressure-natriuresis curve to 
varying salt intakes. In addition, it is important to 
remember that the dietary salt-induced changes 
in the pressure-natriuresis curve occur in the set-
ting of autoregulation of both renal blood fl ow 
and glomerular fi ltration rate. Therefore, it is the 
pressure-natriuresis relationship that links mean 
arterial pressure to sodium balance.

      Chronic Changes in Preload 
and Hypertension 
 A chronic increase in cardiac preload that occurs 
as a consequence of a chronic increase in circu-
lating blood volume leads to systemic hyperten-
sion. For example, the hypertension associated 
with obesity is in large part believed to be related 
to a chronic change in the renal pressure- 

natriuresis relationship which leads to a chronic 
increase in circulating blood volume, cardiac pre-
load, and cardiac output [ 14 ]. Similarly, end- 
stage renal disease is also associated with chronic 
volume expansion and hypertension.   

   Cardiac Contractility 

 The second determinant of cardiac output is 
contractility, the intrinsic ability of the heart to 
contract independent of the infl uences of either 
preload or afterload. The ability to produce 
force during contraction depends on the incre-
mental degrees of binding between myosin and 
actin fi laments [ 1 ]. The degree of binding that 
occurs is directly related to the intracellular 
concentration of calcium. The heart normally 
changes its contractile state through modulation 
of the sympathetic nervous system. Increased 
sympathetic tone results in the release of cate-
cholamines (norepinephrine and epinephrine) 

  Fig. 3.3    Graphic representation of the concept of renal 
pressure-natriuresis and how adjustments of this rela-
tionship are affected by changes in salt intake. The  solid 
dots  represent the equilibrium point between mean arte-
rial pressure and salt excretion. The  solid middle curve  
represents the pressure-natriuresis relations for normal 
sodium intake. The pressure- natriuresis curve adjusts 
with varying salt intakes (left shift with steepening at high 

salt intake, right shift with fl attening at low salt intake). 
If you were to join all of the solid dots, an almost vertical 
chronic pressure-natriuresis relationship would be 
depicted. Therefore, modulation of the pressure-natri-
uresis curves during alternations in salt intakes allows 
the body to achieve sodium balance with minimal 
changes in arterial pressure (Adapted from Montani and 
Van Vliet [ 5 ])       
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from sympathetic nerve terminal and the adrenal 
gland, activating the beta-adrenergic receptors, 
which ultimately increase cytosolic calcium 
concentration and thereby increasing contractile 
force. At any given preload and afterload, an 
increase in contractility will cause an increase in 
cardiac output and a resultant increase in blood 
pressure. Contractility may be iatrogenically 
altered by the administration of inotropic agents 
(e.g., norepinephrine, epinephrine, dopamine, 
dobutamine, milrinone) 

   Chronic Changes in Cardiac 
Contractility and Hypertension 
 A primary increase in cardiac output may be the 
antecedent of essential hypertension. In 1957, 
Widimsky et al. [ 15 ] reported that cardiac output 
was signifi cantly increased in a group of young 
patients with borderline hypertension, an obser-
vation confi rmed by others [ 16 – 19 ]. Julius [ 20 ] 
also reported that the early phase of hypertension 
is characterized by a hyperkinetic circulation 
caused by excessive sympathetic drive and a 
decrease in parasympathetic inhibition to the 
heart. Julius et al. [ 20 – 22 ] also demonstrated that 
in the later phases of hypertension, the cardiac 
output becomes normal but the hypertension is 
still neurogenic as demonstrated by the fact that 
continued pharmacologic parasympathetic, beta- 
and alpha-adrenergic inhibition normalizes the 
blood pressure. Stern et al. [ 23 ] showed that per-
sons with hyperdynamic physiology also display 
many of the features of the insulin resistance 
syndrome.   

   Afterload 

 The third determinant of cardiac output is after-
load, the tension or stress developed in the wall of 
the ventricle. The major components of afterload 
are systolic aortic pressure and/or the pressure in 
the ventricle and the volume of the ventricle. 
More, precisely, afterload is related to ventricular 
wall stress ( σ   ) where 

  σ ∝
P r

h

.

 
  (P, systolic ventricular pressure; r, 

radius of the ventricle; and h, wall thickness). 

 Unless aortic stenosis is present, the pressure 
that the ventricle generates during ejection is 
aortic pressure (or systolic blood pressure). The 
relationship for wall stress is similar to 
Laplace’s law, which states that the tension on 
the myofi brils within the ventricular wall is 
proportional to the pressure times the radius. 
Therefore, wall stress is wall tension divided by 
the wall thickness. 

 Afterload is increased when either aortic sys-
tolic pressure or systemic vascular resistance is 
increased. When afterload increases, there is an 
increase in end-systolic volume and a decrease in 
stroke volume and cardiac output. The physio-
logical basis for the increase in end-systolic vol-
ume with an increase in afterload is that an 
increase in afterload decreases the velocity of 
fi ber shortening, which reduces the rate of ven-
tricular ejection, resulting in more blood left in 
the ventricle at the end of systole. Therefore, 
although afterload per se does not alter preload, 
the resultant increase in end-systolic volume 
results in a secondary increase in preload. This 
interaction between preload and afterload is used 
in the treatment of heart failure with vasodilators, 
such as converting enzyme inhibitors or angio-
tensin receptor blockers. Since the vasodilators 
decrease arterial pressure, the ventricle can then 
eject blood faster, which results in an increase in 
cardiac output and a resultant decrease in end- 
systolic volume. Since less blood remains in the 
ventricle after systole, the ventricle will fi ll to a 
smaller end-diastolic volume (preload) than 
before the reduction in afterload. Long-term car-
diac output remains increased because the reduc-
tion in end-diastolic volume is less than the 
reduction in end-systolic volume. 

   Chronic Increase in Afterload 
and Myocardial Hypertrophy 
 Since myocyte contraction is the primary determi-
nant of myocardial oxygen consumption, wall 
tension or stress and myocardial oxygen con-
sumption are closely related [ 24 ]. Since a hyper-
trophied ventricle reduces wall stress and 
afterload, hypertrophy can be viewed as a mecha-
nism that permits a chronically afterloaded ven-
tricle to reduce its oxygen requirement. In patients 
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with chronic hypertension, Laine et al. [ 25 ] 
demonstrated that left ventricular hypertrophy is a 
compensatory mechanism by the heart to normal-
ize myocardial oxygen consumption; however, 
this hypertrophy occurs at the expense of a 
decrease in the ratio between cardiac work and 
oxygen consumption (effi ciency). Ultimately, the 
decrease in myocardial effi ciency may predispose 
hypertensive patients with left ventricular hyper-
trophy to heart failure.    

   Determinants of Systolic, Diastolic, 
and Mean Blood Pressure 

 The two major components of arterial pressure 
are mean arterial pressure and pulse pressure. 
Mean arterial pressure is the integrated mean of 
the phasic arterial waveform. It represents the 
steady-state component of pressure and is 
closely related to systemic vascular resistance. 
Pulse pressure depends on both left ventricular 
ejection and aortic impedance. In the presence of 
a constant cardiac output and heart rate, pulse 
pressure is a surrogate measurement of central 
aortic elastic stiffness. As central aortic stiffen-
ing increases, pulse pressure rises, systolic pres-
sure rises, and diastolic pressure decreases. The 
elastic nature of the arterial wall depends on the 
composition and arrangement of materials that 
make up the media [ 26 ]. In young persons, the 
thoracic aorta contains a predominance of elastin 
over collagen; however, more distally in the arte-
rial tree, collagen predominates over elastin, 
leading to a stiffer distal vasculature. Since the 
arterial pulse wave travels both forward to the 
periphery and backward from the periphery to 
the heart, the morphology of the arterial wave-
form results from the summation of the forward 
and backward waves. Variable overlap between 
the forward and backward waves contributes to 
variable augmentation of the pressure waveform. 
This variable pulse pressure amplifi cation causes 
central aortic pulse pressure to be lower than 
peripheral arterial pulse pressure. This variable 
pulse pressure amplifi cation explains why in 
normal children and adolescents one usually 

fi nds that leg systolic blood pressure is higher 
than arm systolic blood pressure; however, it is 
important to remember that mean arterial pres-
sure is the same throughout the large arteries. As 
we age, the aorta loses some of its elastin and 
becomes stiffer and more like the distal arterial 
tree and this variable pulse pressure amplifi ca-
tion disappears [ 27 ]. Since pulse waves travel 
faster in stiffer arteries, pulse wave velocity is a 
useful clinical marker for large artery stiffness 
and vascular disease. In both children and adults, 
increased pulse wave velocity has been shown to 
be a predictor of cardiovascular morbidity and 
mortality [ 28 – 31 ]. In fact, because the tradi-
tional end points of stroke, myocardial infarc-
tion, and mortality used in studies of adults are 
unsuitable to evaluate the risk and benefi ts of 
pediatric clinical trials, pulse wave velocity has 
been recommended as a useful marker for pre-
dicting future cardiovascular disease in pediatric 
populations [ 31 ,  32 ].  

   Systemic Vascular Resistance 

 In the absence of aortic stenosis and aortic coarc-
tation, systemic vascular resistance is the major 
determinants of afterload. The three major deter-
minants of systemic vascular resistance are local 
vascular regulatory mechanisms (metabolic, 
myogenic, and endothelial), the autonomic ner-
vous system, and vasoactive peptides. 

   Local Vascular Regulatory 
Mechanisms 

 The control of local tissue or organ blood fl ow is 
regulated by several factors including metabo-
lism, myogenic responses, and the endothelial 
release of relaxing factors [ 33 ]. The major meta-
bolic controllers of local tissue fl ow include oxy-
gen, carbon dioxide, adenosine, sodium, and 
potassium. Tissue hypoxia produces arteriolar 
vasodilation that is in part mediated by the release 
of nitric oxide, arachidonic acid metabolites [ 34 ], 
and adenosine. The arterial partial pressure of 
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carbon dioxide, through its ability to vasodilate 
cerebral arterioles, plays an important role in 
the regulation of cerebral blood fl ow. In the kid-
ney, distal sodium concentration plays a critical 
role in renal autoregulation. Renal blood fl ow 
and glomerular fi ltration rate autoregulation are 
in part due to tubuloglomerular feedback (a spe-
cialized feedback mechanism that links changes 
in sodium chloride concentration at the macula 
densa cells in the early distal tubule with control 
of afferent renal arteriolar resistance, i.e., a 
decreased delivery of sodium chloride to the 
macula densa reduces afferent arteriolar resis-
tance, which increases glomerular fi ltration 
rate) [ 35 ,  36 ]. 

 Myogenic control of blood fl ow is defi ned as 
the ability of blood vessels to constrict in 
response to increased intravascular pressure 
independent of neural or humeral infl uences. 
This response involves stretch-induced depolar-
ization of vascular smooth muscle cells in high-
resistance arterioles. With a decreased in 
intravascular pressure, there is a hyperpolariza-
tion of vascular smooth muscle and decrease in 
vascular resistance. In the kidney, preglomerular 
arteries and afferent arterioles, but not efferent 
arterioles, have myogenic responses to changes 
in wall tension [ 36 ,  37 ]. The myogenic control of 
the preglomerular arteries and afferent arterioles 
contributes about half of the autoregulatory effi -
ciency of the renal vasculature. Chronic hyper-
tension appears to lead to augmented myogenic 
responses as a result of both structural changes 
in blood vessels and a change in the intrinsic 
activation state of the arterioles [ 38 ]. 

 The fi nal major mechanism for the local con-
trol of regional organ or tissue blood fl ow and 
resistance is through the release of endothelial- 
derived factors (nitric oxide, prostaglandins, and 
arachidonic acid metabolites). These factors, 
released by the endothelium, dilate or constrict 
arterioles. One of the major mechanisms for 
their release is vascular shear stress [ 39 ]. In the 
kidney, nitric oxide also directly affects tubular 
sodium transport and appears to be a major 
mediator of the changes in sodium excretion 
induced by arterial pressure [ 40 ].  

   Autonomic Nervous System Control 
of Vascular Resistance 

 Short- and long-term control of arterial pressure 
involves both the sympathetic and parasympa-
thetic autonomic nervous system and the associ-
ated neurohormonal systems that are primarily 
regulated by the hypothalamus and medulla 
oblongata. Much of the short-term regulation of 
arterial pressure is accomplished through an 
intricate and interactive set of feedback mecha-
nisms which include baroreceptors, chemorecep-
tors, and osmoreceptors. 

   Baroreceptors 
 The brain continuously monitors arterial pressure 
through stretch-sensitive nerve endings located in 
the carotid sinuses, aortic arch, and cardiac atria 
and ventricles. A discussion of the low-pressure 
(cardiopulmonary) receptors can be found in the 
preload section. The high-pressure (arterial) baro-
receptor’s afferent pathways consist of axons 
from the vagal and glossopharyngeal nerves and 
are transmitted to the nucleus tractus solitarius. 
The primary function of the high-pressure barore-
ceptors is for buffering of acute changes in arterial 
pressure that occur during normal daily activity. 
Increases in arterial pressure cause increase in 
baroreceptor activity which induces refl ex para-
sympathetic activation, sympathetic inhibition, 
and decreases in heart rate and vascular resis-
tance, whereas decreases in blood pressure 
decrease baroreceptor activity producing refl ex-
mediated increases in heart rate and vascular 
resistance. The barorefl ex can also infl uence 
secretion of vasopressin and renin [ 41 ,  42 ]. The 
baroreceptors can both adapt and reset in response 
to increases in arterial pressure. Adaptation is the 
decrease in baroreceptor activity that occurs over 
a period of seconds to minutes despite the ele-
vated blood pressure, and is believed to involve 
viscoelastic relaxation [ 43 ]. In chronic hyperten-
sion the baroreceptors are reset to the higher pres-
sure, and baroreceptor activity returns to 
near-normal levels. However, the baroreceptors 
become less sensitive, that is, the slope of the arte-
rial pressure-activity curve is decreased [ 44 ,  45 ]. 
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Structural changes in the carotid sinus and aorta 
that result in decreased compliance are believed to 
mediate this decrease in baroreceptor sensitivity.  

   Baroreceptors and Hypertension 
 Whether arterial baroreceptors play a role in the 
pathogenesis of hypertension has been debated 
for more than 75 years [ 44 ]; however, recent 
research has suggests that the baroreceptors do 
contribute to long-term control of blood pressure. 
Lohmeier et al. [ 46 ] demonstrated that sustained 
activation of the central baroreceptors plays an 
important role in the pathogenesis of obesity- 
related hypertension. He and others [ 47 ,  48 ] dem-
onstrated that chronic stimulation of the carotid 
sinus results in lowering of blood pressure in 
both experimental obesity-related hypertension 
and other types of resistant hypertension. The 
mechanism for the reduction in blood pressure 
has been shown to relate to suppression of sys-
temic sympathetic activity, reduction in heart 
rate, reduction in plasma renin activity, and 
reduction in glomerular hyperfi ltration while 
increasing fractional sodium excretion [ 49 ].  

   Chemoreceptors and Osmoreceptors 
 Receptors in the carotid bodies and adjacent aorta 
are sensitive to changes in vascular oxygen, car-
bon dioxide, and hydrogen ion excess. These 
receptors play a minor role in arterial pressure 
regulation except under extreme conditions such 
as hypoxia, acidosis, or respiratory failure. The 
osmoreceptors are found in several areas of the 
brain and periphery (e.g., hepatic osmoreceptors) 
and modulate arterial pressure through regulation 
of vasopressin secretion [ 50 ].  

   Hypothalamus and Medulla Oblongata 
and Hypertension 
 Although the peripheral autonomic nervous sys-
tem contributes to certain aspects of blood pres-
sure control, most research suggests that 
abnormalities at the higher centers of the central 
nervous system may be critical to the develop-
ment of hypertension. For example, it has been 
known for years that the hypertension induced by 
deoxycorticosterone acetate and high-salt diet in 
the rat can be eliminated by creating lesions in 

the posterior hypothalamus, whereas stimulation 
in this region intensifi es the hypertension [ 51 ]. 
Similarly, the arcuate nucleus of the hypothala-
mus has been demonstrated to play a critical role 
in the pathogenesis of obesity-related hyperten-
sion. The arcuate nucleus contains a population 
of neurons that lead to a decrease in food intake 
and an increase in energy expenditure, induced in 
part, via the precursor peptide pro- 
opiomelanocortin (POMC) [ 52 ]. Leptin, a 167- 
amino acid hormone that is secreted exclusively 
by adipocytes, activates POMC-containing neu-
rons to inhibition of food intake and activation of 
the sympathetic nervous system [ 53 ]. An intact 
pro-opiomelanocortin system is essential for obe-
sity to be associated with high blood pressure. 
Melanocortin-4 receptor-defi cient mice are obese 
but do not have hypertension despite hyperlepti-
nemia and hyperinsulinemia [ 54 ]. In obese mela-
nocortin- 4 receptor-defi cient humans, Greenfi eld 
et al. [ 55 ] demonstrated that the prevalence of 
hypertension is markedly lower than in obese 
melanocortin-4 receptor-positive subjects. In 
addition, in human obese subjects with functional 
melanocortin-4 receptors, subcutaneous adminis-
tration of a melantocortin-4 receptor agonist for 7 
days caused signifi cant increases in blood pres-
sure [ 55 ]. Sayk et al. [ 56 ] demonstrated that in 
obese persons who carry melanocortin-4 receptor 
mutations, there is an inverse relationship 
between obesity and muscle sympathetic nerve 
activity. Finally, Lohmeier et al. [ 46 ] demon-
strated in dogs with obesity-related hypertension, 
activation of neurons in the medulla oblongata 
(nucleus tractus solitarius, caudal ventrolateral 
medulla, and rostral ventrolateral medulla) is 
important in the development of hypertension.   

   Vasoactive Peptides 

 The release of vasoactive substances is a major 
modulator of systemic vascular resistance. Other 
than the catecholamines that are released by either 
the sympathetic nervous system or adrenal gland, 
three other important sources of vasoactive sub-
stances are the renin-angiotensin-aldosterone sys-
tem (angiotensin II), endothelin, and vasopressin. 
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   The Renin-Angiotensin-Aldosterone 
System 
 Renin is synthesized, stored, and released by the 
juxtaglomerular cells of the kidney and is the rate-
limiting enzyme in the biochemical cascade that 
forms angiotensin II, a potent vasoconstrictor (see 
also Chaps.   1     and   2    ). Physiological regulation of 
renin release is modulated by the renal barorecep-
tors, macula densa, and renal nerves. The renal 
baroreceptor in the afferent glomerular arterioles 
stimulates renin production and release when 
renal perfusion pressure is low and decreases 
release and production when perfusion pressure is 
increased. The macula densa, a group of cells in 
the distal tubule adjacent to the afferent arterioles 
and juxtaglomerular cells, senses changes in dis-
tal tubular sodium delivery. A decrease in sodium 
delivery leads to an increase in renin synthesis 
and release. Finally, the renal sympathetic nerves 
directly innervate the juxtaglomerular cells, and 
stimulation of these nerves causes renin release. 
Renin cleaves the decapeptide, angiotensin I 
(Ang I), from angiotensinogen, and angiotensin 
converting enzyme converts Ang I to angiotensin 
II (Ang II), a potent vasoconstrictor. Ang II binds 
to two transmembrane receptors, angiotensin II 
receptor subtype I (AT1) and angiotensin II recep-
tor subtype II (AT2), which mediate its physiolog-
ical actions. Activation of AT1 results in blood 
vessel constriction, secretion of aldosterone, 
amplifi cation of sympathetic nervous system out-
fl ow, increased renal sodium retention, and the 
stimulation of cellular growth in the cardiovascu-
lar system. Activation of the AT2 receptor opposes 
the actions of the AT1 receptor, in that it promotes 
vasodilation, induces apoptosis, and promotes 
natriuresis [ 57 ]. Other recently described 
 components of the renin-angiotensin-aldosterone 
system are described in Chaps.   1     and   2    .  

   Endothelin and the Cardiovascular 
System 
 Endothelin, a potent vasoconstrictor produced by 
vascular endothelial cells, is released by vascular 
shear stress (high pressure and low shear stress 
stimulate release and low pressure and high 
shear stress inhibit release). Endothelin can be 
released by Ang II, vasopressin, and catecholamines. 

Endothelin plays a major physiological role in 
the local regulation of tissue and organ blood 
fl ow; however, its role in the pathophysiology of 
hypertension is unclear [ 58 ].  

   Vasopressin and Hypertension 
 Vasopressin, or antidiuretic hormone, a peptide 
produced in the posterior pituitary gland in 
response to reduced cardiopulmonary volume, 
decreased blood pressure, and increased osmo-
larity, plays a critical role in salt and water bal-
ance but has vasoconstrictor properties. 
Vasopressin stimulates the distal collecting ducts 
of the kidney to retain water. It also enhances the 
sympathoinhibitory infl uences of the arterial 
barorefl ex and central nervous system, which 
counter the vasoconstrictor effects of the peptide. 
As with the endothelins, the role of vasopressin in 
the pathogenesis of hypertension is unclear [ 59 ].    

   Summary 

 The regulation of the heart and the vasculature 
are linked by the fundamental principles that the 
metabolic state of each organ or tissue is depen-
dent on the relationship between metabolism and 
blood fl ow and that each organ or tissue has the 
ability to control its own blood fl ow according to 
local metabolic and functional needs. On a whole-
body level, these principles are mediated through 
blood pressure homeostasis (a closed negative 
feedback loop which regulates mean arterial 
pressure around a set reference level). Figure  3.1  
schematically depicts that feedback loop for 
blood pressure homeostasis. An example of how 
this feedback loop works can be seen in the case 
of acute blood loss. Acute blood loss results in an 
acute decrease in preload and a resultant decrease 
in cardiac output and at the tissue or organ level, 
a decrease in nutrient supply which results in 
local vasodilation and a resultant slight decrease 
in systemic vascular resistance. Since both car-
diac output and systemic vascular resistance are 
acutely decreased in such a setting, the net sys-
tem output (mean arterial pressure) is acutely 
decreased. Since mean arterial pressure drops 
below reference levels, the sensors monitoring 
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system output (the central nervous system, the 
arterial baroreceptors, the atrial stretch receptors 
and cardiopulmonary baroreceptors, and the 
renal baroreceptors) feed data back to the con-
trollers (the central nervous system, the sympa-
thetic and parasympathetic nervous system, the 
renal sympathetic nervous, the kidney (renal 
pressure-natriuresis curve), and the release of 
vasoactive substances), which adjust the system 
(heart and vasculature) to acutely increase car-
diac contractility, systemic vascular resistance, 
and venous return (acute decrease in venous 
compliance) and chronically increase preload 
(altering the renal pressure-natriuresis relation-
ship to cause sodium retention) to maintain the 
desired system output (returning mean arterial 
pressure to the reference level). 

 In disease states, the reference level around 
which arterial pressure is maintained is changed to 
a new level (e.g., in the case of chronic hyperten-
sion the level is increased), and the feedback loop 
is altered so that controllers (determinants of blood 
pressure), the system (heart and vasculature), and 
the sensors (the physiological monitors of arterial 
pressure) maintain this new reference level.     
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   Among the many determinants of blood pressure, 
the role of ion transport has played a key role in 
both the basic understanding and clinical man-
agement of hypertension. For decades, clinicians 
have counseled their hypertensive patients to 
limit salt intake. This approach has been codifi ed 
in clinical guidelines and forms the backbone 
of what has been termed therapeutic lifestyle 
modifi cations [ 1 ,  2 ]. Sodium restriction has been 

studied in clinical trials as an effective measure 
for control of moderately elevated blood pressure 
[ 3 ,  4 ]. In addition to sodium restriction, the role 
of natriuresis has been translated into therapy, 
as thiazide diuretics have assumed the role of 
fi rst-line pharmacologic therapy for hypertension 
in adults [ 5 ,  6 ]. 

 At a more basic level, an expanding list of 
genes has been implicated in monogenic forms of 
hypertension. Such genes typically encode pro-
teins that affect renal tubular sodium handling 
(reviewed in Chap.   6    ). Moreover, mutations lead-
ing to renal salt wasting, as observed in Bartter and 
Gitelman syndrome, are associated with normal 
and low blood pressure. 

 While monogenic conditions associated with 
high or low blood pressure provide insight into 
the pathogenesis of hypertension, such entities 
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comprise only a small fraction of the overall bur-
den of hypertension. More broadly, however, 
pathogenic changes in ion transport have been 
implicated in both animal models and in human 
studies of essential hypertension, suggesting a 
role for altered structure and function of ion 
transporters that provide additional rationale for 
the success of such measures as salt restriction 
and diuretics in treating hypertension. In this 
chapter, we will review the function and structure 
of some of the ion channels studied in hyperten-
sion and their relevance to clinical practice. 

    Sodium Channels 

 Given the importance of salt in the management 
of blood pressure, sodium channels have been 
extensively studied as targets in both animal 
models of hypertension and clinical research. 

 All known relevant channels expressed along the 
length of the tubule have been studied. These include 
a variety of sodium transporters – the Na + /H +  
exchangers (NHEs), the Na + -K + -2Cl -  cotransporter 
(NKCC), the Na + -Cl -  cotransporter (NCC), as well 
as the epithelial sodium cotransporter (ENaC), and 
the sodium-potassium ATPase (Na + /K +  ATPase). 
These are listed in Table  4.1 .

      NHE Transporters 

 Na + /H +  transporters (also called antiporters) have 
been localized throughout the body and play a 

major role in cell-volume regulation and the 
transcellular movement of sodium and osmoti-
cally driven water. There are at least nine NHEs; 
the NHE1 transporter is ubiquitous, while NHE3 
is highly expressed in the kidney [ 7 ]. Both NHE1 
and NHE3 have been the focus of much study with 
respect to hypertension. Specifi cally, the localiza-
tion of NHE1 to red blood cells (RBCs) has facili-
tated its study in humans and in rat models, such 
as the spontaneous hypertensive rat (SHR). 

 NHE1 activity is increased in the SHR in 
multiple cell types, including RBCs, platelets, 
leukocytes, skeletal muscle, vascular smooth 
muscle cells, and tubular epithelial cells. Na + /H +  
transport in red blood cells (RBCs) has been 
examined in humans as well and appears to cor-
relate with renal sodium retention in hypertensive 
subjects [ 8 ]. The human studies align well with 
the differential effect in SHR versus MHS strains, 
as approximately half the patients studied had 
increased RBC Na + /H +  activity [ 9 ,  10 ]. This 
increased Na + /H +  activity likely refl ects a systemic 
effect, as it has also been demonstrated in skeletal 
muscle in both SHR [ 11 ] and in humans with 
essential hypertension [ 12 ]. 

 In contrast to NHE1, the related NHE3 trans-
porter has a more restricted distribution that 
includes the proximal tubule, and RBC expres-
sion of NHE3 has not been reported. In SHR, 
NHE3 activity is increased [ 13 ], though mRNA 
expression is not altered. However, this enhanced 
activity may be related to decreased expression 
of the NHE regulatory factor 1 (NHERF1) [ 14 ], 
which normally inhibits the activity of NHE 
transporters, suggesting that changes in NHE3 
activity are unrelated to gene expression or struc-
ture per se. Kelly et al. [ 15 ] studied the relative 
contributions to sodium transport by NHE1 and 
NHE3 in proximal tubule cells in the SHR as 
compared to their control, the Wistar-Kyoto 
(WKY) rat. Their studies revealed equal activity 
of both proteins. While NHE1 protein expression 
was similar to that of the normotensive WKY, 
NHE3 expression was increased by 50 % in the 
SHR. An earlier study [ 16 ] in the  NHE3  knock-
out mouse demonstrated proximal renal tubular 
acidosis with salt wasting, polyuria, and lower 
blood pressure, in spite of increased renin mRNA 

      Table 4.1    Sodium Transporters along the Renal Tubule   

 Transporter 
 Intrarenal 
location 

 Cellular 
location 

 Na + /H +  exchangers 
(NHEs) 

 Proximal tubule 
and TAL 

 Apical 

 Na + -K + -2Cl −  
cotransporter (NKCC) 

 TAL  Apical 

 Epithelial sodium 
cotransporter (ENaC) 

 Collecting duct  Apical 

 Na + Cl −  cotransporter 
(NCC) 

 Distal tubule  Apical 

 Sodium-potassium 
ATPase (Na + K + ATPase) 

 Multiple 
segments 

 Basolateral 

   TAL  thick ascending limb of the loop of Henle  
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expression and plasma aldosterone levels. These 
mice also demonstrated diarrhea related to 
decreased intestinal expression of NHE3, the 
other major site of expression. 

 Human studies on NHE3 in hypertension are 
limited. Zhu et al. [ 17 ] studied polymorphisms in 
the gene encoding NH3, also known as solute 
carrier family 9 member ( SLC9A3 ), to determine 
its association with hypertension in an ethnically 
diverse group of 983 persons, including some 
with normal and others with elevated blood pres-
sure. None of the six polymorphisms studied was 
associated with hypertension, although only a 
subset of the gene sequence was interrogated. 
Further, there were no validation sets to confi rm 
the reported associations.  

    NKCC Transporters 

 The sodium-potassium-chloride cotransporter 
(NKCC,  SLC12A2 ) family consists of two related 
proteins, NKCC1 and NKCC2. The fi rst is 
expressed in a wide variety of tissues, while the 
second is primarily found in the kidney. In many 
tissues, these channels are activated by shrinkage 
of cell volume and conversely, inhibited by cell 
swelling. 

 The importance of NKCC2 is related primar-
ily to its role in net sodium and chloride reab-
sorption in the thick ascending limb of the loop 
of Henle and its inhibition by diuretics such as 
furosemide [ 18 ,  19 ]. This transport system is 
responsible for approximately 25 % of tubular 
sodium reabsorption. Lifton’s group reported that 
mutations in the gene encoding the NKCC2 pro-
tein ( SLC12A1 ) cause type 1 Bartter syndrome, 
[ 20 ] a severe form of Bartter syndrome heralded 
by antenatal manifestations with polyhydram-
nios, prematurity, and postnatal electrolyte wast-
ing and volume depletion. Biochemically, the 
hallmark of all forms of Bartter syndrome is ele-
vated plasma renin activity and aldosterone level 
with low to normal blood pressure. Perhaps more 
generally relevant are studies by the same group 
on subjects in the Framingham Heart Study that 
identifi ed mutations in genes encoding NKCC2, 
as well as the sodium-chloride cotransporter 

(NCCT), and the renal outer medullary potas-
sium channel  ( ROMK), all of which appeared to 
be protective against hypertension [ 21 ]. 

 Similar to NHE transporters, NKCC has also 
been studied in RBCs both in animal models and 
in humans with hypertension. There is higher 
activity in RBCs in MHS rats compared to con-
trols (the Milan normotensive strain, or MNS), and 
these animals demonstrate a greater natriuretic 
response to bumetanide [ 22 ]. Since this strain has 
normal expression of NKCC2 mRNA and protein 
[ 23 ], it seems unlikely that the increased activity is 
unrelated to increased gene transcription. Higher 
levels of NKCC1 activity have been documented 
in hypertensive humans, but this fi nding accounts 
for only a fraction of those with low-renin hyper-
tension [ 24 – 26 ]. However, patients with higher 
NKCC1 levels also have an exaggerated response 
to furosemide [ 27 ].  

    The NCCT 

 Given the widespread use and success of thiazides 
in treating essential hypertension, the sparse data 
on the sodium-chloride cotransporter (NCCT) in 
both animal models and human hypertension is 
surprising. Capasso et al. demonstrated increased 
expression of the NCCT in MHS rats, in contrast 
to NKCC2 and NHE3 mRNA expression, which 
were not increased [ 23 ]. Mutations in the  NCCT  
gene ( SLC12A3 ) were also found to be protective 
against the development of high blood pressure in 
Framingham Heart Study subjects [ 21 ]. Similarly, 
heterozygote fi rst-degree relatives of patients with 
homozygous mutations in  NCCT  (Gitelman syn-
drome) had signifi cantly lower blood pressures 
than controls matched for age, gender, and body 
mass index [ 28 ].  

    ENaC 

 Activating mutations in genes encoding the epi-
thelial sodium channel (ENaC) cause Liddle 
syndrome, probably the best known monogenic 
form of hypertension (see also Chap.   6    ). The ENaC 
is actually a protein complex of three subunits. 
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The regulation of ENaC has been elucidated over 
the past decade and includes a complex interac-
tion of intracellular proteins including serum- 
and glucose- regulated kinase (SGK1) and neural 
precursor cell expressed, developmentally down-
regulated 4-2 (Nedd4-2) [ 29 ]. The putative role 
of the ENaC has also been studied in nongenetic 
forms of hypertension. 

 The Dahl salt-sensitive rat strain has been 
shown to exhibit increased activity of intrarenal 
ENaC. Early studies in primary cultures of collect-
ing ducts from this strain, sodium transport was 
enhanced as compared to the Dahl salt- resistant 
strain and was augmented by aldosterone and 
dexamethasone, suggesting that either ENaC or 
Na + /K +  ATPase must have been involved [ 30 ]. In 
follow-up experiments to distinguish between 
whether the effect was due to ENaC or to Na + /K +  
ATPase, sodium transport was unaffected by oua-
bain, which inhibits the Na+/K + ATPase, suggest-
ing increased ENaC activity as the cause [ 31 ]. 

 As noted, Liddle syndrome is caused by muta-
tions in the genes encoding the ß- and γ-subunits 
of ENaC. These mutations result in truncated 
proteins lacking the C-terminal end, a segment 
that is essential for intracellular regulation. The 
mutations leave ENaC constitutively activated 
and unaffected by homeostatic stimuli such as 
aldosterone. Aside from this rare genetic disease, 
a number of studies have attempted to assess the 
contribution of ENaC to essential hypertension. 
Persu et al. studied ß-ENaC variants in hyperten-
sive families [ 32 ]. After determining the most 
common changes observed in the last exon, they 
assessed the frequency of these variants in a 
French cohort of 525 patients. Although these 
changes were seen in only 1 % of white persons, 
the frequency increased up to 44 % in those of 
African ancestry. However, only a fraction of 
those variants led to changes in sodium fl ux when 
the various constructs were studied in  Xenopus  
oocytes [ 32 ]. 

 A relatively common variant in ß-ENaC, 
T594M, has been examined in a number of stud-
ies. This variant was fi rst reported by Su et al. 
[ 33 ] and found in 6 % of 231 African American 
subjects but in none of the 192 Caucasians stud-
ied. This variant leads to loss of protein kinase C 

inhibition, providing a putative mechanism for 
its effect [ 34 ]. A second study identifi ed an asso-
ciation between this same variant and hyperten-
sion in 348 blacks in a study from the UK [ 35 ]. 
The frequency of this variant was 8.3 % among 
hypertensive persons and 2.1 % in those with 
normal blood pressure. However, a larger study 
( n  = 4803) that included a large black population 
reported no relationship between this variant and 
hypertension [ 36 ]. Moreover, administration of 
amiloride to those with this variant did not dem-
onstrate any differential effect as compared to 
those with wild-type ß-ENaC. Thus, the role of 
ENaC variants in essential hypertension remains 
incompletely elucidated.  

    Na + /K +  ATPase 

 The ubiquitous sodium-potassium ATPase ( Na   +   /
K   +    ATPase ) pump generates the driving force 
for a myriad of transport processes. In the renal 
tubule, the pump results in net sodium gain, facil-
itating epithelial sodium reabsorption in the 
length of the renal tubule [ 37 ]. Earlier studies 
revealed increased Na + /K +  ATPase activity in 
kidney extracts from the Milan hypertensive rat 
as compared with its normotensive control [ 38 ]. 
This phenomenon was due to increased activity 
of the pump per se, as pump number was not 
increased, as assessed by the number of ouabain 
binding sites [ 39 ]. 

 In contrast to primary overactivity of this pump, 
Blaustein et al. [ 40 ] have proposed an alternative 
model based on an unidentifi ed endogenous oua-
bain-like substance. They hypothesize that salt 
retention leads to production of this ouabain- like 
substance, which then increases vasomotor tone 
due to the linked effects of the Na + /K +  ATPase and 
calcium fl ux [ 41 ]. While acute administration of 
ouabain to rats may induce protective effects such 
as increased generation of nitric oxide in response 
to acetylcholine, chronic administration in the rat 
model induces hypertension that blunts the 
effects of acetylcholine and generates endothelial 
dysfunction [ 42 ]. An endogenous ouabain-like 
substance has been isolated from the MHS hypo-
thalamus [ 43 ].   
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    Calcium Flux 

 As noted, sodium and calcium fl ux are interrelated, 
most notably due to the effects of the Na + /K +  
ATPase and cross talk with the Na + /Ca 2+  exchanger 
(NCX). This effect has been harnessed therapeuti-
cally with the use of digoxin to increase myocardial 
contractility. Inhibition of the Na + /K +  ATPase leads 
to an increase in intracellular sodium levels with 
secondary redistribution of calcium due to NCX 
[ 44 ]. The resulting rise in intracellular calcium 
improves contractility in cardiac myocytes and 
vascular smooth muscle cells (VSMCs). This link 
has been further established at a cellular compart-
ment level with studies that show colocalization 
of Na + /K +  ATPase and NCX [ 40 ,  45 ]. 

 It should be noted that differing Na + /K +  
ATPase subtypes have different affi nity for oua-
bain; α2 subtypes have the greatest affi nity for 
endogenous ouabain and may mediate its effect 
on VSMCs [ 46 ,  47 ]. In mice, expression of the 
α2 subtype with a shortened N-terminus is domi-
nant negative for expression of wild-type full- 
length α2 pump [ 48 ]. When this dominant-negative 
α2 pump was expressed using a smooth muscle- 
specifi c myosin promoter, reduced pump function 
and elevated blood pressure were observed [ 40 ]. 
Conversely, mice that overexpress the α2 pump 
within smooth muscle have signifi cantly lower 
blood pressure than either α2 wild-type mice or 
mice with α1 overexpression [ 49 ]. 

 The relationship between the Na + /K +  ATPase 
and NCX transporters suggests a sequence by 
which increased salt and water intake leads to vol-
ume expansion, followed by secondary release of 
endogenous ouabain [ 40 ,  50 ]. The inhibition of the 
Na + /K +  ATPase acts to prevent further sodium 
retention by the kidneys. Within VSMCs, Na + /K +  
ATPase inhibition enhances calcium exchange via 
NCX with a resultant increase in intracellular cal-
cium and vasoconstriction. Furthermore, because 
of membrane depolarization related to Na + /K +  
ATPase inhibition, L-type calcium channels would 
be activated leading to further calcium infl ux, 
resulting in a net increase in vascular tone. 

 The effects of ouabain on the α2 pump as 
described above lead to increased vascular tone. 

However, the α1 pump found in the renal tubular 
epithelium leads to net sodium retention and 
would theoretically be inhibited by ouabain. This 
discordance can be explained by the differential 
effects of physiological levels of ouabain on the 
different pump isoforms that are present in the 
given tissue. As noted, ouabain inhibits the α2 
pump, leading to calcium infl ux into VSMCs and 
increased vascular tone. In contrast, ouabain may 
have a net stimulatory effect in the kidney at the α1 
pump via stimulation of epidermal growth factor 
receptor and subsequent phosphorylation and 
activation of the α1 pump [ 51 ,  52 ]. Thus, the dif-
ferential effect on isoforms of the Na + /K +  ATPase 
leads to a net increase in blood pressure [ 53 ]. 

 Perhaps the most exciting outgrowth of this 
research is the development of an inhibitor of the 
Na + /K +  ATPase for the treatment of hypertension. 
Rostafuroxin (PST 2238) is a sterol compound 
that competitively binds to Na + /K +  ATPase and 
inhibits the effects of ouabain. In MHS rats, ros-
tafuroxin lowered blood pressure compared to 
vehicle. This effect was also seen in Sprague- 
Dawley rats treated with ouabain, deoxycortico-
sterone acetate, and salt-treated rats in a remnant 
kidney model [ 53 – 55 ]. One recent phase II study 
in hypertensive humans showed no effect of fi ve 
different doses on blood pressure lowering [ 56 ]. 
However, when patients were stratifi ed by geno-
type, rostafuroxin was associated with a signifi cant 
drop in blood pressure [ 57 ]. Patients with variants 
in genes encoding enzymes for ouabain synthe-
sis, ouabain transport, and the cytoskeletal protein 
adducin responded to all doses of  rostafuroxin, 
in contrast to patients receiving losartan or hydro-
chlorothiazide [ 58 ].  

    Regulation of Ion Flux 

 While multiple channels have increased activity 
that leads to heightened net sodium reabsorption 
and hypertension in both animal and human 
studies, the exact mechanism remains unclear. 
The transporters studied generally do not have 
increased levels of mRNA or protein, and the 
association studies for specifi c polymorphisms 
of the involved transporters have provided 
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confl icting data. However, the cytoskeleton has 
been implicated as having a role in increased 
functional sodium resorption. For example, 
adducin, briefl y discussed above, is a ubiqui-
tously expressed component of the cytoskeleton. 
Adducin is found in both rats and humans, and 
its association with salt-sensitive hypertension 
has been described in both. 

 Bianchi et al. reported that adducin mutations 
in both α- and β-subunits were associated with 
hypertension in MHS rats [ 59 ]. A subsequent 
study by those investigators showed that in rat 
renal tubular epithelium, adducin mutations 
increase Na + /K +  ATPase activity [ 60 ]. They later 
described that MHS rats with adducin mutations 
did not have the expected endocytosis of Na + /K +  
pumps in response to dopamine [ 61 ] and that the 
lack of endocytosis of the Na + /K +  ATPase may 
refl ect a broader alteration in clathrin-dependent 
endocytosis [ 62 ]. Other groups have shown that in 
a variety of rat models of hypertension, genes 
encoding adducin subunits are located within quan-
titative trait loci for hypertension [ 63 ]. As described 
above, rostafuroxin reduces blood pressure in 
hypertensive MHS rats [ 53 ,  54 ] and humans [ 59 ] 
with adducin mutations. 

 α-Adducin polymorphisms have been 
described in human salt-sensitive hypertension as 
well. In an Italian study of 936 persons, including 
137 hypertensive sibling pairs in whom linkage 
analysis was done using three DNA markers at 
different distances from the alpha-adducin locus 
(20–2,500 kb), and hypertensive patients, and 
normotensive controls, in whom the G460W 
polymorphism was studied, a signifi cant associa-
tion was seen between alpha-adducin and hyper-
tension [ 64 ]. Interestingly, this relationship was 
not seen in a cohort of 375 Scottish patients [ 65 ] 
or 507 Japanese patients [ 66 ].  

    Sodium Distribution and Blood 
Pressure 

 An additional factor in the salt-mediated regulation 
of blood pressure is the distribution of sodium 
itself. Sodium intake leads to volume expansion 
but redistribution of salt and water to other body 
compartments occurs to offset this effect and the 

accompanying increase in blood pressure. 
 Osmotically active sodium  refers to the changes 
in total body water that occur with sodium intake. 
In contrast,  osmotically inactive sodium  describes 
sodium distribution that does not alter volume 
and that may protect against sodium-induced 
changes in blood pressure. 

 This concept of osmotically active and inactive 
sodium was studied in the Dahl salt-sensitive (SS) 
rat strain [ 67 ]. Compared to the Dahl salt-resistant 
strain and the Sprague-Dawley (SD) rat, SS rats 
had an expected increase in total body water, total 
body salt, and blood pressure when fed a high-
salt diet. To study the osmotically inactive sodium 
compartment, bone sodium content was investi-
gated. The SS strain showed an increase in bone 
sodium content, but the bone sodium to total body 
sodium (TBS) ratio (Bone Na+/TBS) actually 
dropped in these animals compared to the other 
strains. This ratio was also inversely correlated 
with total body water and blood pressure in the SS 
rats, while no relationship was seen in other 
strains. Thus, in the SS rats, the osmotically inac-
tive bone sodium compartment was inadequate to 
handle the high-salt diet and appeared to contribute 
to the development of hypertension. 

 Titze et al. later studied the role of skin in SD 
rats as a compartment for osmotically inactive 
sodium [ 68 ]. Ovariectomized rats were compared 
to male and fertile female Sprague-Dawley rats, 
based on prior observation of altered salt sensi-
tivity in females compared to males. While all 
groups showed an increase in skin sodium after 
a high-salt diet, the ovariectomized rats showed a 
smaller increase. Similarly, the ratio of skin 
sodium to total body sodium did not change in 
ovariectomized rats, while it rose in fertile female 
and male rats. In contrast, the Dahl strains showed 
no change in skin sodium content. These investi-
gators later demonstrated that this osmotically 
inactive sodium storage was related to increased 
skin glycosaminoglycan (GAG) content and that 
genes regulating GAG expression could be actively 
induced by salt loading [ 69 ]. The regulation of 
sodium in this compartment may be further con-
nected to hormonal mechanisms within local 
macrophages [ 70 ] suggesting a complex interplay 
of mechanisms to regulate salt balance in this 
model of salt-sensitive hypertension.  
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    Conclusions 

 Aberrant ion transport appears critical for the 
pathogenesis of hypertension. The research 
reviewed in this chapter refl ects only a subset of 
the published data in this fi eld. Changes in ion 
transport in hypertension also constitute an excit-
ing area of potential study in children and adoles-
cents with essential hypertension, many of whom 
are salt sensitive. The role of rostafuroxin remains 
to be established in the treatment of hypertension 
but establishes a new class of agent that may 
more directly target salt-sensitive essential 
hypertension without the complicating metabolic 
side effects of thiazides.     
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     The History of Uric Acid 
and Hypertension 

 The possibility that uric acid may be a cause of 
hypertension has been considered for more than a 
century. Frederick Mahomed, in the 1870s, pos-
tulated that hypertension resulted from a circulat-
ing toxin that caused an increase in blood pressure 
and subsequently damaged the vasculature of the 
heart and kidneys [ 1 ]. While he suggested several 
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    Abstract 

   Over the last century, uric acid has been considered a possible risk factor 
for hypertension and cardiovascular disease. However, only in the last 
decade have animal models and clinical trials supported a truly mechanis-
tic link. Results from animal models suggest a two-phase mechanism for 
the development of hyperuricemic hypertension in which uric acid induces 
acute vasoconstriction by the activation of renin-angiotensin-aldosterone 
system, followed by enhanced uric acid uptake into vascular smooth mus-
cle cells leading to cellular proliferation and secondary arteriolosclerosis 
that impairs pressure natriuresis. This acute hypertension remains uric 
acid dependent and sodium independent, whereas the chronic hyperten-
sion in experimental models becomes uric acid independent and sodium 
dependent. Small clinical trials, performed in adolescents with newly 
diagnosed essential hypertension, demonstrate that reduction of serum 
uric acid can reduce blood pressure. While more research is clearly neces-
sary, the available data suggest that uric acid may be causative in some 
cases of early onset hypertension.  
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candidate molecules, he proposed uric acid as an 
important mediator and published the fi rst sphyg-
mograph tracings showing a patient with gout and 
increased systemic blood pressure [ 1 ]. A few 
years later Alexander Haig also linked uric acid 
with elevated blood pressure and wrote a textbook 
that suggested a diet to lower uric acid and control 
blood pressure in the general population [ 2 ]. In 
1897, Nathan Davis, in an address to the American 
Medical Association, proposed that gout was a 
major cause of hypertension that manifested as 
arteriolar disease, interstitial renal injury, and 
myocardial hypertrophy [ 3 ]. In 1909, Henri 
Huchard hypothesized that the vascular lesions 
associated with hypertension had three causes – 
uric acid, lead, and intake of fatty meats, the last 
of which also yield increased uric acid [ 4 ]. In 
1913, Desgrez reported the fi rst animal model evi-
dence supporting the link between uric acid and 
hypertension, noting that uric acid infusions 
increased blood pressure in a rabbit model [ 5 ]. In 
1915, urodonal, a combination drug consisting of 
theobromine and methenamine, was introduced in 
France as a treatment to lower uric acid and con-
trol blood pressure; however, it was eventually 
proven ineffective. Nevertheless, by the end of the 
nineteenth century and the fi rst two decades of the 
twentieth century, uric acid was already linked 
with hypertension and cardiovascular diseases. 

 Interest in the possible link between hyperten-
sion and uric acid waxed and waned during much 
of the twentieth century. While some cardiovascu-
lar risk trials measured uric acid and suggested an 
association between uric acid and hypertension or 
cardiovascular disease, two factors led most inves-
tigators to conclude that uric acid was an associ-
ated surrogate marker for more important risk 
factors such as obesity, diabetes, and chronic kid-
ney disease (CKD) [ 6 ]. The fi rst was a lack of a 
plausible physiological mechanism and the sec-
ond was that despite consistent correlation, the 
link between serum uric acid and cardiovascular 
disease was not always statistically independent of 
other factors such as hypertension, renal disease, 
and diabetes. In the 1980s, uric acid was removed 
from some of the common laboratory panels, 
markedly reducing the  available epidemiologic 
data on uric acid both in otherwise well patients 

and in those suffering from cardiovascular disease. 
Removing uric acid from lab panels was done 
because the majority of serious side effects from 
allopurinol, used to decrease urate levels, were 
observed in patients with asymptomatic hyperuri-
cemia [ 7 ]. Thus, fewer routine determinations of 
uric acid would mean that fewer asymptomatic 
patients would be detected and then placed on 
allopurinol with its attendant side effects.  

    Animal Models of Hyperuricemic 
Hypertension 

 While substantial epidemiological evidence 
 supported the hypothesis that uric acid may be 
associated with hypertension, it was not until the 
experiments of Johnson and colleagues in 2001 
established a plausible mechanism that uric acid 
received greater attention (Table  5.1 ). Using a rat 
model of pharmacologically induced hyperurice-
mia, they found that increased serum uric acid 
results in hypertension within 2 weeks, with 
increases in SBP and DBP proportional to those of 
uric acid. The experimental hypertension can be 
ameliorated by uric acid lowering drugs (allopuri-
nol or benziodarone). Early hypertension in this 
model is completely reversible with urate reduction, 
but prolonged hyperuricemia results in irreversible 
sodium-sensitive hypertension that becomes uric 
acid independent [ 8 ,  9 ]. The early hypertension in 
this model is mediated, at least in part, by increased 
renal renin release as well as reduction of circulating 
plasma nitrates [ 8 ,  10 – 12 ], leading to a phenotype 
of excessive vasoconstriction that can be reversed 
by reduction of uric acid or by renin-angiotensin-
aldosterone (RAAS) system blockade. Later, the 
hypertension is irreversible, secondary to altered 
intrarenal vascular architecture. Uric acid enters 
vascular smooth muscle cells (VSMC) via URAT1 
channel, resulting in activation of kinases, nuclear 
transcription factors, cyclooxygenase- 2 (COX-2) 
generation, and the production of growth factors 
(PDGF) and infl ammatory proteins (e.g., 
C-reactive protein, monocyte chemoattractant pro-
tein-1) resulting in the VSMC proliferation, shifted 
pressure natriuresis, and sodium-sensitive hyper-
tension [ 13 – 17 ] (see Fig.  5.1 ). If recapitulated in 
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   Table 5.1    Animal model data that support a role for uric acid in hypertension   

 Uric acid effect  System  Specifi c observations  Reference 

 Causes hypertension 
in rats 

 Rats fed uricase 
inhibitor 

 Hyperuricemia resulted in hypertension within 2 
weeks. SBP and DBP proportional to serum uric 
acid. Hypertension ameliorated by uric acid- 
lowering drugs (allopurinol or benziodarone). 
Prolonged hyperuricemia resulted in irreversible 
salt-sensitive hypertension 

 [ 8 ,  9 ] 

 Causes endothelial 
dysfunction in rats 

 Rats fed uricase 
inhibitor 

 Hyperuricemic rats had lower plasma nitrates than 
controls. Treatment with L-arginine corrected the 
hypertension and increased urinary nitrites. The 
mechanism likely resulted from stimulation of 
arginase and by direct reaction of NO to form 
aminouracil 

 [ 8 ,  10 – 12 ,  67 ] 

 Activates RAS 
in rats 

 Rats fed uricase 
inhibitor 

 Renal renin was increased in hyperuricemic rats, 
and lowering uric acid reduced renin expression 
and corrected BP. Urate infusion caused rapid renin 
release via a COX-2 and macula densa-dependent 
mechanism 

 [ 9 ,  68 ] 

 Causes 
arteriolosclerosis 
in rats 

 Rats fed uricase 
inhibitor 

 Hyperuricemia induced renal microvascular injury 
resulting in renal ischemia, intrarenal infl ammatory 
cell infi ltration, intrarenal oxidative stress, and the 
development of hypertension 

 [ 16 ,  69 – 73 ] 

 Exacerbates 
progressive 
renal injury in rats 

 Rats fed uricase 
inhibitor 

 Hyperuricemic rats developed spontaneous renal 
disease, with progressive glomerulosclerosis and 
tubulointerstitial fi brosis. Hyperuricemia exacer-
bated glomerulosclerosis and GFR declined in 5/6 
nephrectomy and cyclosporine nephrotoxicity 
models 

 [ 15 ] 

 Causes metabolic 
syndrome in rats 

 Rats fed uricase 
inhibitor 

 High fructose diet resulted in hyperuricemia, 
weight gain hyperinsulinemia, and hypertriglyceri-
demia within 4 weeks. This was mitigated by uric 
acid-lowing agents 

 [ 52 ] 

 Causes endothelial 
cell dysfunction 
in vitro 

 Primary 
endothelial 
cell culture 

 Uric acid inhibited NO production by HUVEC 
cells and decreased cell proliferation and 
migration. Mechanisms include induction of 
arginase, scavenging NO, and formation of 
aminouracil 

 [ 11 ,  12 ,  67 , 
 74 ] 

 Causes vascular 
smooth muscle 
cells proliferation 

 Primary vascular 
smooth muscle 
cell culture 

 Uric acid entered cells via URAT resulting in 
activation of MAP kinases, COX-2 generation, and 
the production of growth factors (PDGF) and 
infl ammatory proteins (CRP, MCP-1) 

 [ 13 ,  17 ] 

 Impaired adipocyte 
function 

 Adipocyte tissue 
culture 

 Uric acid downregulated PPARγ and adiponectin  [ 11 ] 

humans, this model implies that there may be a 
period of reversible hyperuricemic hypertension 
early in its development.

    These mechanistic studies, as well as the 
recent epidemiologic data described below, have 
led to increased numbers of investigations and 
more research publications that address the link 
between uric acid and hypertension. Figure  5.2  
shows the increase in publications graphically.

       Epidemiology 

 Numerous longitudinal cardiovascular risk trials 
have evaluated the possible relationship between 
serum uric acid, hypertension, cardiovascular dis-
ease, and chronic kidney disease (see Tables  5.2 , 
 5.3 , and  5.4 ). As early as 1972, the Israeli Heart 
Trial, an evaluation of the medical data of young 
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  Fig. 5.1    Animal model data suggest that hyperuricemia 
leads to hypertension in a stepwise fashion. The effects of 
uric acid on the blood vessel are shown. The fi rst phase is 
direct, uric acid-dependent activation of the renin-angio-
tensin-aldosterone system and downregulation of the nitric 
oxide production, leading to vasoconstriction. At this 
stage, uric acid reduction results in vascular relaxation and 
improved blood pressure. The second phase, which devel-

ops over time, is uric acid- mediated arteriolosclerosis. 
Uric acid uptake into vascular smooth muscle cells caus-
ing the activation and elaboration of PDGF and MCP-1. 
This results in the autocrine stimulation of vascular smooth 
muscle cell proliferation, vascular wall thickening, loss of 
vascular compliance, and a shift in pressure natriuresis. 
This process is not reversed by the late reduction of uric 
acid and causes permanent sodium-sensitive hypertension       

  Fig. 5.2    Number of research articles published per year, 
1970–2011, on the topic of the role of uric acid in hyper-
tension. Articles were identifi ed on PubMed using search 
terms uric acid, urate, hypertension, cardiovascular 

 disease, fructose, sweetened beverages, xanthine oxidase 
inhibitors, allopurinol, uricosurics, and probenecid. 
Reviews were excluded and abstracts were reviewed for 
relevance       
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   Table 5.2    Epidemiology of uric acid and hypertension and cardiovascular disease   

 Study  Population  Risk of hypertension  Reference 

 Israeli Heart (1972)  10,000 Israeli men aged 17–25 
enrolled at military induction 

 Highest vs. lowest tertile of uric 
acid had twofold risk at 5 years 

 [ 18  ]  

 Fessel (1973)  224 white males in    Western 
America, aged >35 years 

 Patients with baseline uric acid 
>7 mg/dL greater increase in SBP 
and increased risk of fatal and 
non-fatal CV events at 4 years 

 [ 75  ]  

 Gruskin (1985)  55 adolescents, racially 
mixed US population 

 76 % of patients with hypertension 
had Serum uric acid >7 mg/dL 

 [ 61  ]  

 Moscow Children’s 
Study (1985) 

 145 Caucasian children in 
Moscow aged 8–17 

 Uric acid >8 mg/dL predicts severe 
hypertension in adulthood 

 [ 26  ]  

 Brand (1986)  4,286 men and women aged 
35–50 in the Framingham cohort, 
cross-sectional data 

 Uric acid and SBP have a close 
linear correlation 

 [ 76  ]  

 Hungarian Children’s 
(1990) 

 17,643 Hungarian children 
aged 6–19 

 Uric acid >6 mg/dL predicts 
development of hypertension 
in 5 years 

 [ 25  ]  

 Kaiser Permanente (1990)  2,062 adult men and women in 
the Kaiser Permanente 
Multiphasic Health Checkup 
cohort in Northern California 

 2-fold increased risk of systolic 
hypertension at 6 years 

 [ 77  ]  

 University of Utah (1991)  1,482 adult men and women 
in 98 Utah pedigrees 

 Twofold risk of hypertension 
at 7 years 

 [ 78  ]  

 NHANES (1993)  6,768 healthy children 
aged 6–17 

 Uric acid predicts adolescent 
hypertension at next follow-up visit 

 [ 27  ]  

 Olivetti Heart Study (1994)  619 adult males from 
Southern Italy 

 Twofold risk of hypertension at 
12 years by end of follow-up 

 [ 79  ]  

 CARDIA study (1999)  5,115 black men and 
women aged 18–30 

 Increased risk of hypertension at 
10-year follow-up 

 [ 19  ]  

 Osaka Health Survey (2001)  6,356 Japanese men aged 35–60  2-fold risk at 10-year follow-up  [ 24  ]  
 Hawaii-LA-Hiroshima 
Study (2001) 

 140 Japanese American males 
aged 40–69 

 3.5-fold risk at 15-year follow-up  [ 20  ]  

 Feig and Johnson (2003)  175 racially diverse children 
aged 6–18 in Texas 

 Uric acid >5.5 mg/dL predicts 
hypertension at time of 
presentation 

 [ 62  ]  

 Osaka Factory Study (2003)  433 non-obese Japanese 
men aged 18–40 

 Each 1.0 mg/dL associated with 
↑27 mmHg SBP at 5 years 

 [ 21  ]  

 Osaka Health Survey (2003)  2,310 male offi ce workers 
in Japan aged 35–59 

 1.6-fold risk at 6-year follow-up  [ 23  ]  

 Okinawa (2004)  4,489 Japanese men and women 
aged >30 

 1.7-fold risk at 13-year follow-up  [ 22  ]  

 Bogalusa Heart (2005)  577 black (58 %) and white 
(42 %) children enrolled at 
age followed until ages 18–35 

 Twofold ↑ risk for diastolic HTN 
at 11 years 

 [ 34  ]  

 Framingham (2005)  3,329 men and women in the 
Framingham cohort 

 1.6-fold at 4-year follow-up  [ 35  ]  

 Normative Aging 
Study (2006) 

 2,062 healthy men aged 
40–60 at enrollment 

 1.5-fold at 21-year follow-up  [ 80  ]  

(continued)
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 Study  Population  Risk of hypertension  Reference 

 ARIC (2006)  9,104 mixed race (black and 
white) men and women aged 
45–64 years at enrollment 

 1.5-fold at 9-year follow-up  [ 81  ]  

 Beaver Dam Survey (2006)  2,520 white men (44 %) and 
women (56 %) aged 43–84 In 
Wisconsin 

 1.65-fold at 10-year follow-up  [ 82  ]  

 Health Professional 
Follow-up (2006) 

 750, mostly white men in 
Massachusetts 

 1.08-fold at 8-year follow-up  [ 83  ]  

 MRFIT (2007)  3,073 men aged 35–57 years  1.8-fold at 6-year follow-up  [ 84  ]  
 Nurses Health(2009)  1,496 women, racially diverse, 

aged 32–52 
 1.9-fold at 6-year follow-up  [ 85 ] 

 Qingdao Port Health (2009)  7,220 men (74 %) and women 
(26 %) in Qingdao, China mean 
age 37 

 1.39 for men, 1.85 for women 
at 4-year follow-up 

 [ 86  ]  

 Jones (2009)  141 children aged 7–18, 64 % 
male, 71 % black 

 2.1-fold risk in adolescence 
by ABPM 

 [ 87  ]  

 Leite (2010)  1,410 men and women in Milan, 
Italy, young cohort 42–59 years, 
older cohort 60–74 

 Increased risk in middle age, 
not elderly 

 [ 88  ]  

 Grayson (2010)  55,607 adults, meta-analysis of 
18 prospective studies 

 1.41-fold risk each 1 mg/dL uric 
acid 

 [ 89  ]  

 Silverstein (2011)  108 racially diverse children aged 
6–18 in Texas and Washington 
DC. 

 linear association between SBP 
and uric acid in children on renal 
replacement therapy 

 [ 41  ]  

 GOCADAN (2012)  1,078 Alaskan native Americans 
with CKD II-III 

    1.2-fold age-adjusted risk in 
patients in vs. lowest tertile 
of uric acid 

 [ 90  ]  

 Fadrowski (2012)  6,036 adolescents aged 11–17 
evaluated in NHANES 

 Uric acid >5.5 mg/dL, 2.03-fold 
risk at next follow-up visit 

 [ 91  ]  

Table 5.2 (continued)

armed services inductees, demonstrated that the 
highest tertile of uric acid was associated with 
doubling the risk of incident hypertension within 
5 years [ 18 ]. The association appears to be robust 
across racial groups with similar fi ndings in 
African Americans noted in the CARDIA trial 
[ 19 ] as well as several trials demonstrating the 
same association in Asians and Asian Americans 
[ 20 – 24 ]. Several studies in children and adoles-
cents, particularly the Hungarian Children’s 
Study [ 25 ], the Moscow Children’s Study [ 26 ], 
and the National Health And Nutrition 
Examination Survey (NHANES) [ 27 ], in the 
1980s and early 1990s, demonstrated a particu-
larly strong association between uric acid and 
hypertension. Studies specifi cally of older and 
elderly patients have had more variable results 
[ 6 ,  28 – 30 ]. In particular, some of the studies 

found that the association between uric acid and 
cardiovascular (CV) risk did not retain signifi -
cance in certain multiple regression models, par-
ticularly if the risk conferred by hypertension is 
controlled in the model [ 6 ,  31 – 33 ]. One explana-
tion may be that the CV risk caused by uric acid 
functions through the development of hyperten-
sion; alternatively high uric acid in the young 
may have a relatively greater effect.

     In the past decade new epidemiological studies 
have rekindled an interest in the link between uric 
acid and hypertension. Three longitudinal Japanese 
studies showed an association between serum uric 
acid and incident hypertension. Nakanishi et al. 
demonstrated a 1.6-fold increased risk of new 
hypertension over 6 years in young adult offi ce 
workers with serum uric acid in the highest tertile 
[ 23 ]. In the Osaka Health Study, Tanaguichi et al. 
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    Table 5.3    Epidemiology of uric acid and cardiovascular disease   

 Study  Population  CV Risk  Reference 

 Lehto (1998)  1,017 diabetics, mean age 58 years, 
followed for 7 years 

 OR 1.91, independent on MR  [ 92  ]  

 Liese (1999)  1,044 healthy adults, 50–60 years old, 
followed for 8 years 

 OR 1.7–2.8, independent on MR  [ 93  ]  

 Alderman (1999)  7,978 hypertensive adults, mean age 
53 years, followed for 6 years 

 OR 1.5, independent on MR  [ 94  ]  

 Fang (2000)  5,926 healthy adults, mean age 48, 
followed for 16 years 

 OR 3.0, independent on MR  [ 95  ]  

 Franse (2000)  4,327 elderly adults, mean age 71, 
followed for 5 years 

 OR 1.5, independent on MR  [ 96  ]  

 Verdecchia (2000)  1,720 adults with hypertension, mean 
age 51 years, followed for 4 years 

 OR 1.9, independent on MR  [ 97  ]  

 Mazza (2001)  3,282 healthy adults, mean age 74, 
followed for 14 years 

 OR 1.6, independent on MR  [ 98  ]  

 Wang (2001)  1,873 Chinese adults, mean age 
66 years, followed for 3 years 

 OR 1.34, independent on MR  [ 99  ]  

 Bickel (2002)  1,017 with coronary artery disease, 
mean age 62, followed for 2.2 years 

 OR 2.7, independent on MR  [ 100  ]  

 Weir (2003)  2,482 stroke patients, mean age 72, 
follow-up 2 years 

 OR 1.3, independent on MR  [ 101  ]  

 Niskanen (2004)  1,423 healthy Finnish adults, mean age 
53 years, followed for 12 years 

 OR 4.8, independent on MR  [ 102  ]  

 Athyros (2004)  1,600 adults with hypertension and 
congestive heart failure, mean age 59, 
followed for 3 years 

 OR 3.0, independent on MR  [ 103  ]  

 Hakoda (2005)  10,615 atomic bomb survivors, mean 
age 49, followed for 25 years 

 OR 1.8, independent on MR  [ 104  ]  

 Suliman (2006)  294 adults with ESRD, mean age 53, 
followed for 3 years 

 OR 1.3, independent on MR  [ 105  ]  

 Bos (2006)  4,385 adults in Rotterdam study, above 
age 55 years, followed for 8.5 years 

 OR 1.7, independent on MR  [ 106  ]  

 Culleton (1999)  6,763 adult men, mean age 47, followed 
for 4 years, Framingham cohort 

 OR 4.1, not independent on MR  [ 6  ]  

 Moriarity (2000)  13,504 healthy adults, mean age 50, 
followed for 8 years 

 OR 3.0, not independent on MR  [ 31  ]  

 Sakata (2001)  8,172 healthy adults, mean age 49, 
followed for 14 years 

 OR 2.3, not independent on MR  [ 32  ]  

 Simon (2006)  2,763 women, mean age 66, followed 
for 4 years 

 OR 1.1, not independent on MR  [ 33  ]  

demonstrated a twofold increased risk of new 
hypertension over 10 years associated with ele-
vated uric acid [ 24 ]. Masuo et al. evaluated the lin-
ear association of serum uric acid and systolic 
blood pressure, fi nding an average increase of 
27 mmHg per 1 mg/dL increase in serum uric acid 
among non-obese young men [ 21 ]. In an ethni-
cally diverse population within the Bogalusa Heart 
Study, higher childhood and young adult serum 
uric acid levels were associated with incident 
hypertension and progressive increase in blood 

pressure even within the normal range [ 34 ]. A post 
hoc analysis from the Framingham Heart Study 
also suggested that a higher serum uric acid level 
is associated with increased risk of rising blood 
pressure [ 35 ]. Taken together, the preponderance 
of evidence supports a close epidemiologic link 
between uric acid and hypertension that is robust 
across ethnic racial and anthropomorphic catego-
ries but may be attenuated in the elderly. 

 The epidemiologic link between uric acid and 
cardiovascular disease is also strong (Table  5.3 ); 
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    Table 5.4    Epidemiology of uric acid and hypertension and chronic kidney disease   

 Study  Population  Major fi ndings  Reference 

 Iseki (2001)  6,403, Okinawa General 
Health 

 Uric acid >8 mg/dL increase CKD risk 
threefold in men and tenfold in women 

 [ 107  ]  

 Siu (2006)  54 middle-aged men, 
nonrandomized treatment trial 

 CKD patients with mean uric acid of 
9.75 mg/dL treated with 100–300 mg/dL 
allopurinol, possible slower progression 

 [ 37  ]  

 Chonchol (2007)  5,808, Cardiovascular Health 
Study 

 Uric acid strongly associated with prevalent 
but weakly with incident CKD 

 [ 108  ]  

 Kanbay (2007)  59 subjects, randomized to 
treatment with allopurinol 

 Hyperuricemic patients treated with 
allopurinol had increased GFR, whereas 
patients with normal uric acid did not 

 [ 38  ]  

 Obermayr (2008)  21,457, Vienna Health 
Screening Project 

 Uric acid >7 mg/dL increased risk of CKD 
1.74-fold in men, 3.12-fold in women 

 [ 109  ]  

 Sturm (2008)  227, Mild to Moderate Kidney 
Disease (MMKD) Study 

 Uric acid predicted progression of CKD 
only in unadjusted sample 

 [ 110  ]  

 Weiner (2008)  13,338, Atherosclerosis Risk 
in Communities (ARIC) 

 Each 1 mg/dL increase in uric acid 
increases 7–11 % risk of CKD 

 [ 111  ]  

 Borges (2009)  385 adult women  Elevated uric acid associated with 2.63-fold 
increased risk of CKD in hypertensive 
women 

 [ 112  ]  

 Chen, N (2009)  2596, Ruijin Hospital, China  Linear correlation between uric acid and 
degree of CKD 

 [ 113  ]  

 Chen, Y (2009)  5722, Taipei University 
Hospital 

 Uric acid associated with prevalent CKD 
in elderly 

 [ 114  ]  

 Hsu (2009)  177,570, United States Renal 
Data System (USRDS) 

 Higher uric acid quartile conferred 
2.14-fold increased risk of ESRD 
over 25 years 

 [ 57  ]  

 Madero (2009)  840, Instituto Nacional de 
Cariologia, Mexico 

 Patients with CKD 3–4 and uric acid 
correlates with death but not to ESRD 

 [ 115  ]  

 Park et al. (2009)  134, Yonsei University  Uric acid >7 mg/dL correlates with more 
rapid decline in residual renal function in 
peritoneal dialysis patients 

 [ 116  ]  

 See et al. (2009)  28,745, Chang Gung 
University 

 Uric acid >7.7 mg/dL in men and >6.6 mg/
dL in women only weakly associated with 
prevalent renal impairment 

 [ 117  ]  

 Noone et al. (2012)  116 children with CKD  Hyperuricemia was associated with 4.6-fold 
increased risk of progressive CKD as well 
as elevated BMI and blood pressure 

 [ 118  ]  

 Ejaz (2012)  100 consecutive adult cardiac 
surgery patients 

 In comparison to lowest tertile of uric acid, 
highest had fi vefold risk of AKI during 
hospital stay 

 [ 39 ] 

 Ejaz (2012)  26 hyperuricemic cardiac 
surgery patients randomized to 
pre-op Rasburicase or placebo 

 Uric acid reduction results in reduction of 
post op urinary neutrophil gelatinase 
associated lipocalin (uNGAL) but no 
statistically signifi cant difference in serum 
creatinine 

 [ 40 ] 

however, several reports indicate that the link is 
not statistically independent. However, when 
multiple regression analysis for confounders 
including hypertension is performed, the associa-
tion disappears [ 6 ,  31 ,  32 ,  36 ], suggesting some 

or all of the impact of uric acid on cardiovascular 
risk may be mediated through its effects on 
hypertension. 

 The association between uric acid and CKD is 
more diffi cult to assess. While hypertension itself 
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and the vasculopathic mechanism proposed to 
explain uric acid-mediated hypertension (Fig.  5.1 ) 
would be expected to contribute to renal ischemia 
and glomerular hypoperfusion, decreased glo-
merular fi ltration rate itself would increase serum 
uric acid, confounding mechanistic conclusions. 
Several epidemiologic trials have found an asso-
ciation between elevated serum uric acid and 
renal functional decline (see Table  5.4 ), though a 
similar number have the association lacked statis-
tical signifi cance. To date only two published 
clinical trials have shown reduced progression of 
renal injury in association with uric acid lowering 
therapy. Siu and colleagues treated 53 adult men 
with mean serum uric acid of 9.5 mg/dL and 
found a trend toward slower functional decline 
than historical controls [ 37 ]. Kanbay and col-
leagues randomized 59 young adults CKD to 
treatment with allopurinol or placebo; those in the 
active treatment group had a statistically signifi -
cant increase in GFR in comparison to controls 
[ 38 ]. Uric acid has also been implicated in the 
potentiation of acute kidney injury (AKI). Animal 
models indicate that elevated uric acid causes 
synergistic damage in cyclosporine and the 
5th/6th nephrectomy models of renal injury. In 
adults undergoing cardiac bypass surgery, patients 
in the highest tertile of serum uric acid are 5 times 
more likely to develop AKI [ 39 ]. In a small sam-
ple of cardiac bypass surgery patients randomized 
to preoperative placebo or rasburicase, an enzyme 
that metabolizes uric acid to allantoin, uric acid 
reduction resulted in a reduction in levels of the 
renal injury biomarker NGAL (neutrophil gelati-
nase-associated lipocalin), though no short-term 
difference in serum creatinine was seen [ 40 ].  

    Uric Acid Metabolism 

 The causes of hyperuricemia in the young are not 
well established; however, many possibilities 
exist and probably coexist. Increased uric acid 
can result from decreased renal function and in 
general, children with CKD and ESRD have 
higher serum uric acid levels than normal chil-
dren [ 41 ]. Genetic polymorphisms in anion trans-
porters such as the uric acid anion transporter 1 

(URAT-1) [ 42 ] and the SLC2A9 that encodes for 
GLUT9, an anion transporter with affi nity for 
uric acid [ 43 ,  44 ], can lead to hyperuricemia by 
altering proximal tubular urate clearance. 
Approximately 15 % of uric acid clearance is 
through the GI tract; consequently, small bowel 
disease can also contribute increased serum uric 
acid [ 45 ]. Diets rich in fatty meats, seafood and 
alcohol increase serum uric acid [ 46 ,  47 ], and 
obesity confers a threefold increased risk of 
hyperuricemia [ 48 ]. There are also numerous 
medications that alter renal clearance of uric 
acid, even in the presence of normal glomerular 
fi ltration rate, including loop and thiazide diuret-
ics [ 49 ], and these may represent an uncommon 
cause of hyperuricemia. Finally, as uric acid is 
the endpoint of the purine disposal pathway, 
impairment of the effi ciency of purine recycling 
metabolism or overwhelming the recycling path-
way with excessive cell death or cell turnover 
will increase serum uric acid [ 50 ]. 

 Serum uric acid levels also correlate with con-
sumption of sweetened food. Sweetener con-
sumption in the USA has dramatically increased 
since the introduction of high-fructose corn syrup 
(HFCS) in the early 1970s [ 51,   52 ]. Fructose 
raises uric acid rapidly via activation of the fruc-
tokinase pathway in hepatocytes [ 53 ]. 
Fructokinase consumes ATP leading to an 
increased load of intracellular purines requiring 
metabolism and disposal through xanthine oxi-
dase-mediated metabolism ending in uric acid 
[ 53 ,  54 ] (see Fig.  5.3 ). The administration of large 
quantities of fructose to rats, 60 % of their caloric 
intake, results in hyperuricemia, elevated blood 
pressure, and the development of preglomerular 
arteriolopathy [ 55 ]. Furthermore, lowering uric 
acid prevents these changes, despite ongoing 
fructose consumption [ 52 ]. The requirement for 
prodigious fructose intake in rats to raise uric acid 
may be because rats have uricase, an enzyme that 
metabolizes uric acid to allantoin. Humans, 
genetically defi cient in uricase, may require less 
fructose consumption to result in hyperuricemia.

   Human studies show that fructose loading 
leads to increased serum uric acid levels acutely 
and that chronic increases in fructose consumption 
lead to chronically increased serum uric acid and 
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increases in blood pressure [ 56 ]. With the nearly 
universal exposure to sweetened foods and bever-
ages among children, it is very likely that much of 
the hyperuricemia, especially that associated with 
obesity, is dietary rather than genetic in origin 
[ 57 ]. Consistent with this hypothesis, epidemio-
logical studies have shown a relationship of fruc-
tose with serum uric acid in most but not all studies 
[ 58 ]. One reason some studies may be negative 
could refl ect the action of fructose, which tends to 
increase uric acid primarily in the postprandial set-
ting. Some studies measured only fasting uric acid 
levels, so it is possible that an elevation in mean 
24-h uric acid excretion would be missed. 

 Jalal and colleagues used the National Health 
and Nutrition Examination Survey (NHANES 
2000–2003), which was a survey of healthy adults 
in the United States in which direct blood pres-
sure measurement as well as dietary intake of 
fructose as determined by dietary questionnaire 
were available. The major fi nding was that there 
was a strong independent relationship of fructose 
intake with elevated systolic blood pressure [ 58 ]. 

Interestingly, the relationship was independent of 
fasting serum uric acid. In a different study 
Nguyen and colleagues also found an indepen-
dent relationship of sugary soft drinks with hyper-
tension in adolescents [ 57 ]. Perez-Pozo et al. 
administered 200 g of fructose per day to healthy 
overweight males with or without allopurinol 
over a 2-week period [ 59 ] and observed an 
increase in serum uric acid in association with a 
signifi cant increase in daytime systolic and both 
24-h and daytime diastolic blood pressures. 
Allopurinol reduced the serum uric acid and 
blocked the increase in blood pressure. While the 
dose of fructose was very high in the Perez-Pozo 
study, 25 % of the NHANES cohort actually 
reported having consumed similar quantities [ 58 ]. 

    Pediatric Clinical Trials 

 A close association has been reported between 
elevated serum uric acid and the onset of essen-
tial hypertension in adolescents. For example, the 

  Fig. 5.3    The effect of cellular fructose metabolism on 
serum uric acid: Soluble fructose is taken up into multiple 
cell types, particularly hepatic cells and adipocytes, via 
the GLUT5 transporter. Fructose is then phosphorylated 
by fructokinase. Unlike glucokinase, fructokinase does 
not respond to feedback inhibition by either fructose-
1-phosphate or ADP. Consequently, when exposed to 
 suffi ciently high concentrations of fructose, intracellular 

ATP can be transiently depleted and provide adenosine 
nucleotide species that are processed by purine disposal 
pathways that end in uric acid production. The further 
metabolism of fructose-1-phosphate to glyceraldehyde 
and dihydroxyacetone phosphate then to triglycerides 
results in a fall in free phosphate that activates adenosine 
deaminase, increasing uric acid production. Uric acid 
exits the cell via one of several anion transporters  54        
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Moscow Children’s Hypertension Study observed 
hyperuricemia (>8.0 mg/dL) in 9.5 % of children 
with normal blood pressure but in 49 % of chil-
dren with borderline hypertension and 73 % of 
children with moderate and severe hypertension 
[ 60 ]. The Hungarian Children’s Health Study fol-
lowed all 17,624 children born in Budapest in 
1964 over 13 years and reported that elevated 
heart rate, early sexual maturity, and hyperurice-
mia constituted statistically signifi cant risk fac-
tors for the development of hypertension [ 25 ]. 
These two studies do not separate the hyperten-
sive children by underlying diagnosis, i.e., essen-
tial hypertension versus that caused by renal, 
cardiac, or endocrinologic causes independent of 
uric acid, so the relationship between serum uric 
and hypertension may be attenuated somewhat. 
In a small study, Gruskin [ 61 ] compared adoles-
cents (13–18 years of age) with essential hyper-
tension to age-matched, healthy controls with 
normal blood pressures. The hypertensive chil-
dren had both elevated serum uric acid (mean 
>6.5 mg/dL) and higher peripheral renin activity. 
In a racially diverse population referred for the 
evaluation of hypertension, Feig and Johnson 
observed that the mean serum uric acid level 
(±SD) in controls was 3.6 ± 0.8 mg/dL, similar to 
that in children with white coat hypertension – 
3.6 ± 0.7 mg/dL. It was slightly higher in children 
with secondary hypertension (4.3 ± 1.4 mg/dL, 
 p = 0.008 ) but signifi cantly elevated in children 
with primary hypertension (6.7 ± 1.3 mg/dL, 
 p = 0.000004 ) [ 62 ]. There was a tight, linear cor-
relation between the serum uric acid levels and 
the systolic and diastolic blood pressures in the 
population referred for evaluation of hyperten-
sion ( r  = 0.8 for SBP and  r  = 0.6 for DBP). Each 
1 mg/dL increase in serum uric acid was associ-
ated with an average increase of 14 mmHg in sys-
tolic blood pressure and 7 mmHg in diastolic 
blood pressure [ 62 ]. Among patients referred for 
evaluation of hypertension, a serum uric acid 
>5.5 mg/dL had an 89 % positive predictive value 
for essential hypertension, while a serum uric 
acid <5.0 had a negative predictive value for 
essential hypertension of 96 % [ 62 ]. 

 Results from small pilot studies in children 
suggest that uric acid may directly contribute to 

the onset of hypertension in some people. In one 
study fi ve children, 14–17 years of age, with 
newly diagnosed and as yet untreated essential 
hypertension were treated for 1 month with allo-
purinol as a solitary pharmacological agent. All 
fi ve children had a decrease in blood pressure by 
both casual and ambulatory monitoring and four 
of the fi ve were normotensive at the end of one 
month [ 63 ]. In a separate study, 30 adolescents 
with newly diagnosed essential hypertension were 
treated in a randomized, double-blind crossover 
trial with allopurinol versus placebo. Sixty- seven 
percent of children while on allopurinol, and 91 % 
of children with serum uric acid levels <5.5 mg/
dL on treatment, had normal blood pressure, as 
compared to 3 % of children on placebo [ 64 ]. 

 Such preliminary clinic trial data raise two 
important questions. While allopurinol treatment 
clearly led to blood pressure reduction, inhibition 
of xanthine oxidase also reduced superoxide pro-
duction so that some or all of the effects could 
plausibly be mediated by reduced oxidant fl ux. 
Second, the mechanistic model would suggest 
that early introduction of uric acid lowering ther-
apy would be optimum, and this was not directly 
tested. A follow-up clinical trial randomized 60 
obese children with prehypertension into three 
groups to receive placebo, allopurinol, or proben-
ecid, a uricosuric agent [ 65 ]. Children in the pla-
cebo group had a slight decrease in casual systolic 
BP but no signifi cant changes in casual diastolic 
BP, or ambulatory blood pressure. In contrast, 
patients in the active treatment groups experi-
enced marked reduction in SBP average fall of 
−10.1 and −10.2 mmHg for the allopurinol and 
probenecid groups, respectively. Similarly, treat-
ment caused a signifi cant fall in casual DBP, -8.0 
and −8.8 mmHg, for the allopurinol and proben-
ecid groups, respectively. The same pattern was 
demonstrated in 24-h ambulatory blood pressure 
monitoring and adjustment for weight and BMI 
had no signifi cant effect.    These to date demon-
strate that the mechanism of blood pressure low-
ering is defi nitely uric acid reduction and the 
effects can be demonstrated in children with pre-
hypertension, not just stage 1 hypertension. 

 While these observations require confi rmation 
in larger and more general populations, if serum 
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uric acid is indeed directly causing renal arterio-
lopathy, altered regulation of natriuresis, and per-
sistent systemic hypertension, it is an important 
modifi able risk factor for cardiovascular disease 
and chronic kidney disease in the absence of 
other mechanisms.   

    Conclusions 

 The combination of epidemiologic, animal model 
and clinical trial support a causative role for uric 
acid in some patients with elevated blood pres-
sure. The controversy over its role stems from the 
lack of a plausible causative mechanism prior to 
2001 and its overlap with other more conven-
tional risk factors such as renal disease, diabetes 
and obesity. More recent mechanistic studies, 
however, support uric acid-mediated activation of 
the RAAS, a process with rapid onset that can 
also be rapidly controlled, followed by a more 
gradual alteration of renovascular geometry and 
sodium handling that results in chronic salt-sen-
sitive hypertension. The implications of this 
paired mechanism are twofold. First, it would 
explain the greater magnitude of effect seen in 
younger patients or at least the attenuation of 
affect in the elderly. Second, it may represent a 
unique opportunity in newly diagnosed hyperuri-
cemic hypertension, in which metabolic control 
may delay or prevent irreversible vasculopathy 
and permanent future hypertension. 

 The best approach to mild to moderate hyper-
uricemia remains an open question. The cur-
rently available medications, especially 
allopurinol, are associated with signifi cant, even 
life-threatening, side effects that preclude its safe 
use in populations as large as those at risk for 
future hypertension. Furthermore, as there are 
many classes of readily available antihyperten-
sive medications with more optimal safety pro-
fi les, so direct management of hypertension is 
reasonable. The caveat to such an approach is the 
poor actual control rates in both adult and pediat-
ric hypertensions with current conventional 
approaches that bespeak the need for novel thera-
peutics. The link between fructose intake and 
serum uric acid may also hold important 

promise; however, while fructose loading clearly 
leads to increased serum uric acid and increased 
blood pressure in clinical trials, the effi cacy of 
fructose reduction has not been proven. A post 
hoc evaluation for the PRIMIER trial, a large trial 
of the effi cacy of non-pharmacologic therapy for 
hypertension and cardiovascular risk mitigation, 
demonstrated that those participants with the 
greatest reduction in sweetener consumption also 
had the greatest reduction in blood pressure [ 66 ]; 
however, additional research is needed to confi rm 
its effi cacy.     
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            Introduction 

 More than 12 years have elapsed since the pub-
lications in February 2001 that provided the 
fi rst maps of the human genome [ 1 ,  2 ]. While 
genes involved in a number of rare, monogenic 
forms of hypertension have been identifi ed, the 
genetics of primary hypertension has eluded 
delineation, likely because it has multiple 
genetic determinants. However, many recently 
developed tools are available to reveal the 

genetic aspects of primary hypertension, and a 
growing number of studies have identifi ed 
many genetic associations with the condition, 
which is widely viewed as a polygenic disorder. 
This chapter discusses both monogenic and 
polygenic aspects of hypertension. We also dis-
cuss the current clinical implications of genetic 
studies and information in our approach to 
hypertension [ 3 ].  

    Monogenic Forms of Human 
Hypertension 

 Genes for a number of monogenic forms of human 
hypertension have been identifi ed via positional 
cloning [in the past called “reverse genetics”] 
[ 4 – 6 ]. In this approach, large kindreds with many 
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affected family members are phenotyped, and 
the mode of inheritance determined – that is, is the 
disease autosomal recessive, autosomal dominant, 
sex linked, and codominant, in its clinical trans-
mission. Subsequently, linkage analysis is per-
formed using highly polymorphic genetic markers 
such as microsatellite markers that occur widely 
throughout the genome, evenly spaced at approxi-
mately 10 centimorgan [cM] intervals. Since most 
people (about 70 %) are heterozygous, the inheri-
tance of alleles can be traced through large pedi-
grees. In a successful linkage analysis, a specifi c 
chromosomal region in the genome linked to the 
trait is identifi ed. A LOD [logarithm of the odds] 
score describes the presence of such a region. 
The generally accepted LOD score indicating link-
age is greater than 3.3 [corresponding to a signifi -
cance level genome wide of 4.5 × 10 −5  [ 4 ]]. Once 
linkage is identifi ed, a search for known candidate 
genes in the area of putative linkage commences. 

A search using additional highly polymorphic 
markers may also narrow the area of interest, lead-
ing to sequences of possible genes within the area. 

 A number of monogenic forms of hypertension 
have been identifi ed to date. A number are due to 
gain-of-function mutations [ 7 – 9 ], most of which 
involve the renal handling of salt and/or the over-
production of mineralocorticoids or increased min-
eralocorticoid activity. Severe hypertension, often 
from early life – even infancy – is not unusual in 
such conditions. Clinical hallmarks include appar-
ent volume expansion and suppressed plasma renin 
activity with variable hypokalemia. An approach 
to evaluation of those forms of hypertension 
associated with hypokalemia and suppressed 
renin activity is shown in Fig.  6.1  [ 10 ].

   Gain-of-function mutations in transporters in 
the distal renal tubules result in hypertension via 
salt and water retention [ 11 ]. (While mutations 
and polymorphisms in the genes of various 

  Fig. 6.1    Evaluation of patients with hypertension and low 
plasma renin. Such disorders are either autosomal domi-
nant, generally with a positive family history, or autoso-
mal recessive, generally with a negative family history. 
Children with glucocorticoid-responsive aldosteronism 
(GRA), Liddle syndrome, and apparent mineralocorti-
coid excess (AME) all have normal physical examina-
tions (PE), low plasma renin activity (PRA) or 
concentration, and hypokalemia. Characteristic urinary 
steroid profi les and genetic testing distinguish these syn-
dromes. K+, potassium, TH18oxoF/THAD ratio, ratio of 

urinary 18-oxotetrahydrocortisol (TH18oxoF) to urinary 
tetrahydroaldosterone (THAD), which has a normal of 
0–0.4, and GRA patients >1. THF plus alloTHF/THE 
ratio of the combined urinary tetrahydrocortisol (THF) 
and allotetrahydrocortisol (alloTHF) to urinary tetrahy-
drocortisone (THE), which has a normal of <1.3, while 
AME patients are 5–10-fold higher (From Yiu VW, 
Dluhy RG, Lifton RP, Guay-Woodford LM. Low periph-
eral plasma renin activity as a critical marker in pediatric 
hypertension. Pediatr Nephrol. 1997;11: 343–6, with 
permission)       
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components of the renin-angiotensin-aldosterone 
system [RAAS] may lead to excessive renal 
sodium retention, no single RAAS polymorphism 
causes monogenic hypertension.) Phenotypically, 
most monogenic hypertension can be divided 
into disorders caused by mutations that lead to 
overproduction of mineralocorticoids or increased 
mineralocorticoid activity and those that result in 
abnormalities of electrolyte transport, focusing 
attention on the role of the kidney in hypertension 
(Table  6.1 ) [ 7 ]. Additionally, some mutations in 
proto-oncogenes and genes that involve response 
to hypoxia have been linked to chromaffi n tumors 
(Table  6.2 ) [ 12 ]. Information about the most 
common forms of monogenic hypertension [ 13 ] 
follows.

       Glucocorticoid-Remediable 
Aldosteronism or Familial 
Hyperaldosteronism Type 1 
[OMIM #103900] 

 Glucocorticoid-remediable aldosteronism (GRA) 
or familial hyperaldosteronism type 1, an autoso-
mal dominant disorder, is considered the most 
common type of monogenic hypertension and 
presents in early infancy in some patients [ 14 – 18 ]. 
GRA has been recognized since the 1960s, when 
Sutherland et al. [ 19 ] and New et al. [ 20 ] reported 
patients with severe hypertension accompanied 
by suppressed renin and increased aldosterone 
secretion that were found to be treatable with 
dexamethasone. (GRA is listed in the Online 
Mendelian Inheritance in Man index [OMIM] as 
#103900 [OMIM can be accessed at   http://www.
ncbi.nlm.nih.gov/Omim    ]; note that the OMIM 
numbers for other Mendelian disorders will also 
be listed for other disorders when available.) The 
hypertension in GRA is moderate to severe, 
owing to increased aldosterone secretion driven 
by adrenocorticotropic hormone (ACTH). 

 A chimeric gene containing the 5′ regulatory 
sequences of 11 beta hydroxylase [which confers 
ACTH responsiveness] fused with the distal 
coding sequences of aldosterone synthase causes 
ACTH rather than angiotensin II or potassium 
as the main controller of aldosterone secretion 

[ 21 ,  22 ]. Both serum and urine aldosterone 
levels tend to be elevated, though not invariably. 
The chimeric gene product converts cortisol to 
18-hydroxy and 18-oxo metabolites [ 23 – 25 ], 
which can be detected in urine and are pathogno-
monic. The elevations of urinary cortisol metabo-
lites TH18oxoF and 18-hydroxycortisol and an 
elevated ratio of TH18oxoF/THAD metabolites 
may distinguish GRA patients from others with 
AME or Liddle syndrome [ 26 ]. However, specifi c 
genetic testing, which is both sensitive and spe-
cifi c, has largely supplanted the urinary testing 
when the condition is suspected. 

 Not all affected members of GRA families 
develop hypertension in childhood [ 27 – 29 ]. 
Dluhy et al. [ 27 ] assessed 20 children in 10 unre-
lated GRA pedigrees and observed that 16 of the 
20 developed hypertension, as early as 1 month 
of age. However, four children were normoten-
sive. Monotherapy using glucocorticoid suppres-
sion or aldosterone receptor and epithelial sodium 
cotransporter (ENaC) antagonists was suffi cient 
to control BP in half of the hypertensive children, 
though the others required polypharmacy, and 
three had uncontrollable hypertension [ 27 ]. 

 Cerebral hemorrhage at an early age (mean 
age, 32 years) is common in GRA pedigrees. And 
almost half of reported pedigrees [48 %] and 18 % 
of individual GRA patients have been noted to 
develop cerebrovascular complications [ 7 ,  8 ,  21 ].  

    Familial Hyperaldosteronism Type 2 
OMIM #605635 

 This form of hyperaldosteronism, which appears 
to be autosomal dominant, is distinct from type 1 
and is associated with hyperplasia of the adrenal 
cortex, an adenoma producing aldosterone or both 
[ 30 – 33 ]. It has been estimated to be fi vefold more 
common than GRA [ 33 ]. Dexamethasone fails to 
suppress the hypertension. To date, no mutation 
has been identifi ed, though linkage studies have 
identifi ed a fi ve megabase locus on chromosome 
7p22. The Stowasser group [ 33 ] has examined a 
number of candidate genes within 7p22, many of 
which involve cell growth, but has still not yet 
defi nitively identifi ed the gene responsible.  
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    Familial Hyperaldosteronism Type 3 
[OMIM# 613677]: 

 FH type 3 is very rare and is also called Geller 
syndrome; it is now known that a heterozygous 
mutation in the KCNJ5 gene, which is on chro-
mosome 11q24, leads to familial hyperaldoste-
ronism type III [ 33 – 37 ].  

    Apparent Mineralocorticoid Excess 
[AME] [OMIM # 218030] 

 Low-renin hypertension, often severe and accom-
panied by hypokalemia and metabolic alkalosis 
[ 38 ], is the hallmark of apparent mineralocorticoid 
excess [AME], fi rst described in 1977 by New 
et al. [ 39 ,  40 ]. Spironolactone is often effective ini-
tially, but patients often become refractory to this 
drug. In AME, 11β-hydroxysteroid dehydroge-
nase (11β-HSD) is absent, resulting in hyperten-
sion in which cortisol acts as if it were a potent 
mineralocorticoid. The microsomal enzyme, 
11β-hydroxysteroid dehydrogenase, interconverts 
active 11-hydroxyglucocorticoids to inactive keto-
metabolites. Cortisol, as well as aldosterone, has 
an affi nity for the mineralocorticoid receptor. 
Normally, 11β-HSD is protective, preventing 
binding of cortisol to the mineralocorticoid 

receptor, but in AME, the slower-than- normal 
metabolism of cortisol to cortisone results in 
cortisol acting as a potent mineralocorticoid 
[ 39 ,  40 ], while metabolism of cortisone to cortisol 
is normal. 

 Persons with classic AME usually develop 
symptoms in early childhood, often presenting 
with failure to thrive, severe hypertension, and 
persistent polydipsia. Affected patients appear 
volume expanded and respond to dietary sodium 
restriction. Plasma renin activity is very low. 
Affected children are at high risk for cardiovas-
cular complications, and some develop nephro-
calcinosis and renal failure [ 41 ]; early therapy 
may lead to better outcome. A high cortisol: cor-
tisone ratio in plasma or an abnormal urinary 
ratio of tetrahydrocortisol/tetrahydrocortisone 
(THF/THE), in which THF predominates and 
makes the diagnosis. 

 Several variants of AME have been reported, 
including a mild form in a Mennonite kindred in 
which there is a P227L mutation in the HSD11B2 
gene [ 42 ,  43 ], a coactivator defect with resistance 
to multiple steroids [ 44 ], and hypertension without 
the characteristic fi ndings of AME in a heterozy-
gous father and homozygous daughter who have 
mutations in 11 β HSD2 [ 45 ]. Coeli et al. reported 
a Brazilian child with a homozygous missense 
mutation p.R186C in the HSD11B2 gene [ 46 ]. 

    Table 6.2    Mutations associated with pheochromocytomas and paragangliomas   

 Syndrome  Mutated gene in 
germ line  Clinical phenotype 

 Risk of 
pheochromocytoma 

 MEN-2A  RET proto-oncogene  Medullary carcinoma of the thyroid, 
hyperparathyroidism 

 50 % 

 MEN-2B  RET proto- oncogene   Medullary carcinoma of the thyroid, 
multiple mucosal neuromas, marfanoid 
habitus, hyperparathyroidism 

 50 % 

 Neurofi bromatosis type 1  NF1  Neurofi bromas of peripheral nerves, café au 
lait spots 

 1 % 

 von Hippel-Lindau disease 
(retinal cerebellar 
hemangioblastosis) 

 VHL  Retinal angiomata, CNS hemangioblastoma, 
renal-cell carcinoma, pancreatic and 
renal cysts 

 10–20 % 

 Familial paraganglioma 
syndrome 

 SDHD, SDHB, 
SDHC 

 Carotid-body tumor (chemodectoma)  20 % (estimated) 

  With permission from Dluhy RG. Pheochromocytoma: the death of an axiom. N Engl J Med. 2002;346:1486–8 
  MEN-2A  multiple endocrine neoplasia type 2A,  MEN-2B  multiple endocrine neoplasia type 2B,  CNS  central nervous 

system,  SDHD  the gene for succinate dehydrogenase subunit D, and  SDHB  for subunit B, and  SDHC  for subunit C  

J.R. Ingelfi nger



89

 The hypertension in AME appears renally 
mediated, but recent evidence suggests that ulti-
mately, the disorder changes from one with 
increased sodium resorption to a vascular form of 
hypertension [ 47 ].  

    Mineralocorticoid Receptor 
Gain-of- Function Mutation 

 A novel form of monogenic hypertension due to 
a gain-of-function mutation in the mineralocorti-
coid receptor, causing it to remain bound to its 
steroid ligands, has also been described. The fi rst 
known case was a teenage boy with hypertension, 
who had low renin and aldosterone levels, as well 
as mild hypokalemia [ 48 ]. In toto, 11 persons in 
the patient’s family had a point mutation, which 
infl uences an important binding region of the 
receptor – a serine at amino acid 810 in the min-
eralocorticoid receptor is changed to leucine 
(S810L) 

 Affected persons have refractory hyperten-
sion, and women with this mutation have severely 
elevated BP during pregnancy [ 49 ,  50 ]. Early 
death due to heart failure occurred in the index 
family [ 48 ]. 

 It appears that the S810L mutation leads to a 
conformational change in the receptor that height-
ens the stability of steroid-receptor complexes. 
The mutation thus results in a steric hindrance 
resulting in a bending of the molecule that makes it 
diffi cult for known agonists and antagonists to act 
normally. Some antagonists that cannot act on the 
normal [“wild type”] receptor work in this muta-
tion: these include RU 486, 5- pregnane-20-one, 
and 4,9-androstadiene- 3,17-dione [ 51 ].  

    Steroidogenic Enzyme Defects 
Leading to Hypertension 

 Rare autosomal recessive defects in steroidogenesis 
associated with hypertension were recognized 
well before the genomic era. Cortisol is normally 
synthesized under the control of ACTH in the 
zona fasciculata, while aldosterone is synthesized 
largely under the infl uence of angiotensin II and 

potassium in the zona glomerulosa. Aldosterone 
synthesis is not normally controlled by ACTH, 
but if any of the several enzymes that are involved 
in cortisol biosynthesis is abnormal, the usual 
feedback loop is interrupted. Consequently, 
plasma ACTH will increase in an attempt to 
produce cortisol, and aberrant products will 
accumulate, some of which lead to hypertension. 
This is discussed in more detail in Chap.   25    . 

 The inherited defects of steroid biosynthesis – all 
autosomal recessive – are, as a group, termed con-
genital adrenal hyperplasia (CAH), and each results 
in a characteristic clinical and biochemical profi le 
[ 52 – 54 ]. Any enzyme in the pathways of steroido-
genesis may contain a mutation; the most com-
monly affected is 21-hydroxylase. Mutations in 
21-hydroxylase are not, however, generally associ-
ated with hypertension. Enzyme mutations that are 
associated with hypertension include [in order of 
frequency] 11β-hydroxylase > 3β-hydroxysteroid 
dehydrogenase> 17α-hydroxylase and cholesterol 
desmolase. Patients with the 11β-hydroxylase and 
3β-hydroxysteroid dehydrogenase defects have a 
tendency to retain salt, becoming hypertensive. 
It is also important to remember that any person 
with CAH may develop hypertension owing to 
overzealous replacement therapy. 

    Steroid 11β-Hydroxylase Defi ciency 
 The mineralocorticoid excess in 11β-hydroxylase 
defi ciency [ 52 – 58 ], a form of CAH accompanied 
by virilization, leads to decreased sodium excre-
tion with resultant volume expansion, renin sup-
pression, and hypertension. Elevated BP is not 
invariant in 11β-hydroxylase defi ciency and most 
often is discovered in later childhood or adoles-
cence, often with an inconsistent correlation to 
the biochemical profi le [ 52 – 58 ]. Hypokalemia is 
variable, but total body potassium may be mark-
edly depleted in the face of normal serum or 
plasma potassium. Renin is generally decreased, 
but aldosterone is increased. 

 Therapy of 11β-hydroxylase defi ciency should 
focus on normalizing steroids. Administered 
glucocorticoids should normalize cortisol and 
reduce ACTH secretion and levels to normal, 
thus stopping over secretion of deoxycorticoste-
rone (DOC). Hypertension generally resolves 
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with such therapy [ 53 ]. When hypertension is 
severe, antihypertensive therapy should be used 
instituted until the BP is controlled; such therapy 
can be tapered later. 

 Additional mutations can cause this syndrome. 
For example, a patient with 11β-hydroxylation 
inhibition for 17α-hydroxylated steroids but with 
intact 17-deoxysteroid hydroxylation has been 
reported [ 58 ]. Multiple mutations affecting the 
CYP11B1 gene have been described; these include 
frameshifts, point mutations, extra triplet repeats, 
and stop mutations [ 38 ,  59 – 62 ].  

    Steroid 17α-Hydroxylase Defi ciency 
 Abnormalities in 17α-hydroxylase affect both the 
adrenals and gonads, since a dysfunctional 
17α-hydroxylase enzyme results in decreased syn-
thesis of both cortisol and sex steroids [ 63 – 66 ]. 
Affected persons appear phenotypically female 
[or occasionally have ambiguous genitalia], irre-
spective of their genetic sex, and puberty does not 
occur. Consequently, most cases are discovered 
after a girl fails to enter puberty [ 65 ]. An ingui-
nal hernia is another mode of presentation. 
Hypertension and hypokalemia are characteristic, 
owing to impressive overproduction of corticos-
terone [compound B]. 

 Glucocorticoid replacement is an effective 
therapy. However, should replacement therapy 
fail to control the hypertension, appropriate ther-
apy with antihypertensive medication(s) should 
be instituted to achieve BP control.   

    Mutations in Renal Transporters 
Causing Low-Renin Hypertension 

    Pseudohypoaldosteronism Type II: 
Gordon Syndrome [OMIM#145260] 
 Pseudohypoaldosteronism type II, Gordon syn-
drome, or familial hyperkalemia (OMIM 
#145260), an autosomal dominant form of hyper-
tension associated with hyperkalemia, acidemia, 
and increased salt reabsorption by the kidney, is 
caused by mutations in the WNK1 and WNK 4 
kinase family [ 67 – 71 ]. Though the physiology 
and response to diuretics suggested a defect in 
renal ion transport in the presence of normal 

glomerular fi ltration rate, the genetics have only 
recently been delineated. 

 Affected persons have low-renin hypertension 
and improve with thiazide diuretics or with tri-
amterene [ 71 ]. Aldosterone receptor antagonists 
do not correct the observed abnormalities. 

 PHAII genes have been mapped to chromo-
somes 17, 1, and 12 [ 67 ,  68 ]. One kindred was 
found to have mutations in WNK1 – large intronic 
deletions that increase WNK1 expression. Another 
kindred with missense mutations in WNK4, which 
is on chromosome 17, has been described. While 
WNK 1 is widely expressed, WNK4 is expressed 
primarily in the kidney, localized to tight junc-
tions. WNKs alter the handling of potassium and 
hydrogen in the collecting duct, leading to 
increased salt resorption and increased intravas-
cular volume by as yet unknown means.  

    Liddle Syndrome [OMIM # 177200] 
 In 1963, Liddle [ 72 ] described the early onset of 
autosomal dominant hypertension in a family in 
whom hypokalemia, low renin, and aldosterone 
concentrations were noted in affected members. 
Inhibitors of renal epithelial sodium transport such 
as triamterene worked well in controlling the 
hypertension, but inhibitors of the mineralocorti-
coid receptor did not. A general abnormality in 
sodium transport seemed apparent, as the red 
blood cell transport systems were not normal [ 73 ]. 
A major abnormality in renal salt handling seemed 
likely when a patient with Liddle syndrome under-
went a renal transplant and  hypertension and 
hypokalemia resolved posttransplant [ 74 ]. 

 While the clinical picture of Liddle syndrome 
is one of aldosterone excess, aldosterone levels as 
well as renin levels are very low [ 10 ]. Hypokalemia 
is not invariably present. A defect in renal sodium 
transport is now known to cause Liddle syndrome. 
The mineralocorticoid- dependent sodium trans-
port within the renal epithelia requires activation 
of the epithelial sodium channel [ENaC], which is 
composed of at least three subunits normally regu-
lated by aldosterone. Mutations in the beta and 
gamma subunits of the ENaC have been identifi ed 
[both lie on chromosome 16] [ 75 ,  76 ].   Thus, the 
defect in Liddle syndrome leads to constitutive 
activation of amiloride-sensitive epithelial sodium 
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channels (ENaC) in distal renal tubules, causing 
excess sodium reabsorption. Additionally, these 
gain-in- function mutations prolong the half-life of 
ENaCs at the renal distal tubule apical cell surface, 
resulting in increased channel number [ 77 ].   

    Pheochromocytoma-Predisposing 
Syndromes 

 A variety of RET proto-oncogene mutations and 
abnormalities in tumor-suppressor genes are asso-
ciated with autosomal dominant inheritance of 
pheochromocytomas, as summarized in Table  6.2  
[ 12 ,  78 – 83 ]. A number of paraganglioma and 
pheochromocytoma susceptibility genes inherited 
in an autosomal dominant pattern appear to con-
vey a propensity toward developing such tumors 
[ 12 ]. Both glomus tumors and pheochromocyto-
mas derive from neural crest tissues, and the genes 
identifi ed in one type of tumor may appear in the 
other [ 84 ]. For instance, germ-line mutations have 
been reported both in families with autosomal 
dominant glomus tumors [as well as in registries 
with sporadic cases of pheochromocytoma] [ 85 ]. 
In addition, other pheochromocytoma suscepti-
bility genes include the proto-oncogene  RET  
(multiple endocrine neoplasia syndrome type 2 
[MEN-2]), the tumor- suppressor gene  VHL  seen 
in families with von Hippel-Lindau disease ,  and 
the gene that encodes succinate dehydrogenase 
subunit B ( SDHB ). 

 The genes involved in some of these tumors 
appear to encode proteins with a common link 
involving tissue oxygen metabolism [ 86 – 88 ]. In 
von Hippel-Lindau disease, there are inactivating 
[loss-of-function] mutations in the VHL suppres-
sor gene, which encodes a protein integral to the 
degradation of other proteins – some of which, 
such as hypoxia-inducible factor, are involved in 
responding to low oxygen tension. Interestingly, 
the mitochondrial complex II, important in O 2  
sensing and signaling, contains both SDHB [suc-
cinate dehydrogenase subunit B] and SDHD [suc-
cinate dehydrogenase subunit D]. Thus, mutations 
in the VHL gene and SDHB and SDHD might 
lead to increased activation of hypoxic signaling 
pathways leading to abnormal proliferation. 

 In multiple endocrinopathy-2 (MEN-2) syn-
dromes, mutations in the  RET  proto-oncogene 
lead to constitutive activation [activating muta-
tions] of the receptor tyrosine kinase. The end 
result is hyperplasia of adrenomedullary chromaf-
fi n cells [and in the parathyroid, calcitonin- 
producing parafollicular cells]. In time, these cells 
undergo a high rate of neoplastic transformation. 
It now also appears that apparently sporadic 
chromaffi n tumors may contain mutations in 
these genes as well.  

    Hypertension with Brachydactyly 
[OMIM #112410] 

 Hypertension with brachydactyly, also called 
brachydactyly, type E, with short stature and hyper-
tension (Bilginturan syndrome), was fi rst described 
in 1973in a Turkish kindred [ 89 ]. Affected persons 
have shortened phalanges and metacarpals, as well 
as hypertension. Linkage studies performed in 
the 1990s mapped this form of hypertension to a 
region on chromosome 12p, in the region 12p12.2 
to p11.2 [ 90 ,  91 ]. 

 Patients with this form of hypertension have 
normal sympathetic nervous system and renin-
angiotensin system responses. In 1996, some 
abnormal arterial loops were noted on MRI 
examinations of the cerebellar region. There was 
speculation that this abnormality could lead to 
compression of neurovascular bundles that would 
lead to hypertension [ 92 ]. Another family, in 
Japan, also had similar fi ndings, and a deletion in 
12p was reported in that family [ 93 ]. 

 There are several candidate genes in the 
region – a cyclic nucleotide phosphodiesterase 
(PDE3A) and a sulfonylurea receptor, SUR2, 
which is a subunit of an ATP-sensitive potassium 
channel. It was hypothesized that there could be 
“a chromosomal rearrangement between the 
candidate genes PDE3A/SUR2/KCNJ8 for 
hypertension and SOX5 for the skeletal pheno-
types, separated by several megabases” (summa-
rized in reference [ 94 ]). It then appeared, in 
studies using bacterial artifi cial chromosomes, 
that there was an inversion, deletion, and reinser-
tion in this region. It appears currently that rather 
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than a mutation in a single gene, this form of 
hypertension is caused by the chromosomal 
rearrangement.  

    Other Forms of Mendelian 
Hypertension 

 In addition, there have been reports of severe 
insulin resistance, diabetes mellitus, and elevated 
BP caused by dominant-negative mutations in 
human peroxisome proliferator-activated recep-
tor gamma (PPARγ), a transcription factor [ 95 ]. 

 PPARγ is important in the differentiation of adi-
pocytes (reviewed in Meirhaeghe and Amouyel 
[ 95 ]). Mutations in PPARγ have been linked to a 
group of symptoms, including hypertension. Only 
eight persons have been described to date and have 
point mutations that are heterozygous (V290M, 
R425C, P467L, and F388L) [ 95 – 99 ]. The affected 
patients have had marked insulin resistance, then 
develop type 2 diabetes, and have dyslipidemia, as 
well as hypertension. The fi nding of these patients 
has been taken widely as a demonstration of the 
importance of PPARG in metabolic syndrome and 
in blood pressure control. 

 There has also been a description of hyperten-
sion, hypomagnesemia and hypercholesterolemia 
due to an abnormality in mitochondrial tRNA. 
In this case, there is impaired ribosomal binding 
due to a missense mutation in the mitochondrial 
tRNA [ 100 ].  

    When to Suspect Monogenic 
Hypertension 

 Table  6.3  lists those situations in which the astute 
clinician should consider monogenic hyperten-
sion [ 8 ]. These include both clinical and labora-
tory fi ndings that should point toward further 
evaluation. Signifi cant among these are a strong 
family history of hypertension and early onset of 
hypertension, particularly when the BP is diffi cult 
to control within the family. Low plasma renin 
activity, along with hypokalemia, should also 
point toward the possibility that a defi ned form of 
hypertension may be present.

        Non-Mendelian, Polygenic 
Hypertension 

 The genetic contribution to a prevalent condition 
such as essential [primary] hypertension is widely 
considered to involve multiple genes and is thus 
termed polygenic. The possibility for determining 
the genes that are involved seems far more feasible 
in the current genomic era, yet clear identifi cation 
has proved elusive, in part because BP is a continu-
ous variable, and the contribution of any one gene 
appears to be small. Relevant background for con-
sidering the genetic factors predisposing toward 
hypertension follows: 

    Experimental Hypertension as a Tool 
to Investigate Polygenic 
Hypertension 

 Many studies in inbred experimental animals, 
mainly rats and mice, have aimed to identify 
genes controlling BP (see Chap.   8    ). In the 1980s, 
it was estimated that 5–10 genes control BP [ 101 ]. 
In 2000, Rapp summarized available research and 
estimated that 24 chromosomal regions in 19 
chromosomes were associated with hypertension 
in various rat strains [ 102 ]. A recent review by 
Delles et al. [ 103 ] notes that candidate QTLs 
(quantitative trait loci) have been identifi ed on 
nearly every chromosome. Studies using inbred 
rat strains, however, did not identify polygenes 
and their associated alleles [ 104 ]. 

   Table 6.3    When to suspect a hypertensive genetic disorder   

 Patient is an at risk member of a kindred with a known 
monogenic hypertensive disorder (e.g., multiple 
endocrine neoplasia, syndromes) 
 Patient is a hypertensive child with hypokalemia whose 
fi rst-degree relatives have hypokalemia and/or 
hypertension 
 Patient with juvenile onset of hypertension, particularly 
if plasma renin is suppressed 
 Patient has physical fi ndings suggestive of syndromes 
or hypertensive disorders (e.g., retinal angiomas, neck 
mass, or hyperparathyroidism in patient with a 
pheochromocytoma) 

  Adapted from [ 8 ]  
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 A large number of chromosomal regions and 
some candidate genes have also been suggested 
from experimental studies in mice. For example, 
targeted gene deletion studies have shown an 
effect on BP in more than a dozen genes, among 
which are endothelial nitric oxide synthase, insu-
lin receptor substrate, the dopamine receptor, 
apolipoprotein E, adducin-alpha, the bradykinin 
receptor, and the angiotensin type 2 receptor, as 
well as other members of the RAAS [ 105 ]. 

 Genetic manipulation in mice has been suc-
cessful in exploring contributions of various 
candidate genes (reviewed in [ 106 ]), most nota-
bly those of the RAAS through two approaches, 
overexpression of a given gene [with “trans-
genic” animals [ 102 ]] and deleting gene function 
[with “knockouts”]. An additional approach is to 
use gene targeting in embryonic stem [ES] cell 
cultures [ 107 – 109 ]. 

 Inbred strains rather than transgenic or knock-
outs have led to important fi ndings [ 109 – 112 ]. 
A number of studies, notably those of Jacob et al. 
[ 109 ] and Hilbert et al. [ 110 ], found linkage in a rat 
model of hypertension that pointed to the angioten-
sin-converting enzyme (ACE) gene as important in 
determining hypertension. Since those reports of 
more nearly 20 years ago, a large number of clin-
ical studies have suggested a link between ACE 
polymorphisms in humans and hypertension. See 
a recent commentary on the value of studies in 
the rat model [ 103 ,  111 ].  

    Human Hypertension 

 A variety of studies have pointed to a link 
between human hypertension and genes of the 
RAAS (summarized in references [ 112 ,  113 ]). 
However, in common diseases such as hyperten-
sion, it may be more productive to consider sus-
ceptibility alleles rather than disease alleles per 
se. Furthermore, some people carrying a particu-
lar susceptibility allele may not have the disease, 
either because they do not have the environmen-
tal exposure that causes the condition to develop 
or because they lack another allele [or alleles] 
that are needed to cause a given clinical problem. 
Because there are multiple potential interactions, 

and susceptibility alleles are generally common, 
following a given allele through pedigrees is dif-
fi cult. In such a circumstance, segregation analy-
sis is diffi cult, particularly if a given susceptibility 
allele has a small effect. Indeed, to date, linkage has 
been reported on most chromosomes in humans 
[ 114 – 129 ]. 

 While linkage analysis may constitute an initial 
step (3–6), it is not as powerful a tool in polygenetic 
conditions as it is in Mendelian diseases, because 
many people without the disease may carry the 
susceptibility allele. Using affected siblings [sib 
pairs] may be helpful to gain more understanding 
of the possible genetics (see Fig.  6.2 ). Siblings 
who are both affected with a given problem such 
as hypertension would be anticipated to share 
more than half their alleles near or at the suscep-
tibility locus, and the chance of this occurrence 
is then calculated (3–6). A LOD score of greater 
than 3.6 is taken as evidence of a linked locus, 
which is often very large (in the range of 
20–40 cM). Once a putative linkage is confi rmed in 
a replicate study, fi ner mapping can be performed 
to hone in on the genetic region that contains the 
putative gene. This is done via linkage disequilib-
rium or association testing between disease and 
genetic markers, often with single-nucleotide 
polymorphisms (SNPs). SNPs occur roughly 
every 1,000 base pairs and lend themselves to 
automated testing. Using SNPs, a broad region 
(10–40 cM) can be narrowed to a far smaller 
region of roughly 1 × 10 6  base pairs [ 121 ,  122 ].

   Genome-wide screens of the human genome 
aiming to discover hypertension genes have sug-
gested many loci of interest [ 123 ,  124 ]. These 
genome-wide screens have included subjects with 
diverse phenotypes and ethnicity; furthermore, 
selection criteria have varied. The numbers and 
composition of families have ranged from single, 
large pedigrees to more than 2,000 sib pairs from 
1,500 or so families [ 123 ]. Using genomic scan 
data from four partner networks the US Family 
Blood Pressure Program (FBPP) [ 124 ] sought to 
use phenotypic strategies that refl ect the ethnic 
demography of the USA. A 140–170 cM region 
of chromosome 2 was linked to hypertension in 
several populations – Chinese sibling pairs [ 120 ] 
and Finnish twins [ 115 ], as well as a discordant 
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sibling-pair screen. Recently Caulfi eld et al. phe-
notyped 2,010 sib pairs drawn from 1,599 fami-
lies with severe hypertension as part of the 
BRIGHT study [Medical Research Council 
 BRI tish  G enetics of  H yper T ension] and per-
formed a 10 cM genome-wide scan [ 125 ]. Their 
linkage analysis identifi ed a locus on chromo-
some 6q with a LOD score of 3.21 and genome-
wide signifi cance of 0.042. However, this locus is 
at the end of chromosome 6, and the end of a 
chromosome may generate errors; thus, caution is 
required in drawing conclusions from these fi nd-
ings. The Caulfi eld group also found three other 
loci with LOD scores above 1.57 [ 125 ]. One of 
these loci was the same as that found in the 
Chinese and Finnish studies [ 125 ]. 

 Within the last few years, there have been fur-
ther genome-wide association studies (GWAS) 
concerning hypertension reported [ 130 ,  131 ]. 

In 2007 Levy et al. used an Affymetrix 100 k chip 
platform and performed a GWAS with the 
Framingham cohort, yet the initial analysis did not 
fi nd signifi cance for any single gene [ 132 ]. Using 
the Wellcome Trust Case Control Consortium 
[WTCCC] and an Affymetrix 500 k chip, another 
GWAS was reported in 2007, and it, too, did not 
reach genome-wide signifi cance for any gene 
[ 133 ]. However, a study in which the subjects were 
from the Korean general population most recently 
reported genome-wide signifi cance, though a very 
small effect for the ATPase, Ca++-transporting, 
plasma membrane 1 ( ATP2B ) gene [ 134 ]. These 
rather disappointing results from GWAS studies 
on hypertension are discussed to indicate the com-
plexity of primary hypertension. 

 Two consortiums have reported some more 
encouraging results. The Global BPgen group 
examined 2.5 million genotyped or imputed SNPs 

  Fig. 6.2    Study designs used to dissect the genetic architec-
ture of common complex traits. This fi gure shows the fl ow 
of studies that utilize candidate gene approaches, genome-
wide linkage studies and genome-wide association studies 
(After Simino J, Rao DC, Freedman BI. Novel fi ndings and 

future directions on the genetics of hypertension. Curr Opin 
Nephrol Hypertens. 2012;21(5):500–7, with permission. 
Insets for genome-wide linkage and genome-wide associa-
tion studies are from Graphic Arts, the New England 
Journal of Medicine, with permission)       
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in 34,433 persons of European background and 
found eight regions that reached genome- wide sig-
nifi cance. These regions were associated with 
hypertension and lie in close proximity to genes 
for CYP17A1, CYP1A2, FGF5, SH2B3, MTHFR, 
ZNF652, and PLCD3 and to the chromosome 10 
open reading frame 107 (c10orf107) [ 135 ]. 
Further, the so-called CHARGE consortium [ 136 ] 
looked at 29,136 participants and studied 2.5 mil-
lion genotyped or imputed SNPs; they reported 
signifi cant associations with hypertension for 10 
SNPs and with systolic BP for 13 SNPs and for 
diastolic BP with 20 SNPs. Their fi ndings plus 
those of Global BPgen were then subjected to a 
meta-analysis, and this led to fi ndings of genome-
wide signifi cance for a number of genes associated 
with elevated BP or with systolic or diastolic BP 
[ 135 ]. These included the  ATP2B  gene, as well as 
 CYP17A1  (steroid 17-alphamonooxygenase), 
 CSK-ULK3  (adjacent to c-src tyrosine kinase and 
unc-51- like kinase 3 loci),  TBX3-TBX5  (adjacent 
to T-box transcription factor TBX3 and T-box tran-
scription factor TBX5 loci),  ULK4  ( unc-51-like 
kinase 4),  PLEKHA7  (pleckstrin homology domain 
containing family A member 7),  SH2B3  (SH2B 
adaptor protein 3), and  CACNB2  (calcium channel, 
voltage-dependent, beta 2 subunit) [ 135 ].  

    Candidate Genes 

 Another approach in assessing polygenic hyper-
tension is to use candidate genes – genes that 
already have a known or suspected role in hyper-
tension – that are present near the peak of 
observed genetic linkage. If the full sequence of 
the candidate gene is known, then it is relatively 
easier to go forward. 

 In the Caulfi eld study [ 125 ], for example, 
there are a number of candidate genes that are 
within the linkage analysis-identifi ed areas on 
chromosomes 2 and 9. Genes that encode serine- 
threonine kinases, STK39, STK17B are on chro-
mosome 2q; PKNBETA, a protein kinase, is on 
chromosome 9q; G protein-coupled receptors on 
chromosome 9 – GPR107 9q and GPR21 on 
9q33; and on 2q24.1 there is a potassium chan-
nel, KCNJ3. 

    Use of microarrays to identify differential 
expression of expressed sequences in tissues from 
affected and unaffected persons has become com-
mon. These arrays are available either as full-length 
cDNAs or as expressed sequence tags (ESTs)  

    Candidate Susceptibility Genes 

 A number of genes have become candidates as 
susceptibility genes, particularly those of the 
RAAS. A number of such genes were associated 
with hypertension and cardiovascular regulation 
in the pre-genomic era. Many associations have 
been described or imputed, including not only 
members of the RAAS but many other genes .  For 
example, Izawa et al. [ 128 ] chose 27 candidate 
genes based on reviews of physiology and genetic 
data that looked at vascular biology, leukocyte 
and platelet biology, and glucose and lipid metab-
olism. They then also selected 33 SNPs of these 
genes, largely related in promoter regions, exons, 
or spliced donor or acceptor sites in introns and 
looked at their relationship to hypertension in a 
cohort of 1,940 persons. They found that poly-
morphisms in the CC chemokine receptor 2 gene 
were associated with hypertension in men and the 
TNF-alpha gene was associated with it in women 
[ 117 ]. In a GWAS in African Americans, 
Adeyemo et al. [ 137 ] suggested that pathway and 
network approaches might be helpful in identify-
ing or prioritizing various loci.  

    Variants or Subphenotypes 

 If a particular variant of a complex disease is clini-
cally distinct, then analysis of so-called subpheno-
types via positional cloning may be potentially 
illuminating [ 3 – 5 ,  118 ,  120 ]. In such an instance, 
there may be fewer susceptibility genes involved. 
However, subphenotypes may be diffi cult to study, 
as the physiology involved may be intricate. An 
example would be salt-sensitive hypertension 
[ 118 ]. In order to study subjects, it is necessary to 
perform careful metabolic studies that confi rm the 
subphenotype [hypertension with salt sensitivity] 
and also is standard during testing.  
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    Present Implications for Pediatric 
Hypertension 

 A search for monogenic forms of hypertension is 
clearly indicated in an infant, child, or teenager 
with elevated BP and history or signs compatible 
with one of these diagnoses. If a child is found to 
have one of the rare forms of monogenic hyper-
tension, there will be specifi c therapy. Few data, 
however, exist to guide the clinician in terms of 
the roles polygenic hypertension in children at 
the present time. Current approaches, summa-
rized in Fig.  6.2  and in recent reviews [ 138 – 144 ], 
would still indicate that the concept of a complex 
set of interactions leads to most cases of 
hypertension. 

 Another approach worth mentioning is that 
of genome-wide admixture mapping – mapping 
by admixture linkage disequilibrium (MALD), 
which is used to detect genes in populations that 
are mixed, for example, where one group’s 
ancestors have more of a given disease than 
another group [ 139 ]. Using a moderate number 
single- nucleotide polymorphisms (SNPs), this 
method determines regions in the genome that 
contain more SNPs from one ancestral group as 
compared to the others. Then honing down on 
the area, genes of interest may be found. This 
approach is very appealing as a means by which 
to study hypertension in African Americans 
[ 145 ,  146 ]. For example, MALD was used to 
fi nd a linkage peak in persons with African 
ancestry, which has turned up two apolipopro-
tein L1 (APOL1) variants in the coding region, 
as well as an adjacent area in the myosin heavy 
chain 9 gene (MYH9), which are associated 
with focal segmental glomerulosclerosis and 
hypertension. 

 There is no doubt that varied genetic mecha-
nisms that lead to primary hypertension remain 
to be delineated. In the future gene-environment 
interactions, pathways that involve multiple gene 
products, as well as epigenetic phenomena, will 
be explored. Ultimately, there may be pharmaco-
genetic approaches by which therapy for hyper-
tension may be individualized.      
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     Introduction 

 In the 1980s, British epidemiologist David Barker 
mined national records kept since the early part of 
the century to examine the relation between 
maternal health during pregnancy and cardiovas-
cular disease of their offspring in later life, 
 specifi cally non-hemorrhagic stroke [ 1 ]. A few 
previous publications had noted a statistical 
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  Abstract 

   Adverse intrauterine and perinatal events may have profound effects on 
the fetus and neonate. This chapter discusses both epidemiologic data and 
experimental models that elucidate those factors involved in perinatal pro-
gramming and developmental origins of adult disease. Persons who have 
been born after exposure to an adverse intrauterine environment may be at 
higher risk of future diseases than those born after uneventful gestation. 
This phenomenon has been called “perinatal programming,” a term sug-
gesting the importance of the milieu during organogenesis to future events. 
The mechanisms by which perinatal programming occurs are multiple, 
involving subtle changes in development, changes in expression of various 
proteins, and, likely, epigenetic changes. Infants who are small for gesta-
tional age or are premature appear to be at high risk to be subject to the 
effects of programming. Whether such people should be considered as 
having an “extra” risk factor for hypertension and cardiovascular disease, 
as well as for metabolic syndrome and other conditions, is discussed in 
this chapter.  
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association between birth weight and hyperten-
sion in later life [ 2 – 4 ], and Barker subsequently 
formulated the hypothesis that prenatal and peri-
natal environment can impact later-life pheno-
type [ 1 ,  5 ,  6 ]. From his observations on stroke 
victims, who died at ages 55–74 years, he postu-
lated that hypertension may be the link between 
low birth weight and later-life cardiovascular dis-
ease [ 1 ]. Initially called the “Barker hypothesis,” 
the concept has since been variously called “pre-
natal programming   ,” “perinatal programming,” 
“developmental origins of health and disease,” 
abbreviated as DOHaD, “developmental pro-
gramming,” or “developmental plasticity.” As the 
latter terms imply, the concept has expanded to 
explain phenotypic characteristics other than dis-
eases induced or caused by prenatal and early-life 
events. During the past two decades, the phenom-
enon of developmental programming has been a 
focus of intense study, but many of its aspects 
remain highly controversial and lack consensus, 
in part, because unraveling the underlying physi-
ological mechanisms has proven elusive. 

 Of later-life disorders, hypertension has 
received the most attention in this fi eld, and the 
bulk of the evidence supports the concept that the 
in utero environment can modify adult blood 
pressure patterns. It is important to note, as dis-
cussed below, that low birth weight may only be 
a marker of intrauterine stressors and may not 
have a causal role in the subsequent development 
of hypertension. There is also considerable evi-
dence to suggest that the susceptible period 
extends to postnatal factors in early life.  

   Epidemiology of Low Birth Weight 
and Subsequent Hypertension 

   Geography, Ethnicity, and Gender 

 Most epidemiologic and other human studies 
about developmental programming have focused 
on the association of birth weight with subse-
quent events. Barker’s early reports [ 1 ,  5 ,  6 ] took 
advantage of records available in a relatively lim-
ited geographic area (England and Wales). 
However, the association of LBW with hyperten-
sion has now been described in cohorts from 

numerous countries in Northern and Southern 
Europe [ 7 ,  8 ] [Finland, Norway, Sweden], North 
America [ 9 – 12 ], Central [ 13 ] and South America 
[ 13 ,  14 ], the Caribbean [ 15 ], Asia [ 16 ,  17 ], and 
Australia–New Zealand [ 18 ,  19 ]. The fi ndings 
have largely been similar in all ethnic groups 
studied, including the indigenous peoples of 
Australia [ 18 ,  20 ]. The possible exception are 
persons of African ancestry in whom the fi ndings 
have been ambiguous [ 13 ,  21 ,  22 ] or even the 
opposite, with LBW subjects having lower BP 
[ 23 ,  24 ]. Interestingly, a recent paper reported 
that Colorado residents of Mexican heritage 
appeared to be partially protected from the 
adverse effect of low birth weight [ 25 ]. 

 Most reports have compared persons who had 
a low birth weight, often defi ned as <2,500 g, to 
those with “normal” birth weight. Very low birth 
weight (<1,500 g) persons may be at an even 
higher risk for later hypertension [ 26 – 29 ], and 
the risk may be inversely correlated to immatu-
rity at birth [ 30 ]. 

 Most studies in people report no gender differ-
ence in the association between birth weight and 
later hypertension [ 7 ,  9 ,  10 ], with some excep-
tions. While female subjects were more affected 
in a twin study published by Loos et al. [ 31 ], 
other reports have shown a predominant effect in 
males [ 32 ]. 

 Studies in identical twins have been employed 
to control for potential confounding genetic and 
other factors common to both twin pairs. Several 
studies have concluded that even between twins, 
the twin with the lower birth weight is likely to 
have higher blood pressure in adult life [ 31 – 33 ], 
suggesting an effect within the fetoplacental unit, 
rather than from maternal factors shared by both 
twins. Not all studies agree. For instance, a 
Belgian long-term cohort study of 418 twin pairs 
reported no correlation between intrapair birth 
weight and blood pressure in young adulthood, 
although an effect of birth weight was observed 
between pairs [ 31 ]. The fact that perinatal pro-
gramming of hypertension can be induced in both 
inbred and outbred animal species indicates that 
the in utero environment may confer an effect 
independently of the inherited genome [ 33 ]. 

 A few epidemiologic studies have disputed 
the relationship between birth weight and 
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hypertension [ 34 ]. For example, Seidman et al. 
[ 35 ] found no association of BW and later blood 
pressure in a cohort of >30,000 17-year-old men 
and women. Skepticism about the concept of pre-
natal programming has centered on the diffi culty 
in controlling for all confounding variables in epi-
demiologic studies [ 36 – 38 ]. It has been noted that 
low birth weight is frequently associated with 
many other factors known to be associated with 
hypertension, such as maternal size, socioeco-
nomic status, educational level, and geographic 
region in which the mother lives. These concerns 
were recently addressed in a large US longitudinal 
study of 39–56-year-olds [ 39 ]. The study demon-
strated that while socioeconomic factors during 
early life predicted adult hypertension, there were 
signifi cant independent contributions by birth 
weight, even between siblings [ 39 ]. Taking the 
data together, the link between low birth weight 
and later-life hypertension seems well established. 
Negative results may be explained by studies with 
small subject numbers and other confounding risk 
factors, and the young age of study subjects who 
have not yet become hypertensive.  

   Intrauterine Growth Restriction 
Versus Prematurity 

 Most large cohort studies in adults were unable to 
distinguish between low birth weight resulting 
from intrauterine growth restriction (IUGR) or 
from premature birth and, therefore, do not 
clearly indicate whether premature babies with-
out IUGR (BW appropriate for gestational age) 
are at an increased risk for later hypertension. 
The strength of the evidence now suggests that 
prematurity by itself is a risk factor, causing 
organ and metabolic pathology similar to those 
seen in IUGR, including later-life hypertension 
[ 28 ,  40 – 43 ]. Therefore, it is possible that early 
postnatal stress has effects analogous to prenatal 
stress on a very immature organism. Some stud-
ies have suggested that prematurity may be a 
stronger independent predictor of subsequent 
hypertension than LBW [ 43 ]. This is an impor-
tant point because in developed countries, prema-
turity is a much more common cause of LBW 
than IUGR.  

   Body Proportion and Postnatal 
Growth 

 It is possible that the postnatal catch-up growth 
that follows IUGR may have later effects on BP. 
Several studies have suggested that IUGR places 
the offspring on a trajectory to increased postna-
tal weight gain, which may be an additional fac-
tor leading to a programmed increase in BP. The 
reported sensitive time periods for detrimental 
weight gain have varied from 1 to 13 years of 
postnatal age [ 23 ,  44 – 48 ]. 

 An additional point is that a “thin” body habi-
tus (low ponderal index) at birth may be indepen-
dently associated with later increase in BP, which 
may be independent of BW but amplifi ed by 
large postnatal weight gains [ 13 ,  46 ,  47 ,  49 ,  50 ]. 
For example, in the Helsinki birth cohort [ 46 ], 
men in their early 60s who already knew they had 
a diagnosis of hypertension in midlife were gen-
erally insulin resistant and obese but at birth had 
been thin and short but had caught up by age 11 
years. Others who had previously undiagnosed 
hypertension were overweight with an abnormal 
lipid profi le. They had been short at birth and had 
been thin and short at age 11.  

   Magnitude of the Effect 
of Programming 

 Many studies have quantifi ed the relation 
between BW and later blood pressure, either as 
absolute differences in mmHg in systolic and 
diastolic BP or as an incidence of hypertension. 
Increased BP is more readily demonstrable in 
adults and may refl ect pathophysiological ampli-
fi cation with age [ 48 ]. The magnitude of the BP 
effect ranges from 1 to 10 mmHg on systolic BP 
and slightly less on diastolic BP during adult-
hood. Several studies have reported a predomi-
nant effect on systolic BP, sometimes with no 
effect on diastolic pressure, with a resultant 
higher pulse pressure [ 48 ,  51 ]. 

 Published studies attempting to link birth 
weight with subsequent BP and the magnitude of 
the elevation do not necessarily concur. A large 
prospective US study concluded that there is no 
relation between birth weight and BP at 7 years 
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of age in either white or black children [ 23 ]. 
Some studies have reported an inverse relation 
between blood pressure and birth weight in chil-
dren [ 14 ], even in infants [ 52 ]. Yiu et al. reported 
that in 7-year-olds, there was a 1.3 mmHg 
decrease in systolic blood pressure and 0.6 mmHg 
decrease in diastolic blood pressure for each 1 kg 
increase in birth weight [ 12 ]. Others have found 
no correlation, even in older children [ 18 ]. In 
general, with advancing age, the correlation 
seems to become stronger and more readily 
demonstrable. Besides a more subtle impact in 
young subjects, many other factors, including 
methods of BP determination and small subject 
numbers, may account for the lack of statistical 
differences. 

 In absolute terms, the magnitude of BP 
increase in persons who were LBW neonates is 
small, once analyses are adjusted for confound-
ers, and LBW should, therefore, best be consid-
ered as another risk factor for hypertension and 
cardiovascular disease. However, because of the 
high incidence of LBW, even a small population- 
wide statistical increase in mean BP would lead 
to a considerable number of additional persons 
being diagnosed as pre-hypertensive or hyperten-
sive by the current diagnostic criteria. The large 
US studies by Curhan et al. documented a 
39–43 % increase in diagnosed hypertension in 
25–55-year-old women whose BW was below 
5.0 lb and a similar 26 % increase in 40–75-year- 
old men [ 9 ,  10 ]. A recent meta-analysis of 78 
studies reported a 21 % increase in the risk of 
hypertension in persons of relatively lower BW 
[ 53 ]. Pediatric studies have generally not 
observed frank hypertension, despite statistical 
increases in BP, supporting the hypothesis that 
there is amplifi cation of the pathogenetic mecha-
nisms with age. 

 In contrast to the epidemiologic data, most 
experimental animal models of developmentally 
programmed hypertension have shown a large 
increase in BP. In rat and murine models, the 
increase in systolic BP measured by tail-cuff 
method in adult animals is reported to be 
20–30 mmHg above control levels [ 54 – 58 ]. As in 
humans, the increase in BP does not appear to be 
present or is only modest early in life [ 54 ,  59 ]. 

These animal data have come under scrutiny with 
the introduction of continuous intra-arterial 
radiotelemetric BP recording in rodents. In some 
models, the BP increase is only demonstrable 
with exposure to stress such as physical restraint 
[ 60 ]. In other reports, the effect on intra-arterial 
BP has been relatively small [ 57 ,  61 ,  62 ], absent, 
or even reversed [ 63 ]. Increased mean arterial 
pressure of approximately 6–10 mmHg by direct 
intra-arterial measurement has also been 
described in sheep after prenatal steroid treat-
ment [ 64 ,  65 ]. Nevertheless, the large amount of 
experimental data taken together indicates that 
developmental programming of BP in associa-
tion with lower birth weight does occur. 

 It is important to note that birth weight likely 
serves only as a crude marker of adverse prenatal 
environment and is not causally related to the 
programming phenomenon; this marker phenom-
enon may explain the mixed results of some of 
the human experience. As discussed below, much 
remains to be learned about the pathogenesis of 
programming.   

   Potential General Mechanisms 
of Developmental Programming 

   Glucocorticoids 

 Relatively little is understood about the program-
ming signal(s) from the mother or the environ-
ment to the offspring. A leading hypothesis states 
that fetal exposure to excessive glucocorticoid 
levels constitutes a major programming signal 
[ 66 ]; this concept is supported by the fi nding of 
elevated cortisol levels at term in fetuses with 
intrauterine growth restriction [ 67 ]. 

 Under physiological conditions, the fetus is 
protected from maternal glucocorticoids by the 
placental enzyme 11β-hydroxysteroid dehydro-
genase type 2 (11βDH2), which metabolizes glu-
cocorticoids into inactive metabolites. High 
maternal cortisol levels due to maternal stress or 
glucocorticoid administration may overwhelm 
the capacity of 11βDH2, allowing the active hor-
mone to cross into the fetus [ 64 ,  66 ]. The long- 
term effect of glucocorticoid administration to 
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the mother to accelerate fetal lung maturation has 
been examined is several studies, with variable 
results; some investigators have reported 
increased BP and obesity in the offspring [ 68 ], 
while others have observed no measurable differ-
ence [ 68 ]. Prenatally programmed hypertension 
has been induced experimentally in several spe-
cies by maternal glucocorticoid administration 
during a sensitive period of gestation [ 56 ,  64 ,  65 , 
 69 ]. Both negative and positive results have been 
reported in sheep; the differences may be attrib-
utable to the timing of the exposure or the type of 
glucocorticoid used [ 70 ]. Additional work on the 
maternal glucocorticoid hypothesis is provided 
by experiments in rats showing that offspring 
programming of hypertension is prevented or 
ameliorated by pharmacologic inhibition of 
maternal glucocorticoid synthesis or by maternal 
adrenalectomy [ 71 – 73 ]. 

 Increased fetal exposure to glucocorticoids 
could also result if there is decreased placental 
11βDH2 activity. There is evidence that activity 
of the enzyme may be impaired by maternal 
stress [ 74 ] or by intrinsic placental dysfunction, 
as seen in preeclampsia [ 75 ], and the level of the 
enzyme activity has been correlated with fetal 
weight [ 76 ]. Administration of a 11βDH2 inhibi-
tor, carbenoxolone, to pregnant rats causes fetal 
IUGR and programs adult hypertension [ 55 ,  77 ]. 
Also, surgical reduction of uterine blood fl ow in 
rats or embolization of uterine vessels in sheep, 
either of which may cause placental ischemia 
and results in programmed hypertension in the 
offspring [ 57 ]. Thus, there is considerable evi-
dence to support a role of fetal glucocorticoid 
exposure in developmental programming, but 
other factors may be equally important and 
require further study.  

   Epigenetic Imprinting of the Fetal 
Genome 

 Epigenetic mechanisms can be defi ned as herita-
ble changes in gene expression that are not caused 
by changes in DNA sequence [ 78 – 80 ]. Epigenetic 
gene regulation is largely responsible for the fact 
that, despite identical genomes, different cells 

and tissues of the organism exhibit vastly differ-
ent phenotypes. Although direct evidence is still 
scant, it is likely that epigenetic phenomena are 
operative in developmental programming [ 81 , 
 82 ]. Epigenetic regulation can take place via at 
least three different mechanisms – fi rst, DNA 
methylation affecting the binding of certain 
DNA-binding proteins; second, modifi cation of 
chromatin confi guration through methylation, 
acetylation, or phosphorylation of histone pro-
teins, the “packaging proteins” of DNA; and 
third, silencing of specifi c mRNAs by microRNA 
molecules. 

 The majority of the embryonic genome is 
demethylated in the early postconceptual period, 
followed by large-scale methylation to establish a 
new methylation pattern, and this process may be 
susceptible to variations in maternal or paternal 
diets [ 83 ]. Maternal undernutrition during the 
preimplantation period appears to impair meth-
ylation in the embryo [ 84 ] and program increased 
blood pressure in the offspring [ 85 – 87 ]. In addi-
tion, paternal undernutrition may also have 
important effects [ 85 ,  88 ]. 

 Later in gestation, the effects of impaired 
methylation, as well as changes in histone protein 
modifi cation and RNA silencing, may be organ 
specifi c and depend on the developmental state of 
the given organ. This may explain why, for 
instance, maternal protein restriction in the rat 
during the second half of pregnancy programs a 
reduction in the number of nephrons [ 54 ]. There 
is experimental evidence that the effects of prena-
tal programming may be alleviated by maternal 
treatment with the methyl donor folic acid [ 89 , 
 90 ], and preliminary data in humans suggest that 
folic acid supplementation reduces the risk of 
low birth weight and prematurity [ 91 ,  92 ]. 
Possible targets of epigenetic programming rele-
vant to the development of hypertension include 
the renal 11βDH2 enzyme, renal and adrenal 
angiotensin II type 1 receptor, and the glucocorti-
coid receptor [ 93 – 96 ]. 

 Of both interest and concern are the fi ndings 
that in experimental rat models, the effects of 
prenatal programming appear to carry across to 
the next generation [ 97 ,  98 ]. For instance, rat off-
spring from low-protein pregnancies passed on 
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the phenotype of low nephron number and hyper-
tension to their progeny via both maternal and 
paternal lines [ 97 ,  98 ].  

   Oxidative Stress and Fetal 
Programming 

 There is growing evidence that oxidative stress 
during fetal life may be a major factor in fetal 
programming [ 99 ]. Some of the adverse effects 
may be reduced by tempol, which is an ROS 
scavenger [ 100 ]. Recently, Chang et al. [ 101 ] 
have shown that hypertension programmed by 
maternal diabetes could be ameliorated by engi-
neered overexpression of catalase in the renal 
proximal tubule. In that study, it was shown that 
the overexpression of the catalase triggered the 
Nrf–HO-1 defense system.   

   Maternal and Placental Risk Factors 

   Maternal Nutrition 

 Maternal nutrition is well known to affect fetal 
growth. A variety of maternal nutritional factors 
have been associated with developmental pro-
gramming of hypertension (Table  7.1 ). Most, but 
not all, are associated with low birth weight. A 
striking example of overall nutrient restriction is 
provided by the long-term follow-up studies of 
people whose mothers were exposed to the Dutch 
famine in 1944–1945.The global nutrient depri-
vation lasted for a sharply defi ned period. As 
adults, the offspring who were exposed for at 
least 10 weeks had an increased rate of hyperten-
sion and cardiovascular disease [ 32 ,  102 – 104 ]. 
Other examples of global nutritional deprivation 
come mostly from underdeveloped countries. For 
instance, maternal nutrient status during preg-
nancy was linked to BP increase in 10–12-year- 
old Jamaican children [ 105 ]. Experimentally, 
programmed hypertension is inducible by global 
food restriction in several species, including the 
rat and the sheep (Table  7.2 ) [ 106 – 108 ].

    Defi ciencies in specifi c nutrients have also 
been implicated, but the evidence is less clear. As 

noted previously, folic acid supplementation dur-
ing pregnancy appears to reduce the risk of fetal 
growth restriction, but its effect on later blood 
pressure is not known [ 109 ,  110 ]. Other impli-
cated nutrients include vitamin A [ 111 ], zinc 
[ 112 ], iron [ 113 ], sex hormones [ 114 ], and micro-
nutrients in general [ 110 ]. 

 Maternal overnutrition and obesity [ 115 ] or 
high salt intake [ 116 ,  117 ] may also induce later- 
life hypertension in both human subjects and 
experimental models.  

   Other Maternal Factors 

 There is a reported association between birth 
weight in persons whose mothers’ mothers had 
either gestational or non-gestational diabetes and 
later development of the metabolic syndrome and 
hypertension in the offspring [ 118 ].    In particular, 
larger fetal and newborn size appears to be 

   Table 7.1    Maternal exposures or conditions and prenatal 
programming   

  Maternal extrinsic exposures and future hypertension 
in offspring  
 Global reduction in protein and calories 
 Low-protein diet and isocaloric protein restriction 
 High-salt diet 
 Vitamin A defi ciency 
 Folic acid defi ciency 
 Iron defi ciency 
 Nephrotoxic drugs 
 Tobacco exposure 
 Alcohol exposure 
  Maternal conditions and future hypertension in 
offspring  
 Placental defi ciency 
 Maternal diabetes 
 Maternal obesity 
 Maternal CKD 

   Table 7.2    Animal species for the study of programming      

 Rodents – rat, mice, guinea pig 
 Sheep 
 Nonhuman primates 
 Good reviews may be found as follows: (a) Nathanielsz 
[ 187 ]; (b) Bertram and Hanson [ 188 ]; (c) Ozanne et al. 
[ 189 ] 
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associated with increased risk of obesity in later 
life [ 119 ]. One study reported elevated BP in the 
offspring of such pregnancies as early as at 3 
years of age [ 118 ]. Other causes of LBW that are 
associated with later hypertension include mater-
nal smoking [ 120 ], alcohol [ 62 ], and caffeine 
intake [ 121 ]. Unadjusted data from a cohort study 
in Western Australia suggested that maternal 
smoking might be associated with reduced birth 
weight and, later, with higher BP in young (1–3 
years) offspring, but an adjusted analysis that 
included potential confounding factors ablated 
the BP effect from low birth weight [ 120 ].  

   Maternal Glucocorticoid Treatment 

 The long-term effect of glucocorticoid adminis-
tration to the mother [ 122 – 124 ] to accelerate 
fetal lung maturation has been examined in sev-
eral clinical studies, with variable results; some 
investigators have reported increased BP and 
obesity in the offspring [ 122 ], while others have 
observed no measurable difference [ 125 ]. This is 
discussed further in Chap.   26    . Cortisol and other 
stress hormones are also implicated by studies 
linking maternal stress to developmental pro-
gramming of cardiovascular disease, including 
the metabolic syndrome and hypertension [ 126 ]. 

 Prenatally programmed hypertension has been 
experimentally induced by maternal glucocorti-
coid administration in several species, including 
the rat and the sheep [ 56 ,  64 ,  65 ,  69 ]. In both spe-
cies, there seems to be narrow window of suscep-
tibility to glucocorticoids, during the third 
trimester in rats and fi rst-trimester sheep; it 
should be noted that sheep are much more mature 
at birth. However, not all investigators were able 
to demonstrate an effect in sheep; the difference 
may be attributable to the timing of the exposure 
or to the type of glucocorticoid used [ 64 ,  65 ].  

   The Placenta and Programming 

 Preeclampsia and placental dysfunction are the 
most common causes of LBW in developed coun-
tries and has been associated with hypertension in 

the offspring [ 57 ,  127 ]. Clearly, placental 
 dysfunction has metabolic consequences for the 
fetus that may contribute to developmental pro-
gramming [ 75 ,  128 ], but the available data are 
very limited except for that about the placental 
11β-hydroxysteroid dehydrogenase type 2 
(11βDH2) enzyme, discussed earlier. 

 It has been suggested that placental size and 
size discrepancy between the newborn and its 
placenta correlates with adult blood pressure [ 32 , 
 49 ,  129 ,  130 ], but further studies are required to 
confi rm and elucidate this observation.   

   Programming Targets 
in the Offspring 

   Kidney 

 Much of the research on programmed hyperten-
sion has been devoted to the role of the kidney. 
Experimental data indicate that the three renal 
compartments – vascular, glomerular, and tubu-
lointerstitial – may all have structural and/or 
functional aberrations, but the role of the number 
of nephrons after an in utero insult has received 
the greatest attention. In humans, kidney devel-
opment begins during the 6th week of gestation, 
and nephrogenesis (new nephron formation) is 
completed around the 36th week of gestation. 

   Nephron Number 
 It is well established that diseases that cause 
extensive renal damage and chronic kidney dis-
ease are frequently associated with loss of func-
tioning nephrons and hypertension. The 
consequent progressive kidney injury is hypoth-
esized to be mediated by increased fl ow and fi l-
tration in the remaining glomeruli, the so-called 
hyperfi ltration theory. There is a wide variation 
in the number of glomeruli in the human kidney, 
ranging from 300,000 up to 2,000,000 [ 131 ]. It is 
therefore attractive to speculate that a congeni-
tally low number of nephrons, even in the 
absence of renal disease, may lead to later hyper-
tension. Strong support for this speculation was 
provided by an autopsy study by Keller et al. 
[ 132 ] which, though small (ten hypertensive and 
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ten normotensive persons who had expired due to 
accidents), indicated that hypertensive young 
adults without renal disease had a lower number 
of nephrons than control subjects. Because of the 
young age of the autopsied subjects, the low 
nephron count was suggested as congenital [ 132 ]. 

 Later studies have confi rmed an inverse cor-
relation between number of nephrons and birth 
weight on one hand and adult BP on the other in 
American Caucasians. However, interestingly, 
such correlation was not present in African 
Americans, who generally have a higher inci-
dence of hypertension [ 140 ,  141 ]. The nephron 
number per kidney in these studies was measured 
by the unbiased but cumbersome dissector/frac-
tionator stereological method, explaining the 
paucity of human studies [ 131 ]. This method 
determines the total number of nephron in the 
whole kidney in three-dimensional space. More 
commonly, investigators have employed a count-
ing method in histologic slides, measuring the 
number of glomeruli in a two-dimensional plane. 
A possible source of error with this methodology 
is the change in relative volume of different renal 
compartments (glomeruli, tubules, interstitium) 
as a result of intrauterine pathology. However, 
such histologic studies do in general agree with 
the stereological method in showing a reduced 
number of nephrons in LBW babies [ 133 ]. 

 A few studies have been done utilizing indirect 
evidence, using kidney size, measured by ultra-
sound, as a surrogate for nephron number in chil-
dren.    The results are inconsistent; kidney size 
was reduced in LBW children in some studies but 
not in others [ 134 ,  135 ]. Additionally, kidney size 
may not be a reliable marker of nephron comple-
ment because of compensatory hypertrophy. 
Interestingly, persons born with a single kidney 
generally do not develop hypertension. Additional 
human studies are clearly needed to clarify the 
issue of nephron endowment and subsequent BP. 

 Experimental studies strongly support the 
association between the number of nephrons pres-
ent at the end of nephrogenesis and later hyper-
tension. In several models of genetic hypertension, 
there is a strong association between congenitally 
low nephron number and hypertension [ 136 ,  137 ]. 
However, crossbreeding experiments between 

spontaneously hypertensive rats SHRs and the 
normotensive WKY controls hint that fi ltration 
surface area, which has been linked to the devel-
opment of high blood pressure, may not always be 
related [ 138 ]. The study looked at F1 and F2 off-
spring from this cross. BP was measured weekly 
from ages 5 to 15 weeks, and the animals were 
euthanized at 15 weeks, at which time glomerular 
number, size, and surface area were determined. 
Although the offspring exhibited the expected 
wide range of nephron numbers and BPs, no asso-
ciation between the two was noted in the F2 gen-
eration, in which there is random segregation of 
the genes from the WKY and SHR. 

 That being said, low nephron number has been 
documented in several experimental models of 
programmed hypertension and/or IUGR, both by 
true stereological methods and by other methods. 
Moreover, neonatal uninephrectomy in the rat 
induces later hypertension [ 139 ]. 

 In summary, although studies in experimental 
animals do link low nephron count to hyperten-
sion, human studies are less conclusive and sug-
gest that additional factors are in play, especially 
in African Americans.  

   Renal Vessels 
 Aberrant renal arterial vasculature has been 
described in experimental models of programmed 
hypertension [ 140 ,  141 ], but further studies are 
needed. Some investigators have described 
decreased capillary density in the kidney [ 140 ], 
but this too awaits confi rmation. Similar informa-
tion in humans is, to our knowledge, lacking. 
However, it is reasonable to expect that vascular 
abnormalities similar to those found in systemic 
vessels (see below) also apply to the kidney. 
Indeed, it has been hypothesized that renal micro-
vascular disease may be a primary abnormality in 
programmed hypertension, leading to tubuloint-
erstitial injury as discussed below [ 142 ].  

   Tubulointerstitial Factors 
 Renal tubulointerstitial pathology or functional 
alterations may be important in the genesis of 
hypertension [ 39 ]. It has been proposed that renal 
tubular transport aberrations, induced by injury 
to the tubulointerstitial microenvironment, may 
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underlie many types of hypertension by causing 
renal dysregulation of sodium balance and 
chronic volume expansion [ 39 ,  143 ]. Increased 
salt sensitivity, reported in some in children and 
adults with low birth weight, supports such 
 dysregulation in prenatally programmed hyper-
tension [ 144 ,  145 ]. Further, upregulated renal 
tubule sodium reabsorption has been directly 
documented in a rat model of programmed hyper-
tension [ 146 – 148 ]. Factors involved in the 
accompanying tubulointerstitial injury may 
include oxidative stress and infl ammation. Indeed, 
expression of oxidative pathways is upregulated 
in kidneys in relevant rodent models [ 149 ,  150 ], 
and treatment with reactive oxygen species scav-
enger or immunosuppressive drugs has been 
reported to decrease BP in a rat model [ 150 ]. One 
may speculate that an initial tubulointerstitial 
injury initiates salt-sensitive hypertension by 
chronically upregulating renal tubular sodium 
reabsorption and leading to chronic extracellular 
volume expansion [ 151 ]. Possible causes of tubu-
lointerstitial injury include ischemia due to intra-
renal microvascular abnormalities, heightened 
sympathetic activity, and increases in certain cir-
culating vasoactive substances (see below). 

 Other factors may contribute to interstitial dis-
ease. For example, in a retrospective review, Feig 
et al. noted that children with incident hyperten-
sion had relatively elevated uric acid levels. 
Additionally, such children had evidence of lower 
birth weights and displayed markers of endothe-
lial dysfunction [ 152 ]. In a pilot study, Feig and 
colleagues treated youngsters with hypertension 
and elevated uric acid with allopurinol and noted 
improved BP. In a subsequent article [ 153 ], the 
authors speculated that abnormalities in uric acid 
may be involved in aberrant intrarenal microvas-
culature (see Chap.   5    ).  

   The Intrarenal Renin–Angiotensin–
Aldosterone System and Programming 
 The kidney contains a local renin–angiotensin–
aldosterone system (RAAS) in which all compo-
nents are present; this intrarenal RAAS appears 
to function locally, distinct from the systemic 
RAAS, contributing to maintenance of normal 
renal physiology, and also participates in many 

pathologic states [ 154 ]. The intrarenal RAAS is 
critical for normal kidney development [ 155 , 
 156 ]. There is strong experimental evidence that 
developmentally programmed hypertension is 
associated with an altered intrarenal RAAS dur-
ing prenatal life and in the perinatal period. Rat 
pups born to protein-restricted dams exhibit 
changes in levels of intrarenal components of 
RAAS, including increased expression of renin 
and angiotensin II type 1 receptors, decreased 
expression of angiotensin II type 2 receptors, as 
well as decreased angiotensin II levels [ 59 ,  93 , 
 157 – 159 ]. In ovine models of programming, the 
administration of glucocorticoids to the fetus or 
maternal food restriction [ 160 – 162 ] is associated 
with changes in intrarenal RAAS expression. 
Similar information is not, to our knowledge, 
available in human newborns. 

 Thus, it appears that changes in the intrarenal 
RAAS occur in developmental programming. 
Exogenous alteration of the RAAS by adminis-
tration of an angiotensin receptor blocker in rat 
pups still undergoing nephrogenesis results in a 
decreased number of nephrons and later hyper-
tension [ 163 ]. Prenatal suppression of the RAAS 
would also be likely to cause abnormal renal vas-
cular development, and one might speculate that 
such suppression could lead to tubulointerstitial 
ischemia and oxidative stress that may ultimately 
mediate dysregulation of sodium balance.  

   Renal Nerves 
 Much data suggest that the renal nerves partici-
pate in BP regulation either via effects on renal 
hemodynamics or on renal sodium transport. 
Renal denervation has been shown to alleviate 
severe treatment-resistant essential hypertension 
[ 164 ]. The role of renal nerves in developmental 
BP programming in humans has not been estab-
lished, but in a rat model the sympathetic outfl ow 
to the kidney appears increased, and renal dener-
vation prevents or ameliorates the development of 
hypertension [ 165 ,  166 ]. It is attractive to specu-
late that increased renal sympathetic stimulation, 
as a part of generalized sympathetic overactivity, 
is a key element in promoting renal Na by the 
mechanisms discussed above, hence leading to 
increased extracellular volume and hypertension.   
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   Systemic Vasculature 

 Large numbers of human and experimental stud-
ies have examined changes in the systemic vascu-
lature in IUGR offspring and whether these could 
have a role in the development of hypertension. 
Whether primary intrinsic structural defects are 
present is not clear. A few human studies have 
shown decreased reduced arterial diameter in 
large vessels in adults [ 167 ] and [ 168 – 170 ] chil-
dren with LBW, but others have failed to fi nd any 
effect of BW on arterial diameters [ 171 ,  172 ]. 
Arterial stiffness, a possible indicator of an abnor-
mal arterial wall, has also been variably noted in 
large vessels in humans with LBW [ 170 ]. 

 Abnormal vascular endothelial function has 
been hypothesized as an important contributor to 
the development of hypertension. Relevant stud-
ies have included determination of vascular 
relaxation in response to increased fl ow or acetyl-
choline (endothelium-dependent relaxation) and 
to NO donor (endothelium-independent relax-
ation). Impaired endothelium-dependent relax-
ation was reported in children and adults with 
LBW [ 169 ,  171 ,  172 ]. However, some reports 
show no change [ 173 ,  174 ]. Further, the presence 
of such changes in some infants and children 
without elevated BP [ 175 ] suggests that the alter-
ations may be a direct consequence of the intra-
uterine environment rather than hypertension. Of 
interest, one report documented the presence of 
such functional abnormalities in subjects whose 
LBW was due to IUGR but not in others with 
LBW due to prematurity [ 169 ]. 

 In contrast to aberrant vasorelaxation, abnor-
mal vasoconstriction in response to stimuli is not 
consistently found in humans or experimental 
models. Microvascular dysfunction was exam-
ined in 3-month-old infants in whom skin perfu-
sion was measured in response to acetylcholine 
or an NO donor. Response to acetylcholine, but 
not to the NO donor, appeared impaired in LBW 
infants, a possible evidence of a primary defect in 
NO-cAMP generation [ 176 ]. A study by the 
same investigators in 9-year-old normotensive 
children provided similar results [ 171 ]. 

 As noted earlier, abnormal uric acid metabo-
lism has emerged as a potential mediator of 

endothelial dysfunction and hypertension [ 153 ] 
and has been proposed to be important in prenatal 
programming of hypertension [ 152 ]. In addition 
to alterations in the systemic vasculature, uric 
acid might promote hypertension via vasocon-
striction or other effects on intrarenal vessels. 

 Thus, there is evidence to support the presence 
of both structural and functional abnormalities in 
both the macrovascular and microvascular circu-
lation, but whether these changes result in the 
development of hypertension has not been unam-
biguously established.  

   The Sympathetic Nervous System 
and Stress 

 Several studies of human subjects with low birth 
weight or prenatal stress documented changes in 
stress reactivity and sympathetic nervous system 
function in the offspring. For example, when 
studied at an average age of 58 years, people 
exposed to the Dutch famine in utero displayed 
an exaggerated BP response to stress if their pre-
natal exposure was during early gestation [ 177 ]. 
Reactivity to stress in adult life has been 
approached by producing mild psychosocial 
stress and then measuring plasma or salivary cor-
tisol levels before and after the intervention 
[ 178 – 180 ]. Results have varied. For example, de 
Rooij et al. found no differences in cortisol 
responses after stress, while Kajantie et al. [ 179 ] 
reported an inverse U-shaped relationship 
between cortisol levels and birth weight with 
psychosocial stress. The lowest ACTH and corti-
sol levels were observed in the participants who 
weighed the least at birth. 

 A study of preteen children showed increased 
urinary catecholamine excretion in subjects who 
were born preterm or had evidence of IUGR at 
term, but there were no differences in baseline or 
stress-induced BP as compared to control sub-
jects [ 181 ]. 

 Stronger evidence that stress reactivity and 
sympathetic activity can be programmed prena-
tally comes from experimental studies. Increased 
BP response to stress has been described in both 
rats and sheep; however, the baseline BP was not 
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invariably elevated [ 182 – 184 ]. An exaggerated 
increase in BP was also described after 
amphetamine- induced catecholamine release in 
rats that had been exposed to dexamethasone in 
utero [ 183 ]. Increased cortisol level in response 
to stress has been described in sheep that had 
been exposed to betamethasone in utero [ 182 ]. 

 Thus, responses to stress appear to be modi-
fi ed by prenatal conditions or exposures in cer-
tain experimental models, and there are hints that 
this may be the case in humans. However, the 
role of hormones released by stress or of the sym-
pathetic nervous system in the development of 
hypertension has not been clearly established. 
Because sympathetic overactivity may be a pre-
dictor of future hypertension [ 185 ,  186 ], intra-
uterine stress may be considered as a possible 
risk factor associated with prenatal conditioning.   

   Speculation about Prognosis, 
Prevention, and Suggestions for 
Management 

    Persons who have been born after exposure to an 
adverse intrauterine environment may be at risk 
of having undergone perinatal programming. 
Such people should be considered as having an 
“extra” risk factor for hypertension and cardio-
vascular disease, given the growing number or 
reports, summarized above, which indicate that 
such persons may develop hypertension and 
other “programmable” traits such as obesity, dys-
lipidemia, and metabolic syndrome [ 185 ]. Risk 
for these other conditions may be at least as 
important as changes in BP. For example, one 
study reported that CV mortality in LBW sub-
jects is only minimally mediated by BP [ 185 ]. 

 Prenatal programming may be avoidable. At 
this time, there would appear to be suffi cient epi-
demiologic and experimental data to suggest 
healthful measures that would lower the chance 
of an adverse intrauterine milieu. Thus, before 
conception and during pregnancy, mothers 
should have adequate protein–calorie intake and 
should avoid smoking and alcohol. Folic acid 
supplementation still remains controversial with 
respect to the prevention of future cardiovascular 

disease, though adequate intake is important 
for all. 

 After birth, at-risk children should be fol-
lowed, but to what extent is not clear. Excessive 
postnatal weight gain should be avoided, but 
there are presently insuffi cient data for guide-
lines. However, it makes sense to encourage a 
healthy diet that avoids excessive salt, as well as 
a healthy lifestyle. Further, monitoring the BP in 
such children as they mature should permit early 
intervention if hypertension develops. Currently 
data are not suffi ciently robust to make a recom-
mendation that at-risk children should have their 
renal size monitored or be screened for microal-
buminuria. Further, there are not enough data to 
indicate whether treatment with ACE inhibitors 
or ARBs in at-risk persons would be helpful.     

      References 

       1.    Barker DJ, Osmond C. Death rates from stroke in 
England and Wales predicted from past maternal mor-
tality. Br Med J (Clin Res Ed). 1987;295(6590):83–6.  

    2.    Widdowson EM, McCance RA. Some effects of 
accelerating growth. I. General somatic develop-
ment. Proc R Soc Ser B. 1960;152:188–206.  

   3.    Widdowson EM. The response of the sexes to nutri-
tional stress. Proc Nutr Soc. 1976;35:175–80.  

    4.    Winick M, Noble A. Cellular response in rats during 
malnutrition at various ages. J Nutr. 1966;89:300–6.  

     5.    Barker DJ, Bull AR, Osmond C, Simmonds SJ. Fetal 
and placental size and risk of hypertension in adult 
life. BMJ. 1990;301(6746):259–62.  

     6.    Godfrey KM, Forrester T, Barker DJ, Jackson AA, 
Landman JP, Hall JS, Cox V, Osmond C. Maternal 
nutritional status in pregnancy and blood pressure in 
childhood. Br J Obstet Gynaecol. 1994;101(5):
398–403.  

     7.    Järvelin MR, Sovio U, King V, Lauren L, Xu B, 
McCarthy MI, Hartikainen AL, Laitinen J, Zitting P, 
Rantakallio P, Elliott P. Early life factors and blood 
pressure at age 31 years in the 1966 northern Finland 
birth cohort. Hypertension. 2004;44(6):838–46.  

    8.    Hallan S, Euser AM, Irgens LM, FInken MJ, Holmen 
J, Dekker FW. Effect of intrauterine growth restric-
tion on kidney function at young adult age: the Nord 
Trøndelag Health (HUNT 2) study. Am J Kidney 
Dis. 2008;51(1):10–20.  

      9.    Curhan GC, Chertow GM, Willett WC, Spiegelman 
D, Colditz GA, Manson JE, Speizer FE, Stampfer 
MJ. Birth weight and adult hypertension and obesity 
in women. Circulation. 1996;94(6):1310–5.  

     10.    Curhan GC, Willett WC, Rimm EB, Spiegelman D, 
Ascherio AL, Stampfer MJ. Birth weight and adult 

7 Perinatal Programming and Blood Pressure



114

hypertension, diabetes mellitus, and obesity in US 
men. Circulation. 1996;94(12):3246–50.  

   11.    Lackland DT, Bendall HE, Osmond C, Egan BM, 
Barker DJ. Low birth weights contribute to high 
rates of early-onset chronic renal failure in the 
Southeastern United States. Arch Intern Med. 
2000;160(10):1472–6.  

     12.    Yiu V, Buka S, Zurakowski D, McCormick M, 
Brenner B, Jabs K. Relationship between birth-
weight and blood pressure in childhood. Am J 
Kidney Dis. 1999;33(2):253–60.  

       13.    Law CM, Egger P, Dada O, Delgado H, Kylberg E, 
Lavin P, Tang GH, von Hertzen H, Shiell AW, Barker 
DJ. Body size at birth and blood pressure among 
children in developing countries. Int J Epidemiol. 
2001;30(1):52–7.  

     14.    Pereira JA, Rondó PH, Lemos JO, Pacheco de Souza 
JM, Dias RS. The infl uence of birthweight on arte-
rial blood pressure of children. Clin Nutr. 
2010;29(3):337–40.  

    15.    Forrester T. Historic and early life origins of hyper-
tension in Africans. J Nutr. 2004;134(1):211–6.  

    16.    Yajnik CS, Fall CH, Vaidya U, Pandit AN, Bavdekar 
A, Bhat DS, Osmond C, Hales CN, Barker DJ. Fetal 
growth and glucose and insulin metabolism in four-
year- old Indian children. Diabet Med. 
1995;12:330–6.  

    17.    Yajnik CS. The lifecycle effects of nutrition and 
body size on adult adiposity, diabetes and cardiovas-
cular disease. Obes Rev. 2002;3(3):217–24.  

      18.    Singh GR, Hoy WE. The association between birth-
weight and current blood pressure: a cross-sectional 
study in an Australian Aboriginal community. Med J 
Aust. 2003;179(10):532–5.  

    19.    Williams S, St George IM, Silva PA. Intrauterine 
growth retardation and blood pressure at age seven and 
eighteen. J Clin Epidemiol. 1992;45(11):1257–63.  

    20.    White SL, Perkovic V, Cass A, Chang CL, Poulter 
NR, Spector T, Haysom L, Craig JC, Salmi IA, 
Chadban SJ, Huxley RR. Is low birth weight an ante-
cedent of CKD in later life? A systematic review of 
observational studies. Am J Kidney Dis. 2009;54(2):
248–61.  

    21.    Donker GA, Labarthe DR, Harrist RB, Selwyn BJ, 
Wattigney W, Berenson GS. Low birth weight and 
blood pressure at age 7–11 years in a biracial sam-
ple. Am J Epidemiol. 1997;145(5):387–97.  

    22.    Falkner B, Hulman S, Kushner H. Birth weight ver-
sus childhood growth as determinants of adult blood 
pressure. Hypertension. 1998;31(1):145–50.  

      23.    Hemachandra AH, Howards PP, Furth SL, Klebanoff 
MA. Birth weight, postnatal growth, and risk for 
high blood pressure at 7 years of age: results from 
the Collaborative Perinatal Project. Pediatrics. 
2007;119(6):e1264–70.  

    24.    Rostand SG, Cliver SP, Goldenberg RL. Racial dis-
parities in the association of foetal growth retarda-
tion to childhood blood pressure. Nephrol Dial 
Transplant. 2005;20:1592–7.  

    25.    Romero CX, Duke JK, Dabelea D, Romero TE, 
Ogden LG. Does the epidemiologic paradox hold in 
the presence of risk factors for low birth weight 
infants among Mexican-born women in Colorado? J 
Health Care Poor Underserved. 2012;23(2):
604–14.  

    26.    Doyle LW, Faber B, Callanan C, Morley R. Blood 
pressure in late adolescence and very low birth 
weight. Pediatrics. 2003;111(2):252–7.  

   27.    Bonamy AK, Källén K, Norman M. High blood 
pressure in 2.5-year-old children born extremely 
preterm. Pediatrics. 2012;129(5):e1199–204.  

    28.    Keijzer-Veen MG, Dülger A, Dekker FW, Nauta J, 
van der Heijden BJ. Very preterm birth is a risk fac-
tor for increased systolic blood pressure at a young 
adult age. Pediatr Nephrol. 2010;25(3):509–16.  

    29.    Hovi P, Andersson S, Räikkönen K, Strang-Karlsson 
S, Järvenpää AL, Eriksson JG, Pesonen AK, 
Heinonen K, Pyhälä R, Kajantie E. Ambulatory 
blood pressure in young adults with very low birth 
weight. J Pediatr. 2010;156(1):54–9.  

    30.    Johansson S, Iliadou A, Bergvall N, Tuvemo T, 
Norman M, Cnattingius S. Risk of high blood pressure 
among young men increases with the degree of imma-
turity at birth. Circulation. 2005;112(22):3430–6.  

      31.    Loos RJ, Fagard R, Beunen G, Derom C, Vlietinck 
R. Birth weight and blood pressure in young adults: 
a prospective twin study. Circulation. 
2001;104(14):1633–8.  

      32.    Van Abeelen AF, de Rooij SR, Osmond C, Painter 
RC, Veenendaal MV, Bossuyt PM, Elias SG, 
Grobbee DE, van der Schouw YT, Barker DJ, 
Roseboom TJ. The sex-specifi c effects of famine on 
the association between placental size and later 
hypertension. Placenta. 2011;32(9):694–8.  

     33.    Vehaskari VM, Woods LL. Prenatally programmed 
hypertension: lessons from experimental models. 
J Am Soc Nephrol. 2005;16:2545–56.  

    34.    Bilge I, Poyrazoglu S, Bas F, Emre S, Sirin A, 
Gokalp S, Eryilmaz S, Hekim N, Darendeliler F. 
Ambulatory blood pressure monitoring and renal 
functions in term small-for-gestational age children. 
Pediatr Nephrol. 2011;26(1):119–26.  

    35.    Seidman DS, Laor A, Gale R, Stevenson DK, 
Mashiach S, Danon YL. Birth weight, current body 
weight, and blood pressure in late adolescence. 
BMJ. 1991;302(6787):1235–7.  

    36.    Huxley RR, Shiell AW, Law CM. The role of size at 
birth and postnatal catch-up growth in determining 
systolic blood pressure: a systematic review of the 
literature. J Hypertens. 2000;18(7):815–31.  

   37.    Christensen K, Støvring H, McGue M. Do genetic 
factors contribute to the association between birth 
weight and blood pressure? J Epidemiol Community 
Health. 2001;55(8):583–7.  

    38.    Koupilová I, Leon DA, McKeigue PM, Lithell HO. 
Is the effect of low birth weight on cardiovascular 
mortality mediated through high blood pressure? 
J Hypertens. 1999;17(1):19–25.  

M. Kallash et al.



115

       39.    Johnson RC, Schoeni RF. Early-life origins of adult 
disease: national longitudinal population-based 
study of the United States. Am J Public Health. 
2011;101(12):2317–24.  

    40.    Abitbol CL, Rodriguez MM. The long-term renal 
and cardiovascular consequences of prematurity. Nat 
Rev Nephrol. 2012;8(5):265–74.  

   41.    De Jong F, Monuteaux MC, van Elburg RM, Gillman 
MW, Belfort MB. Systematic review and meta- 
analysis of preterm birth and later systolic blood 
pressure. Hypertension. 2012;59(2):226–34.  

   42.    Lazdam M, de la Horra A, Pitcher A, Mannie Z, 
Diesch J, Trevitt C, Kylintireas I, Contractor H, 
Singhal A, Lucas A, Neubauer S, Kharbanda R, 
Alp N, Kelly B, Leeson P. Elevated blood pressure 
in offspring born premature to hypertensive preg-
nancy: is endothelial dysfunction the underlying 
vascular mechanism? Hypertension. 2010;56(1):
159–65.  

     43.    Dalziel SR, Parag V, Rodgers A, Harding JE. 
Cardiovascular risk factors at age 30 following pre- 
term birth. Int J Epidemiol. 2007;36(4):907–15.  

    44.    Cheung YB, Low L, Osmond C, Barker D, Karlberg 
J. Fetal growth and early postnatal growth are related 
to blood pressure in adults. Hypertension. 
2000;36(5):795–800.  

   45.    Halldorsson TI, Gunnarsdottir I, Birgisdottir BE, 
Gudnason V, Aspelund T, Thorsdottir I. Childhood 
growth and adult hypertension in a population of 
high birth weight. Hypertension. 2011;58(1):8–15.  

     46.    Barker DJ, Eriksson JG, Forsén T, Osmond C. Fetal 
origins of adult disease: strength of effects and bio-
logical basis. Int J Epidemiol. 2002;31(6):1235–9.  

    47.    Barker DJ, Forsén T, Eriksson JG, Osmond C. 
Growth and living conditions in childhood and 
hypertension in adult life: a longitudinal study. 
J Hypertens. 2002;20(10):1951–6.  

      48.    Law CM, Shiell AW, Newsome CA, Syddall HE, 
Shinebourne EA, Fayers PM, Martyn CN, de Swiet 
M. Fetal, infant, and childhood growth and adult 
blood pressure: a longitudinal study from birth to 22 
years of age. Circulation. 2002;105(9):1088–92.  

     49.    Barker DJ. The fetal origins of adult hypertension. 
J Hypertens Suppl. 1992;10(7):S39–44.  

    50.    Adair LS, Cole TJ. Rapid child growth raises blood 
pressure in adolescent boys who were thin at birth. 
Hypertension. 2003;41(3):451–6.  

    51.    Fagerudd J, Forsblom C, Pettersson-Fernholm K, 
Saraheimo M, Wadén J, Rönnback M, Rosengård- 
Bärlund M, Af Björkesten CG, Thorn L, Wessman 
M, Groop PH, Finn Diane Study Group. Birth weight 
is inversely correlated to adult systolic blood pres-
sure and pulse pressure in type 1 diabetes. 
Hypertension. 2004;44(6):832–7.  

    52.    Duncan AF, Heyne RJ, Morgan JS, Ahmad N, 
Rosenfeld CR. Elevated systolic blood pressure in 
preterm very-low-birth-weight infants ≤3 years of 
life. Pediatr Nephrol. 2011;26(7):1115–21.  

    53.    Mu M, Wang SF, Sheng J, Zhao Y, Li HZ, Hu CL, 
Tao FB. Birth weight and subsequent blood 

 pressure: a meta-analysis. Arch Cardiovasc Dis. 
2012;105(2):99–113.  

      54.    Vehaskari VM, Manning J, Aviles DH. Prenatal pro-
gramming of adult hypertension in the rat. Kidney 
Int. 2001;59:238–45.  

    55.    Langley-Evans SC. Hypertension induced by foetal 
exposure to a maternal low-protein diet, in the rat, is 
prevented by pharmacological blockade of maternal 
glucocorticoid synthesis. J Hypertens. 1997;15(5):
537–44.  

     56.    Ortiz LA, Quan A, Zarzar F, Weinberg A, Baum M. 
Prenatal dexamethasone programs hypertension and 
renal injury in the rat. Hypertension. 2003;41:328–34.  

      57.    Alexander BT. Placental insuffi ciency leads to 
development of hypertension in growth-restricted 
offspring. Hypertension. 2003;41(3):457–62.  

    58.    Rhogair RD, Aldape G. Naturally occurring perinatal 
growth restriction in mice programs cardiovascular 
and endocrine function in a sex- and strain-dependent 
manner. Pediatr Res. 2007;62(4):399–404.  

     59.    Manning J, Vehaskari VM. Low birth weight- 
associated adult hypertension in the rat. Pediatr 
Nephrol. 2001;16:417–22.  

    60.    Schreuder MF, van Wijk JA, Delemarre-van de Waal 
HA. Intrauterine growth restriction increases blood 
pressure and central pulse pressure measured with 
telemetry in aging rats. J Hypertens. 2006;24(7):
1337–43.  

    61.    Ozaki T, Nishina H, Hanson MA, Poston L. Dietary 
restriction in pregnant rats causes gender-related 
hypertension and vascular dysfunction in offspring. 
J Physiol. 2001;530(Pt 1):141–52.  

     62.    Gray SP, Denton KM, Cullen-McEwen L, Bertram 
JF, Moritz KM. Prenatal exposure to alcohol reduces 
nephron number and raises blood pressure in prog-
eny. J Am Soc Nephrol. 2010;21(11):1891–902.  

    63.    Swali A, McMullen S, Langley-Evans SC. Prenatal 
protein restriction leads to a disparity between aortic 
and peripheral blood pressure in Wistar male off-
spring. J Physiol. 2010;588(19):3809–18.  

        64.    Dodic M, May CN, Wintour EM, Coghlan JP. An 
early prenatal exposure to excess glucocorticoid 
leads to hypertensive offspring in sheep. Clin Sci. 
1998;94(2):149–55.  

       65.    Dodic M, Hantzis V, Duncan J, Rees S, Koukoulas I, 
Johnson K, Wintour EM, Moritz K. Programming 
effects of short prenatal exposure to cortisol. FASEB 
J. 2002;16(9):1017–26.  

     66.    Seckl JR, Benediktsson R, Lindsay RS, Brown RW. 
Placental 11 beta-hydroxysteroid dehydrogenase 
and the programming of hypertension. J Steroid 
Biochem Mol Biol. 1995;55(5–6):447–55.  

    67.    Goland RS, Jozak S, Warren WB, Conwell IM, Stark 
RI, Tropper PJ. Elevated levels of umbilical cord 
plasma corticotropin-releasing hormone in growth- 
retarded fetuses. J Clin Endocrinol Metab. 
1993;77(5):1174–9.  

     68.    Seckl JR. Prenatal glucocorticoids and long-term 
programming. Eur J Endocrinol. 2004;151 Suppl 
3:U49–62.  

7 Perinatal Programming and Blood Pressure



116

     69.    Ortiz LA, Quan A, Weinberg A, Baum M. Effect of 
prenatal dexamethasone on rat renal development. 
Kidney Int. 2001;59(5):1663–9.  

    70.    Dodic M, Tersteeg M, Jefferies A, Wintour EM, 
Moritz K. Prolonged low-dose dexamethasone treat-
ment, in early gestation, does not alter blood pres-
sure or renal function in adult sheep. J Endocrinol. 
2003;179(2):275–80.  

    71.    Langley-Evans SC. Maternal carbenoxolone treat-
ment lowers birthweight and induces hypertension in 
the offspring of rats fed a protein-replete diet. Clin 
Sci. 1997;93(5):423–9.  

   72.    Gardner DS, Jackson AA, Langley-Evans SC. 
Maintenance of maternal diet-induced hypertension in 
the rat is dependent on glucocorticoids. Hypertension. 
1997;30(6):1525–30.  

    73.    Habib S, Gattineni J, Twombley K, Baum M. 
Evidence that prenatal programming of hypertension 
by dietary protein deprivation is mediated by fetal 
glucocorticoid exposure. Am J Hypertens. 2011;
24(1):96–101.  

    74.    Mairesse J, Lesage J, Breton C, Bréant B, Hahn T, 
Darnaudéry M, et al. Maternal stress alters endo-
crine function of the feto-placental unit in rats. Am J 
Physiol Endocrinol Metab. 2007;292(6):E1526–33. 
Epub 2007 Jan 30.  

     75.    Myatt L. Placental adaptive responses and fetal pro-
gramming. J Physiol. 2006;572(Pt 1):25–30.  

    76.    Stewart PM, Whorwood CB, Mason JI. Type 2 11 
beta-hydroxysteroid dehydrogenase in foetal and 
adult life. Steroid Biochem Mol Biol. 1995;
55(5–6):465–71.  

    77.    Lindsay RS, Lindsay RM, Edwards CR, Seckl JR. 
Inhibition of 11-beta-hydroxysteroid dehydrogenase 
in pregnant rats and the programming of blood pres-
sure in the offspring. Hypertension. 1996;27(6):
1200–4.  

    78.       O’Sullivan L, Combes AN, Moritz KM. Epigenetics 
and developmental programming of adult onset dis-
eases. Pediatr Nephrol. 2012;27(12):2175–82.  

   79.    Cedar H, Bergman Y. Linking DNA methylation and 
histone modifi cation: patterns and paradigms. Nat 
Rev Genet. 2009;10:295–304.  

    80.    Morgan HD, Santos F, Green K, Dean W, Reik W. 
Epigenetic reprogramming in mammals. Hum Mol 
Genet. 2005;14(1):R47–58.  

    81.    Gluckman PD, Hanson MA, Buklijas T, Low FM, 
Beedle AS. Epigenetic mechanisms that underpin 
metabolic and cardiovascular diseases. Nat Rev 
Endocrinol. 2009;5:401–8.  

    82.    Nistala R, Hayden MR, DeMarco VG, Henriksen EJ, 
Lackland DT, Sowers JR. Prenatal programming and 
epigenetics in the genesis of the cardiorenal syn-
drome. Cardiorenal Med. 2011;1:243–54.  

    83.    Rees WD, Hay SM, Brown DS, Antipatis C, Palmer 
RM. Maternal protein defi ciency causes hypermeth-
ylation of DNA in the livers of rat fetuses. J Nutr. 
2000;130:1821–6.  

    84.    Kwong WY, Miller DJ, Ursell E, Wild AE, Wilkins 
AP, Osmond C, Anthony FW, Fleming TP. Imprinted 
gene expression in the rat embryo-fetal axis is altered 
in response to periconceptional maternal low protein 
diet. Reproduction. 2006;132:265–77.  

     85.    Kwong WY, Wild AE, Roberts P, Willis AC, Fleming 
TP. Maternal undernutrition during the preimplanta-
tion period of rat development causes blastocyst 
abnormalities and programming of postnatal hyper-
tension. Development. 2000;127(19):4195–202.  

   86.    Watkins AJ, Wilkins A, Cunningham C, Perry VH, 
Seet MJ, Osmond C, et al. Low protein diet fed 
exclusively during mouse oocyte maturation leads to 
behavioral and cardiovascular abnormalities in the 
offspring. J Physiol. 2008;586(8):2231–44.  

    87.    Watkins AJ, Ursell E, Panton R, Papenbrock T, Hollis 
L, Cunningham C, et al. Adaptive responses by 
mouse early embryos to maternal diet protect fetal 
growth but predispose to adult onset disease. Biol 
Reprod. 2008;78(2):299–306. Epub 2007 Nov 7.  

    88.    Bertram C, Khan O, Ohri S, Phillips DI, Matthews 
SG, Hanson MA. Transgenerational effects of prena-
tal nutrient restriction on cardiovascular and 
hypothalamic- pituitary-adrenal function. J Physiol. 
2008;586:2217–29. e published ahead of print Feb 
21, 2008.  

    89.    Torrens C, Brawley L, Anthony FW, Dance CS, 
Dunn R, Jackson AA, et al. Folate supplementation 
during pregnancy improves offspring cardiovascular 
dysfunction induced by protein restriction. 
Hypertension. 2006;47(5):982–7.  

    90.    Brawley L, Torrens C, Anthony FW, Itoh S, Wheeler 
T, Jackson AA, et al. Glycine rectifi es vascular dys-
function induced by dietary protein imbalance dur-
ing pregnancy. J Physiol. 2004;554(Pt 2):497–504. 
Epub 2003 Oct 24.  

    91.    Timmermans S, Jaddoe VW, Hofman A, Steegers- 
Theunissen RP, Steegers EA. Periconception folic 
acid supplementation, fetal growth and the risks of 
low birth weight and preterm birth: the Generation R 
study. Br J Nutr. 2009;102(5):777–85.  

    92.    Bakker R, Timmermans S, Steegers EA, Hofman A, 
Jaddoe VW. Folic acid supplements modify the adverse 
effects of maternal smoking on fetal growth and neona-
tal complications. J Nutr. 2011;141(12):2172–9.  

     93.    Vehaskari VM, Stewart T, Lafont D, Soyez C, Seth 
D, Manning J. Kidney angiotensin and angiotensin 
receptor expression in prenatally programmed 
hypertension. Am J Physiol. 2004;287:F262–7.  

   94.    Tang JI, Kenyon CJ, Seckl JR, Nyirenda MJ. Prenatal 
overexposure to glucocorticoids programs renal 
11β-hydroxysteroid dehydrogenase type 2 expres-
sion and salt-sensitive hypertension in the rat. 
J Hypertens. 2011;29(2):282–9.  

   95.    Bogdarina I, Welham S, King PJ, Burns SP, Clark 
AJL. Epigenetic modifi cation of the renin- 
angiotensin system in the fetal programming of 
hypertension. Circ Res. 2007;100:520–6.  

M. Kallash et al.



117

    96.    Drake AJ, McPherson RC, Godfrey KM, Cooper C, 
Lillycrop KA, Hanson MA, et al. An unbalanced 
maternal diet in pregnancy associates with offspring 
epigenetic changes in genes controlling glucocorti-
coid actions and fetal growth. Clin Endocrinol. 
2012;77(6):808–15.  

     97.    Harrison M, Langley-Evans SC. Intergenerational 
programming of impaired nephrogenesis and hyper-
tension in rats following maternal protein restriction 
during pregnancy. Br J Nutr. 2009;101(7):1020–30.  

     98.    Drake AJ, Walker BR, Seckl JR. Intergenerational 
consequences of fetal programming by in utero 
exposure to glucocorticoids in rats. Am J Physiol 
Regul Integr Comp Physiol. 2005;288:R34–8.  

    99.    Davidge ST, Morton JS, Rueda-Clausen CF. Oxygen 
and perinatal origins of adulthood disease: is oxida-
tive stress the unifying element? Hypertension. 
2008;52:808–10.  

    100.    Yzydorczyk C, Comte B, Cambonie G, Lavoie J-C, 
Germain N, Shin YT, Wolff J, Deschepper C, Touyz 
RM, Lelièvre-Pegorier M, Nyut AM. Neonatal oxy-
gen exposure in rats leads to cardiovascular and 
renal alterations in adulthood. Hypertension. 
2008;52:889–95.  

    101.    Chang SY, Chen YW, Zhao XP, Chenier I, Tran S, 
Sauvé A, et al. Catalase prevents maternal diabetes- 
induced perinatal programming via the Nrf2-HO-1 
defense system. Diabetes. 2012;61(10):2565–74. 
Epub 2012 Jun 25.  

    102.    Stein AD, Zybert PA, van der Pal-de Bruin K, Lumey 
LH. Exposure to famine during gestation, size at 
birth, and blood pressure at age 59 y: evidence from 
the Dutch Famine. Eur J Epidemiol. 2006;21(10):
759–65.  

   103.    Ravelli AC, Bleker OP, Roseboom TJ, van Montfrans 
GA, Osmond C, Barker DJ. Cardiovascular disease 
in survivors of the Dutch famine. Nestle Nutr 
Workshop Ser Pediatr Program. 2005;55:183–91. 
discussion 191–5.  

    104.    Roseboom TJ, Painter RC, de Rooij SR, van Abeelen 
AF, Veenendaal MV, Osmond C, et al. Effects of 
famine on placental size and effi ciency. Placenta. 
2011;32(5):395–9.  

    105.    Godfrey KM, Forrester T, Barker DJ, Jackson AA, 
Landman JP, Hall JS, et al. Maternal nutritional sta-
tus in pregnancy and blood pressure in childhood. Br 
J Obstet Gynaecol. 1994;101(5):398–403.  

    106.    Holemans K, Aerts L, Van Assche FA. Fetal growth 
restriction and consequences for the offspring in 
 animal models. J Soc Gynecol Investig. 2003;10:
392–9.  

   107.    Nuyt AM. Mechanisms underlying developmental 
programming of elevated blood pressure and vascu-
lar dysfunction: evidence from human studies and 
experimental animal models. Clin Sci. 2008;114:
1–17.  

    108.    Baum M. Programming of hypertension. Am 
J Physiol Renal Physiol. 2010;298:F235–47.  

    109.    Christian P. Micronutrients, birth weight, and 
 survival. Annu Rev Nutr. 2010;30:83–104.  

     110.    Fall CH, Fisher DJ, Osmond C, Margetts BM, 
Maternal Micronutrient Study Group. Multiple 
micronutrient supplementation during pregnancy in 
low-income countries: a meta-analysis of effects on 
birth size and length of gestation. Food Nutr Bull. 
2009;30(4 Suppl):S533–46.  

    111.    Bhat PV, Manolescu DC. Role of vitamin A in deter-
mining nephron mass and possible relationship to 
hypertension. J Nutr. 2008;138:1407–10.  

    112.    Tomat A, Elesgaray R, Zago V, Fasoli H, Fellet A, 
Balaszczuk AM, et al. Exposure to zinc defi ciency in 
fetal and postnatal life determines nitric oxide sys-
tem activity and arterial blood pressure levels in 
adult rats. Br J Nutr. 2010;104(3):382–9. doi:  10.1017/
S0007114510000759    . Epub 2010 Mar.  

    113.    Bourque SL, Iqbal U, Reynolds JN, Adams MA, 
Nakatsu K. Perinatal iron defi ciency affects locomo-
tor behavior and water maze performance in adult 
male and female rats. J Nutr. 2008;138(5):931–7.  

    114.    Birch RA, Padmanabhan V, Foster DL, Unsworth 
WP, Robinson JE. Prenatal programming of repro-
ductive neuroendocrine function: fetal androgen 
exposure produces progressive disruption of repro-
ductive cycles in sheep. Endocrinology. 
2003;44(4):1426–34.   http://www.ncbi.nlm.nih.gov.
ezp-prod1.hul.harvard.edu/pubmed/12639926    .  

    115.    Frias AE, Grove KL. Obesity: a transgenerational 
problem linked to nutrition during pregnancy. Semin 
Reprod Med. 2012;30(6):472–8. doi:  10.1055/s-0032-
1328875    . Epub 2012 Oct 16.  

    116.    Porter JP, King SH, Honeycutt AD. Prenatal high- 
salt diet in the Sprague–Dawley rat programs blood 
pressure and heart rate hyperresponsiveness to stress 
in adult female offspring. Am J Physiol Regul Integr 
Comp Physiol. 2007;293(1):R334–42.  

    117.    Contreras RJ, Wong DL, Henderson R, Curtis KS, 
Smith JC. High dietary NaCl early in development 
enhances mean arterial pressure of adult rats. Physiol 
Behav. 2000;71:173–81.  

     118.    Wright CS, Rifas-Shiman SL, Rich-Edwards JW, 
Taveras EM, Gillman MW, Oken E. Intrauterine expo-
sure to gestational diabetes, child adiposity, and blood 
pressure. Am J Hypertens. 2009;22(2):215–20.  

    119.    Boney CM, Verma A, Tucker R, Vohr BR. Metabolic 
syndrome in childhood: association with birth 
weight, maternal obesity, and gestational diabetes 
mellitus. Pediatrics. 2005;115(3):e290–6.  

     120.    Blake KV, Gurrin LC, Evans SF, Beilin LJ, Landau 
LI, Stanley FJ, et al. Maternal cigarette smoking dur-
ing pregnancy, low birth weight and subsequent 
blood pressure in early childhood. Early Hum Dev. 
2000;57(2):137–47.  

    121.    Bakker R, Steegers EA, Obradov A, Raat H, Hofman 
A, Jaddoe VW. Maternal caffeine intake from coffee 
and tea, fetal growth, and the risks of adverse birth 
outcomes: the Generation R Study. Am J Clin Nutr. 
2010;91(6):1691–8.  

     122.    Cottrell EC, Seckl JR. Prenatal stress, glucocorti-
coids and the programming of adult disease. Front 
Behav Neurosci. 2009;3:19.  

7 Perinatal Programming and Blood Pressure

http://dx.doi.org/10.1017/S0007114510000759
http://dx.doi.org/10.1017/S0007114510000759
http://www.ncbi.nlm.nih.gov.ezp-prod1.hul.harvard.edu/pubmed/12639926
http://www.ncbi.nlm.nih.gov.ezp-prod1.hul.harvard.edu/pubmed/12639926
http://dx.doi.org/10.1055/s-0032-1328875
http://dx.doi.org/10.1055/s-0032-1328875


118

   123.    Crowther CA, Doyle LW, Haslam RR, Hiller JE, 
Harding JE, Robinson JS, ACTORDS Study Group. 
Outcomes at 2 years of age after repeat doses of 
antenatal corticosteroids. N Engl J Med. 2007;
357(12):1179–89.  

    124.    Wapner RJ, Sorokin Y, Mele L, Johnson F, Dudley 
DJ, Spong CY, et al. Long-term outcomes after 
repeat doses of antenatal corticosteroids. N Engl 
J Med. 2007;357:1190–8.  

    125.    Fall CH. Evidence for the intra-uterine programming 
of adiposity in later life. Ann Hum Biol. 
2011;38(4):410–28. doi:  10.3109/03014460.2011.59
2513    . Epub 2011 Jun 17.  

    126.    Tegethoff M, Greene N, Olsen J, Schaffner E, 
Meinlschmidt G. Stress during pregnancy and off-
spring pediatric disease: a national cohort study. 
Environ Health Perspect. 2011;119(11):1647–52.  

    127.    Thornburg KL, O’Tierney PF, Louey S. The placenta 
is a programming agent for cardiovascular disease. 
Placenta. 2010;31(Suppl):S54–9.  

    128.    Gao H, Hallampalli U, Yallampalli C. Maternal pro-
tein restriction reduces expression of angiotensin 
I-converting enzyme 2 in rat placental labyrinth zone 
in late pregnancy. Biol Reprod. 2012;86(2):31.  

    129.    Barker DJ, Thornburg KL, Osmond C, Kajantie E, 
Eriksson JG. The surface area of the placenta and 
hypertension in the offspring in later life. Int J Dev 
Biol. 2010;54:525–30.  

    130.    Wen X, Triche EW, Hogan JW, Shenassa ED, Buka 
SL. Association between placental morphology and 
childhood systolic blood pressure. Hypertension. 
2011;57(1):48–55.  

     131.    Bertram JF, Douglas-Denton RN, Diouf B, Hughson 
MD, Hoy WE. Human nephron number: implica-
tions for health and disease. Pediatr Nephrol. 
2011;26(9):1529–33.  

     132.    Keller G, Zimmer G, Mall G, Ritz E, Amann K. 
Nephron number in patients with primary hyperten-
sion. N Engl J Med. 2003;348(2):101–8.  

    133.    Mañalich R, Reyes L, Herrera M, Melendi C, Fundora 
I. Relationship between weight at birth and the num-
ber and size of renal glomeruli in humans: a histo-
morphometric study. Kidney Int. 2000;58(2):770–3.  

    134.    Goodyer P, Kurpad A, Rekha S, Muthayya S, 
Dwarkanath P, Iyengar A, et al. Effects of maternal 
vitamin A status on kidney development: a pilot 
study. Pediatr Nephrol. 2007;22(2):209–14.  

    135.    Imasawa T, Nakazato T, Ikehira H, Fujikawa H, 
Nakajima R, Ito T, et al. Predicting the outcome of 
chronic kidney disease by the estimated nephron num-
ber: the rationale and design of PRONEP, a prospec-
tive, multicenter, observational cohort study. BMC 
Nephrol. 2012;13:11. doi:  10.1186/1471-2369-13-11    .  

    136.    Fassi A, Sangalli F, Maffi  R, Colombi F, Mohamed 
EI, Brenner BM, et al. Progressive glomerular injury 
in the WWF rat is predicted by inborn nephron defi -
cit. J Am Soc Nephrol. 1998;9(8):1399–406.  

    137.    Hellmann H, Davis JM, Thurau K. Glomerulus num-
ber and blood pressure in the Prague hypertensive 
rat. Kidney Int Suppl. 1998;67:S211–2.  

    138.    Black MJ, Briscoe TA, Constantinou M, Kett MM, 
Bertram JF. Is there an association between level of 
adult blood pressure and nephron number or renal 
fi ltration surface area? Kidney Int. 2004;65:582–8.  

    139.    Woods LL. Neonatal uninephrectomy causes hyperten-
sion in adult rats. Am J Physiol. 1999;276:R974–8.  

      140.    Cambonie G, Comte B, Yzydorczyk C, Ntimbane T, 
Germain N, Lê NL, et al. Antenatal antioxidant pre-
vents adult hypertension, vascular dysfunction, and 
microvascular rarefaction associated with in utero 
exposure to a low-protein diet. Am J Physiol Regul 
Integr Comp Physiol. 2007;292(3):R1236–45. Epub 
2006 Nov 30.  

     141.    Nuyt AM. Mechanisms underlying developmental 
programming of elevated blood pressure and vascu-
lar dysfunction: evidence from human studies and 
experimental animal models. Clin Sci (Lond). 
2008;114(1):1–17.  

    142.    Feig DI, Rodriguez-Iturbo B, Nakagawa T, Johnson 
RJ. Nephron number, uric acid, and renal microvas-
cular disease in the pathogenesis of essential hyper-
tension. Hypertension. 2006;48:25–6.  

    143.    Cowley AW, Roman RJ, Fenoy FJ, Mattson DL. 
Effect of renal medullary circulation on arterial pres-
sure. J Hypertens Suppl. 1992;10:S187–93.  

    144.    Simonetti GD, Raio L, Surbek D, Nelle M, Frey FJ, 
Mohaupt MG. Salt sensitivity of children with low 
birth weight. Hypertension. 2008;52(4):625–30.  

    145.    de Boer MP, Ijzerman RG, de Jongh RT, Eringa EC, 
Stehouwer CD, Smulders YM, et al. Birth weight 
relates to salt sensitivity of blood pressure in healthy 
adults. Hypertension. 2008;51(4):928–32.  

    146.    Cheng CJ, Lozano G, Baum M. Prenatal programming 
of rat cortical collecting tubule sodium transport. Am J 
Physiol Renal Physiol. 2012;302(6):F674–8.  

   147.    Manning J, Beutler K, Knepper MA, Vehaskari VM. 
Upregulation of renal BSC1 and TSC in prenatally 
programmed hypertension. Am J Physiol Renal 
Physiol. 2002;283(1):F202–6.  

    148.    Dagan A, Habib S, Gattineni J, Dwarakanath V, 
Baum M. Prenatal programming of rat thick ascend-
ing limb chloride transport by low-protein diet and 
dexamethasone. Am J Physiol Regul Integr Comp 
Physiol. 2009;297(1):R93–9.  

    149.    Ghulmiyyah LM, Constantine MM, Yin H, Tamayo 
E, Clark SM, Hankins GDV, et al. The role of oxida-
tive stress in the developmental origin of adult 
hypertension. Am J Obstet Gynecol. 2011;205(2):
155.e7–155.e11.  

     150.    Stewart T, Jung FF, Manning J, Vehaskari VM. 
Kidney immune cell infi ltration and oxidative stress 
contribute to prenatally programmed hypertension. 
Kidney Int. 2005;68:2180–8.  

    151.    Vehaskari VM. Developmental origins of adult 
hypertension: new insights into the role of the kid-
ney. Pediatr Nephrol. 2007;22:490–5.  

     152.    Feig DI, Nakagawa T, Karumanchi SA, Oliver WJ, 
Kang DH, Finch J, et al. Hypothesis: uric acid, neph-
ron number, and the pathogenesis of essential hyper-
tension. Kidney Int. 2004;66(1):281–7.  

M. Kallash et al.

http://dx.doi.org/10.3109/03014460.2011.592513
http://dx.doi.org/10.3109/03014460.2011.592513
http://dx.doi.org/10.1186/1471-2369-13-11


119

     153.    Feig DI. Uric acid and hypertension. Semin Nephrol. 
2011;31(5):441–6.  

    154.    Kobori H, Nangaku M, Navar LG, Nishiyama A. 
The intrarenal renin-angiotensin system: from physi-
ology to the pathobiology of hypertension and kid-
ney disease. Pharmacol Rev. 2007;59(3):251–87.  

    155.    Gomez RA, Norwood VF. Developmental conse-
quences of the renin-angiotensin system. Am J 
Kidney Dis. 1995;26:409–31.  

    156.    Tufro-McReddie A, Gomez RA. Ontogeny of the 
renin-angiotensin system. Semin Nephrol. 1993;13:
519–30.  

    157.    Sahajpal V, Ashton N. Renal function and angioten-
sin AT 1  receptor expression in young rats following 
intrauterine exposure to maternal low-protein diet. 
Clin Sci. 2003;104:607–14.  

   158.    Sahajpal V, Ashton N. Increased glomerular angioten-
sin II binding in rats exposed to a maternal low protein 
diet in utero. J Physiol. 2005;563(1):193–201.  

    159.    Woods LL, Ingelfi nger JR, Nyengaard JR, Rasch R. 
Maternal protein restriction suppresses the newborn 
renin-angiotensin system and programs adult hyper-
tension in rats. Pediatr Res. 2001;49:460–7.  

    160.    Moritz KM, Johnson K, Douglas-Denton R, Wintour 
EM, Dodic M. Maternal glucocorticoid treatment 
programs alterations in the renin-angiotensin system 
of the ovine fetal kidney. Endocrinology. 2002;143:
4455–63.  

   161.    Whorwood CB, Firth KM, Budge H, Symonds ME. 
Maternal undernutrition during early to midgestation 
programs tissue-specifi c alterations in the expression 
of the glucocorticoid receptor, 11beta- hydroxysteroid 
dehydrogenase isoforms, and type 1 angiotensin II 
receptor in neonatal sheep. Endocrinology. 2001;
142(7):2854–64.  

    162.    Vehaskari VM, Stewart T, Lafont D, Soyez C, Seth 
D, Manning J. Kidney angiotensin and angiotensin 
receptor expression in prenatally programmed 
hypertension. Am J Physiol Renal Physiol. 
2004;287(2):F262–7. Epub 2004 Apr 20.  

    163.    Woods LL, Rasch R. Perinatal ANG II programs adult 
blood pressure, glomerular number, and renal function 
in rats. Am J Physiol. 1998;275(5 Pt 2):R1593–9.  

    164.    Esler MD, Krum H, Schlaich M, Schmieder RE, 
Böhm M, Sobotka PA, Symplicity HTN-2 
Investigators. Renal sympathetic denervation for 
treatment of drug-resistant hypertension: one-year 
results from the symplicity HTN-2 randomized, con-
trolled trial. Circulation. 2012;126(25):2976–82.  

    165.    Alexander BT, Hendon AE, Ferril G, Dwyer TM. 
Renal denervation abolishes hypertension in low-
birth- weight offspring from pregnant rats with reduced 
uterine perfusion. Hypertension. 2005;45(2):754–8.  

    166.    Dagan A, Kwon HM, Dwarakanath V, Baum M. 
Effect of renal denervation on prenatal programming 
of hypertension and renal tubular transporter abun-
dance. Am J Physiol. 2008;295(1):F29–34.  

    167.    Painter RC, de Rooij SR, Hutten BA, Bossuyt PM, 
de Groot E, Osmond C, et al. Reduced intima media 
thickness in adults after prenatal exposure to the 

Dutch famine. Atherosclerosis. 2007;193(2):421–7. 
Epub 2006 Aug 17.  

    168.    Brodszki J, Länne T, Marsál K, Ley D. Impaired vas-
cular growth in late adolescence after intrauterine 
growth restriction. Circulation. 2005;111(20):2623–
8. Epub 2005 May 9.  

     169.    Bonamy AK, Bendito A, Martin H, Andolf E, Sedin 
G, Norman M. Preterm birth contributes to increased 
vascular resistance and higher blood pressure in ado-
lescent girls. Pediatr Res. 2005;58(5):845–9.  

     170.    te Velde SJ, Ferreira I, Twisk JW, Stehouwer CD, 
van Mechelen W, Kemper HC, Amsterdam Growth 
and Health Longitudinal Study. Birthweight and 
arterial stiffness and blood pressure in adulthood–
results from the Amsterdam Growth and Health 
Longitudinal Study. Int J Epidemiol. 2004;33(1):
154–61.  

      171.    Martin H, Hu J, Gennser G, Norman M. Impaired 
endothelial function and increased carotid stiffness 
in 9-year-old children with low birthweight. 
Circulation. 2000;102(22):2739–44.  

     172.    Leeson CP, Kattenhorn M, Morley R, Lucas A, 
Deanfi eld JE. Impact of low birth weight and cardio-
vascular risk factors on endothelial function in early 
adult life. Circulation. 2001;103(9):1264–8.  

    173.    Halvorsen CP, Andolf E, Hu J, Pilo C, Winbladh B, 
Norman M. Discordant twin growth in utero and dif-
ferences in blood pressure and endothelial function 
at 8 years of age. J Intern Med. 2006;259(2):
155–63.  

    174.    Ijzerman RG, van Weissenbruch MM, Voordouw JJ, 
Yudkin JS, Serne EH, Delemarre-van de Waal HA, 
et al. The association between birth weight and cap-
illary recruitment is independent of blood pressure 
and insulin sensitivity: a study in prepubertal chil-
dren. J Hypertens. 2002;20(10):1957–63.  

    175.    Leeson CP, Whincup PH, Cook DG, Donald AE, 
Papacosta O, Lucas A, et al. Flow-mediated dilation 
in 9- to 11-year-old children: the infl uence of intra-
uterine and childhood factors. Circulation. 
1997;96(7):2233–8.  

    176.    Norman M, Martin H. Preterm birth attenuates asso-
ciation between low birth weight and endothelial 
dysfunction. Circulation. 2003;108:996–1001.  

    177.    Painter RC, de Rooij SR, Bossuyt PM, Phillips DI, 
Osmond C, Barker DJ, et al. Blood pressure response 
to psychological stressors in adults after prenatal 
exposure to the Dutch famine. J Hypertens. 2006;
24(9):1771–8.  

    178.    de Rooij SR, Painter RC, Phillips DI, Osmond C, 
Tanck MW, Bossuyt PM, et al. Cortisol responses to 
psychological stress in adults after prenatal exposure 
to the Dutch famine. Psychoneuroendocrinology. 
2006;31(10):1257–65. Epub 2006 Nov 1.  

    179.    Kajantie E, Feldt K, Räikkönen K, Phillips DI, 
Osmond C, Heinonen K, et al. Body size at birth pre-
dicts hypothalamic-pituitary-adrenal axis response 
to psychosocial stress at age 60 to 70 years. J Clin 
Endocrinol Metab. 2007;92(11):4094–100. Epub 
2007 Sep 11.  

7 Perinatal Programming and Blood Pressure



120

    180.    Phillips DI, Walker BR, Reynolds RM, Flanagan DE, 
Wood PJ, Osmond C, et al. Low birth weight predicts 
elevated plasma cortisol concentrations in adults from 
3 populations. Hypertension. 2000;35(6):1301–6.  

    181.    Johansson S, Norman M, Legnevall L, Dalmaz Y, 
Lagercrantz H, Vanpée M. Increased catecholamines 
and heart rate in children with low birth weight: peri-
natal contributions to sympathoadrenal overactivity. 
J Intern Med. 2007;261(5):480–7.  

     182.    Shaltout HA, Chappell MC, Rose JC, Diz DI. 
Exaggerated sympathetic mediated responses to 
behavioral or pharmacological challenges follow-
ing antenatal betamethasone exposure. Am J 
Physiol Endocrinol Metab. 2011;300(6):E979–85. 
doi:  10.1152/ajpendo.00636.2010    . Epub 2011 Mar 8.  

    183.    O’Regan D, Kenyon CJ, Seckl JR, Holmes MC. 
Prenatal dexamethasone ‘programmes’ hypotension, 
but stress-induced hypertension in adult offspring. 
J  Endocrinol. 2008;196(2):343–52.  

    184.    Augustyniak RA, Singh K, Zeldes D, Singh M, 
Rossi NF. Maternal protein restriction leads to 

hyperresponsiveness to stress and salt-sensitive 
hypertension in male offspring. Am J Physiol Regul 
Integr Comp Physiol. 2010;298(5):R1375–82. 
doi:  10.1152/ajpregu.00848.2009    . Epub 2010 Mar 3.  

    185.    Eriksson JG, Forsén TJ, Kajantie E, Osmond C, 
Barker DJ. Childhood growth and hypertension in 
later life. Hypertension. 2007;49(6):1415–21.  

      186.    Feldt K, Räikkönen K, Pyhälä R, Jones A, Phillips 
DI, Eriksson JG, et al.Body size at birth and cardio-
vascular response to and recovery from mental stress 
in children. J Hum Hypertens. 2011;25:231–40.                                     

    187.    Nathanielsz PW. Animal models that elucidate basic 
principles of the developmental origins of adult 
 diseases. LAR J. 2006;47:73–82.  

    188.    Bertram CE, Hanson MA. Animal models and pro-
gramming of the metabolic syndrome. Br Med Bull. 
2001;60:103–21.  

    189.    Ozanne SE, Lewis R, Jennings BJ, Hales CN. Early 
programming of weight gain in mice prevents the 
induction of obesity by a highly palatable diet. Clin 
Sci (Lond). 2004;106:141–5.    

M. Kallash et al.

http://dx.doi.org/10.1152/ajpendo.00636.2010
http://dx.doi.org/10.1152/ajpregu.00848.2009


121J.T. Flynn et al. (eds.), Pediatric Hypertension, Clinical Hypertension and Vascular Diseases,
DOI 10.1007/978-1-62703-490-6_8, © Springer Science+Business Media New York 2013

     Introduction 

 A substantial amount of progress in the under-
standing of human hypertension has been 
achieved through the development of a number of 
experimental animal models. Ever since the early 
1700s, when the Reverend Stephen Hales [ 1 ,  2 ] 

measured blood pressure in a horse by inserting a 
brass cannula into an artery and observing the 
height of the blood in a glass extension tube, 
experimental models have been important for 
the study of normal blood pressure, hypertension, 
cardiovascular disease, and kidney disease. There 
are a variety of models – some that explore normal 
and abnormal physiology, and others in which 
inbreeding or genetic manipulation has resulted in 
increased or decreased blood pressure. 

 There is wide agreement that the best experi-
mental models for the study of human disease 
should mimic the entity in question in people – in 
the anatomy, the physiology, and the course of 
the disease. Thus, useful experimental models 
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  Abstract 

   This chapter reviews a variety of models of experimental hypertension 
with the intent of providing a resource for the interested reader. Much 
of the important progress in delineating the pathophysiology of blood 
pressure regulation and the changes that occur in hypertension has been 
accomplished via animal models. Some models explore normal and abnor-
mal physiology without genetic manipulation but rather by surgery, infu-
sion of medications, and alterations in diet. In other models, inbreeding or 
genetic manipulation has resulted in increased or decreased blood pres-
sure. These various models should be considered both for carrying out 
research in hypertension and in evaluating studies that have already been 
conducted.  
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should facilitate studies both as the disease 
evolves and in stable, chronic disease. Further, a 
useful animal model must adhere to current animal 
welfare regulations and needs to be technically 
feasible and fi nancially sustainable. This chapter 
will briefl y review some of these models with the 
intent of providing a resource for the interested 
reader.  

    Nongenetic Models of Hypertension 

 Nongenetic models of hypertension utilize infu-
sion of drugs/substances, or manipulation of the 
diet or environment to increase or decrease blood 
pressure, or use surgical procedures to induce 
hypertension. Depending upon the aims of the 
intended research, such models (described below) 
may be important. 

    Induction of Hypertension with 
Drugs 

 Tigerstedt and Bergman, whose work constitutes 
the major underpinning of cardiorenal physiol-
ogy, discovered renin and demonstrated in 1898 
that the infusion of a crude extract of rabbit 
kidney markedly increased blood pressure [ 3 ]. 
They hypothesized, “a blood-pressure raising 
substance is made in the kidneys and passed into 
the blood,” and they coined the name renin. 
However, their experiments on the infusions of 
kidney extract attracted only minimal notice until 
the 1930s, when the importance of renovascular 
disease as a cause of hypertension became evi-
dent. Intense research on hypertension from the 
1930s onward has resulted in a large body of 
knowledge about the renin-angiotensin-aldoste-
rone system (RAAS, also called the renin-angio-
tensin system (RAS)), described further in Chap. 
  2    . It is now well appreciated that infusion of 
angiotensin II (Ang II), depending upon the dose 
and the rate of infusion, can increase BP either 
acutely or gradually [ 4 ]. Further, many basic and 
clinical studies have employed agents that block 
or interfere with the RAAS [ 5 – 8 ]. The step at 

which the complex RAAS is blocked can be used 
to probe the role of a given component of the sys-
tem (see Table  8.1  for a list of models that use 
drugs, surgery, or diet to study hypertension).

   Additional hormonal systems also can affect 
blood pressure, for example, endothelins, nitric 
oxide and its metabolites, catecholamines, and 
natriuretic peptides. Nitric oxide is a key substance 
in controlling peripheral vascular resistance via its 
vasodilatory effects [ 9 ]. The inhibition of NO 
synthase with L-NAME, for example, results in 
hypertension that is accompanied by marked 
peripheral vasoconstriction [ 10 ,  11 ]. Endothelin is 
a potent vasoconstrictor molecule – more potent 
than either Ang II or epinephrine. The renal vas-
culature, in particular, is sensitive to endothelin 1 
(ET-1). Administered ET-1 constricts both affer-
ent and efferent arterioles, so it decreases GFR 
and renal blood fl ow [ 12 – 14 ]. In certain regions 
of the kidney, for example, in the medulla, ET-1 
can lead to NO-dependent vasodilation. 

 The main lesson from all of these infusion 
models is that one can gain substantial knowl-
edge about the effects of vasoactive substances 
on blood pressure; additional vasoactive sub-
stances may well be discovered, and infusion 
studies are helpful in learning more about each 
such substance.  

   Table 8.1    Models of hypertension not involving genes   

 Surgically induced models of hypertension 
 1. Renal artery stenosis 
  2 kidney, 1 clip 
  1 kidney, 1 clip 
  Intrarenal aortic clip 
 2. Wrapped kidney-Page kidney 
 3. Coarctation of the aorta 
 Pharmacologic models of hypertension 
 1. Angiotensin II infusion 
 2. DOCA 
 3. Infusion of other pressors, e.g., endothelin 
 4. Blockade of relaxing factors, e.g., NO via L-NAME 
 Dietary models of hypertension 
 1. High-salt diet 
 2. High-fructose diet 
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    Surgically Induced Models 
of Hypertension 

    Renovascular Hypertension 
 A breakthrough in the understanding of the 
role of the kidney in hypertension was made by 
Dr. Harry Goldblatt, a major innovator who cre-
ated important animal models of renovascular 
hypertension. He pioneered the fi rst experimental 
model of hypertension having observed that con-
striction of one renal artery in dogs led to severe 
hypertension (widely called the 2 kidney, 1 clip 
model) [ 15 ]. When partial vascular obstruction is 
induced by placing a clip on the artery to one kid-
ney, the perfusion pressure to that kidney 
decreases; the decreased perfusion pressure ulti-
mately increases both the synthesis of renin and 
Ang II, which leads to increased total peripheral 
resistance and systemic hypertension. 

 The 2 kidney, 1 clip model was expanded to 
other animal species within a decade of its fi rst 
description; many variants have been reported 
since [ 16 – 23 ]. In dogs, the 2K, 1 clip model pro-
duces elevations in blood pressure over several 
days, and the blood pressure level plateaus there-
after. However, between 10 % and 20 % of the 
animals spontaneously have a decrease in their 
blood pressure with time, likely because the dog 
often develops collateral vessels to the kidney. In 
contrast, the hypertension with the 2K, 1 clip 
model is generally more severe in the rat. 

 There are several anatomic variations of this 
renovascular model of hypertension – using clips 
on both renal arteries (2 kidney, 2 clip) or using 1 
clip and removing the contralateral kidney (1 kid-
ney, 1 clip model, or 1K, 1C). In the 1 kidney, 1 
clip model, the normal contralateral kidney has 
been ablated, and thus, there is no contralateral 
kidney to compensate for the salt and water reten-
tion on the clipped side. Thus, the 1 kidney, 1 clip 
model has been used to study salt and water 
retention in hypertension [ 20 ]. 

 Additionally, placement of a surgical clip on 
the aorta between the two kidneys produces 
hypertension as well and has also been used as a 
model of hypertension [ 23 ].  

    Hypertension from Perinephric 
Compression 
 In 1939, Irwin Page developed a model of hyper-
tension in the dog that in which perinephric renal 
pressure was increased by simply wrapping one 
kidney with cellophane (often called the “Page 
kidney”) [ 24 ]. This maneuver, in turn, leads to 
parenchymal compression. In humans, hyperten-
sion from renal parenchymal compression is rare 
but occasionally occurs due to the presence of a 
subcapsular hematoma or subcapsular fl uid, or 
some other process such as retroperitoneal fi bro-
sis, that creates suffi cient perinephric pressure to 
impede renal blood fl ow. Such hypertension may 
be severe, accompanied by increased activity of 
the RAAS, loss of kidney function, and features 
of secondary aldosteronism.  

    Subtotal Nephrectomy and Renoprival 
Hypertension 
 Subtotal nephrectomy often results in hyperten-
sion [ 25 – 27 ]. In a model in which one kidney is 
removed as well as two third of the remaining 
kidney (subtotal nephrectomy – fi ve sixth of the 
total renal mass), the hypertension that ensues is 
often accompanied by increased intravascular 
volume. The features of subacute nephrectomy 
hypertension are infl uenced by how long the ani-
mal is followed, as well by the diet allowed after 
the procedure, and whether the adrenal glands are 
left intact. Some animals subjected to subtotal 
nephrectomy develop secondary focal segmental 
glomerulosclerosis (FSGS) with the markedly 
reduced renal mass which itself may further 
impact the blood pressure. 

 Anephric patients on dialysis may experience 
hypertension, but experimental models of renopri-
val hypertension are challenging, as maintaining 
such a model may be diffi cult without embarking 
on chronic dialysis of the animal [ 28 ].  

    Neurogenic Hypertension 
 The central nervous system modulates blood 
pressure and can be involved in the production of 
hypertension [ 29 ]. A number of denervation 
techniques have been employed to investigate 
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central mechanisms of hypertension. Sinoaortic 
baroreceptor denervation is the most commonly 
used method and results in predictable hyperten-
sion [ 30 ]. The technique was fi rst reported by 
Krieger in 1967 [ 29 ] and leads to increased intra-
vascular volume and increased peripheral vascu-
lar resistance.   

    Dietary Models of Hypertension 

 Prolonged exposure to high-salt, high-fat, or 
high-sugar diet may lead to increases in blood 
pressure [ 31 – 33 ]. The mechanisms by which this 
occurs are incompletely understood, but dietary 
models are presently very important, given the 
high prevalence of both obesity and intake of fast 
food. Very high salt intake decreases plasma NO 
and decreases urinary nitrate excretion, while 
increasing superoxide [ 34 ,  35 ]. 

 Clinical hypertension may be salt sensitive 
[ 36 ] and high salt intake in some strains of ani-
mals leads to hypertension, as in the Dahl salt- 
sensitive rat strain [ 37 ]. 

 The ingestion of increased fructose in the 
diet also leads to hypertension in animals. Studies 
in the 1980s suggested that Sprague-Dawley and 
Wistar-Kyoto rats develop hypertension as well as 
insulin resistance when fed a diet high in fructose. 
However, the same diet in other species, such as 
the dog, does not lead to hypertension. There is 
currently substantial interest in the role of fructose 
in hypertension and cardiovascular disease, as 
well as its interaction with uric acid [ 38 ].   

    Genetic Forms of Hypertension 

    Inbred Strains and the Development 
of Hypertension 

 The use of inbred rat strains for the study of 
hypertension has been common for over 50 years 
[ 39 – 50 ]. The development of hypertension in 
such models is of special interest to investigators 
who have an interest in hypertension in the 
young, since the animals usually develop hyper-
tension as they mature. In 1958, Smirk and Hall 

published a report about a strain of New Zealand 
rats that had increased blood pressure [ 39 ]. A few 
years later, the development of the spontaneously 
hypertensive rat (SHR) was reported [ 40 ]. 
There are multiple other rat strains associated 
with hypertension – the Dahl salt-sensitive rat 
and salt-resistant rat strains [ 41 ], the Milan 
strain [ 41 ], and the Sabra [ 43 ] and Lyon [ 44 ] 
strains. A stroke-prone strain has been devel-
oped from the SHR strain [ 45 ]. 

 To create a relevant strain to study a given dis-
ease, animals with the phenotype of interest are 
bred selectively for several generations (reviewed in 
Lerman et al [ 51 ]). Once the trait appears reliably, 
sib-mating is performed for roughly 20 generations 
so that there is genetic homogeneity. The SHR and 
the stroke-prone SHR were created using this 
approach. That being said, the SHR is not com-
pletely inbred, and substrains vary in expression 
of a number of traits. A list of inbred rat strains is 
found in Table  8.2 .

   A further refi nement of inbred strains is the 
use of congenic and consomic strains [ 52 – 56 ]. 
When relevant quantitative trait loci (QTL) have 
been identifi ed via genome-wide scanning, 
breeding animals that differ only in a given QTL 
facilitates the study of the implicated chromo-
somal regions. A congenic rat or mouse is created 
by mating animals from an inbred strain that 
carry one foreign gene and continuing such mat-
ing until the congenic strain and the inbred strain 
are identical except for the transferred locus and 
the chromosomal segment to which it is linked. 
It generally takes ten generations of backcrosses 
to attain a congenic strain. 

 When an entire chromosome is exchanged by 
a homologous chromosome from another strain, 
the strain is called consomic. This is accom-
plished by creating an inbred strain that has one 
chromosome that differs by being replaced using 
serial backcrosses that are marker assisted. 

 Recently Flister et al. [ 57 ] used a series of 
congenic rat lines that transferred part of the salt-
sensitive (SS) Dahl rat chromosome 12 into the 
Brown Norway consomic rat to home in on several 
BP loci of interest. They found that transferring a 
6.1 Mb portion of SS chromosome 12 confers 
salt-sensitive hypertension.  
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    Sexual Dimorphism Models 

 A number of the phenotypically bred models of 
hypertension exhibit sexual dimorphism and thus 
lend themselves to the study of different expres-
sion in males and females [ 58 – 61 ]. For example, 
hypertension and cardiovascular disease are more 
pronounced in male SHR [ 59 – 72    ]. 

 In the Sabra rat, there appear to be QTLs 
(quantitative trait loci) for salt sensitivity 
expressed on chromosome 1 that differ by gender 
[ 55 ]. These are SS1a and SS1b in male rats but 
only SS1b in females.  

    Murine Models of Hypertension 

    Mendelian Models 
 The resorption of salt and water by the kidney 
importantly regulates blood pressure, and a num-
ber of murine models have been developed to 
study both hypertension and hypotension. For 
example, a murine model of Liddle syndrome, 

which is caused by a gain-of-function mutation in 
the epithelial sodium cotransporter (ENaC) gene, 
was created by the introduction of a stop codon 
into the mouse ENaC locus [ 62 ]. That particular 
mouse model has many of the features of the 
human disease. Similarly, there are models of 
other rare Mendelian forms of hypertension such 
as Gordon’s syndrome (reviewed by Chen and 
Coffman [ 63 ]).  

    Transgenic, Knockout, and Knockin 
Models 
 The role of the RAAS and other hormonal sys-
tems in hypertension has been extensively studied 
with the use of transgenic, knockout, and knockin 
models [ 63 – 68 ]. Transgenic animals contain 
exogenous genetic information that is inserted 
into its genome stably and can be passed on to 
additional generations. The inserted transgene 
permits the investigation of the role of cis- and 
trans-acting factors that control gene expression. 
Most transgenic animals are mice, though an 
important model is the TFR (mREN2) 27 

   Table 8.2    Models of genetic hypertension well-characterized hypertensive rat strains and controls   

 Rat strain  Phenotype  Control strain  Background  Reference 

 Spontaneously 
hypertensive rat (SHR) 

 Hypertension by age 4 
weeks 

 Wistar-Kyoto (WKY)  Wistar  [ 40 ] 

 Stroke-prone SHR  Bred from SHR; prone to 
stroke 

 SHR  [ 45 ] 

 Dahl salt-sensitive  Hypertension with salt 
loading 

 Dahl salt-resistant  Sprague-Dawley  [ 41 ] 

 Milan hypertensive (MHS)  Bred as model for studying 
cation transport 

 Milan normotensive 
(MNS) 

 Wistar  [ 42 ] 

 New Zealand genetically 
hypertensive 

 Controls generally 
unselected 

 Wistar  [ 39 ] 

 Sabra hypertensive (SBH)  Sabra normotensive (SBN)  Unknown/unclear  [ 43 ] 
 Lyon hypertensive rat  Low-renin hypertension  Lyon normotensive and 

Lyon low blood pressure 
 Sprague-Dawley  [ 49 ] 

 Fawn-hooded 
hypertensive rat 

 Hypertension, kidney 
disease, and platelet 
abnormalities 

 German 
brown × white 
Lashley 

 [ 46 ] 

 Prague hypertensive rat  Low BP Prague strain  Wistar  [ 47 ] 
 Russian inherited 
stress-induced arterial 
hypertensive rats (ISIAH) 

 Stress-induced 
hypertension 

 Wistar  [ 48 ] 
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transgenic rat that was developed by John Mullins 
and colleagues [ 66 ]. Fulminant hypertension 
develops in this animal early in life. Knockout 
animals have a given gene ablated, while knockin 
animals contain additional copies of a gene of 
interest. A variety of transgenic, knockout, and 
knockin animals have been developed that have 
been used in studying hypertension. For example, 
mice transgenic for the rat angiotensinogen gene 
become hypertensive [ 68 ]. There are also mouse 
transgenic for renin [ 69 ] and other components of 
the RAAS (Reviewed in 63 and 71) [ 63 ,  70 ]. It is 
also possible to use an animal in which a gene has 
been ablated and selectively replace it in only one 
organ at a time [ 71 ]. For example, Kessler et al. 
ablated ACE in a mouse model and then selec-
tively targeted the ACE gene to the vasculature, 
the testis, or the kidney, permitting the study of 
the effects of the gene when present in specifi c 
regions of the body. The number of such animal 
models is constantly increasing, and as new 
methods for targeting specifi c organs or cells 
within organs progress, it is possible to ask very 
specifi c questions that get at the mechanism of 
hypertension.  

    Developmental Origins 
 The infl uence of the intrauterine and perinatal 
milieu on later hypertension has been studied in a 
number of animal models – particularly in murine 
and rat models, as well as in sheep, guinea pigs, 
and other species. These models are discussed in 
Chap.   7    .   

    In Vitro Models of Hypertension 

 There are many unique approaches to the study of 
hypertension that involve in vitro experiments 
(Reviewed in 2012 by Cook and Re) [ 72 ]. Use of 
tissues from any of the above models is a common 
way to assess the damage from hypertension. 
In addition, isolating cells from pharmacologi-
cally treated animals or from genetically modifi ed 
animals and placing them into primary culture 
allows studies of cellular and subcellular aspects 
of hypertension.  

    Implications 

 The choice of an appropriate model of hyperten-
sion depends on the research question one wishes 
to study. It is hoped that this brief outline of avail-
able models and concepts underlying their devel-
opment may be a starting point for the reader’s 
consideration.      
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  The cost    of hypertension in the United States in 
2010 was predicted to be $93.5 billion, based 
upon estimates of utilization of health-care ser-
vices, medications, and missed days of work [ 1 ]. 
The pediatric piece of this total cost is likely 
only a small percentage, but still represents a 
signifi cant cost, which has been rising over the 
past decade [ 2 ]. The long-term health-care issues 
of undetected hypertension [ 3 ] in children are 
not clear, but would logically include a signifi -
cantly increased rate of cardiovascular and cere-
brovascular events as affected children become 
adults. Given the medical and economic impact 
of hypertension, establishing a diagnosis of 
hypertension in a child is something that needs 
to be done carefully; the providers making this 
 diagnosis must understand the process of 
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    Abstract 

   The diagnosis of hypertension in children or adults is predicated on the 
accurate measurement of the blood pressure and the proper interpretation of 
that measurement. Outside of the hospital setting, blood pressure is mea-
sured noninvasively, that is, not using indwelling arterial lines. The generally 
agreed-upon term for noninvasive BP measurement outside of a strict study 
setting and while the patient is at rest is the “casual blood pressure.” This 
chapter will review currently available methods of casual BP measurement 
and identify the advantages, disadvantages, and pitfalls of these methods.  
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 measuring BP and the pitfalls associated with 
these measurements. 

 Blood pressure measurements obtained on chil-
dren were fi rst reported in 1903 [ 4 ]. The authors 
used a cuff/bladder that could have its size modifi ed 
using hooks and eyes, and obtained their readings 
using palpation of the brachial artery. They reported 
systolic pressures between 75 and 90 mm Hg 
during the fi rst 2 years of life and 90–110 mm Hg 
during early childhood. Larger studies in children 
using more “typical” auscultatory methods were 
not reported for another 50–60 years [ 5 ]. Over 
ensuing decades, BP methods have evolved from 
the mercury manometer to aneroid gauges and 
importantly from these auscultatory approaches to 
automated or semiautomated oscillometric devices. 

 The measurement of blood pressure in the offi ce 
or “casual” setting, which is opposed to measure-
ment in a continuous or near-continuous fashion, 
such as in an operating room or in a patient with an 
arterial line, is a complex task that involves several 
major components: the observer, the patient, and 
the device. This chapter will focus on the device 
aspects, but will also address issues associated with 
observers and subjects having their BPs measured. 

 Measurement of blood pressure is recommended 
for children over 3 years of age whenever they pres-
ent for a health-care encounter and in children less 
than 3 years of age under special circumstances [ 6 ]. 
In children, the diagnosis of hypertension is based 
upon correct measurement and then comparing the 
result obtained with tables developed from large 
series of readings obtained in children of many ages 
and heights. Given the lack of “hard” cardiovascu-
lar end-points in children, the diagnosis of hyper-
tension in pediatrics is a statistical one. Children 
with repeated, sustained BPs greater than the 95th 
percentile for age, height, and sex are considered to 
be hypertensive. Since blood pressure values tend 
to drop in most patients on repeated measurement, 
roughly 1–3 % of all children have been found to be 
hypertensive when large groups were assessed. 

    The Measurement: Observer, 
Patient, and Device 

 There are three major aspects in the measurement 
of a person’s blood pressure. 

  Observer:  There are many device/method- 
specifi c issues that relate to the observer. The 
observer needs to be trained in the proper use of 
the device and understand the method suffi ciently 
to recognize valid from invalid readings. It is the 
observer’s responsibility to identify the patient- 
specifi c issues described below. In addition to 
device selection, the observer needs to ensure 
that an appropriate cuff size is chosen. The size 
written on the cuff (e.g., “Child”), often will be 
nonspecifi c and is assigned by the manufacturer, 
rather than being driven by data and/or standards. 
The observer must have the necessary senses 
(predominantly vision and hearing) and short- 
term memory capacity to perform the task. 

  Patient:  The patient/child who is to have his or 
her blood pressure measured is, obviously, a 
 living being. Beat-to-beat variability of systolic 
blood pressure in people at rest has been reported 
to be ~4 mmHg [ 7 ]. Chronobiologic (day-night) 
changes in BP are even greater. A BP value 
determined at any time of the day, even if per-
formed “ perfectly,” is only truly valid for that 
moment. 

 There are certain physiological principles that 
cannot be ignored as they pertain to the measure-
ment of blood pressure. There are four common 
methods for BP measurement: direct intra- arterial 
monitoring, palpation, auscultation, and oscil-
lometry. Each of these methods actually mea-
sures a different thing. Each measurement is a 
surrogate for “true” blood pressure, so these dif-
ferent measures always correlate closely, but they 
do differ. Assuming that direct measurement in 
the descending aorta refl ects the true BP, direct 
intra-arterial values obtained from peripheral 
arteries tend to yield higher systolic values and 
lower diastolic values and of course have no 
place in casual BP measurement. Palpation can 
only be used to determine systolic BP; the ability 
to palpate a pulse distal to a BP cuff requires a 
suffi cient volume and force of blood, which typi-
cally occurs several beats after indwelling lines 
can sense the resumption of fl ow as the cuff is 
defl ated. Auscultation relies on the Korotkoff 
sounds, which are not completely understood, 
but relate to cuff-induced turbulence in arterial 
fl ow [ 8 ]. The onset of the fi rst Korotkoff sound, 
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which is accepted as the systolic pressure, generally 
occurs between when an indwelling line would 
sense fl ow and when the pulse wave could be pal-
pated. Oscillometric devices are described in 
greater detail later in this chapter. 

  Devices : There are a large number of potential 
permutations and combinations that can be com-
piled to create a BP measuring device. At the 
most basic, such devices need a cuff to encircle 
the arm (current convention is still to measure the 
BP at the upper arm), tubing to connect the cuff 
to the rest of the device, a mechanism to rapidly 
infl ate and slowly defl ate the cuff, a manometer 
for measurement, and some sensing device to lis-
ten to or “feel” blood fl ow as it resumes with cuff 
defl ation or, in some devices, cuff infl ation. 

  Cuffs:  One of the most diffi cult issues associated 
with the measurement of blood pressure in chil-
dren is selection of the proper size cuff. This is an 
area that is dependent more on opinion and con-
vention than on strong evidence. The Fourth 
Report on the Diagnosis, Evaluation, and 
Treatment of High Blood Pressure in Children 
and Adolescents recommends that the bladder of 
the cuff has a width that is approximately 40 % of 
the arm circumference midway between the olec-
ranon and the acromion. Assuming a cuff bladder 
width to length ratio of 1:2, this corresponds to a 
cuff bladder that will cover 80–100 % of the arm 
circumference [ 6 ]. The British suggest three 
cuffs (4 × 13 cm, 10 × 18 cm, and 12 × 26 cm) for 
use in children from 0 to 14 years of age [ 9 ]. 

 There is wide variety of pediatric BP cuff sizes 
in the United States due to the absence of clearly 
defi ned standards. AAMI and AHA standards 
call for a cuff width to arm circumference ratio of 
0.4 for patients of all ages and for a bladder length 
to arm circumference ratio of 0.8. Arithmetically, 
this mandates a minimal bladder width to length 
ratio of 1:2, but this ratio has only been recom-
mended [ 6 ], not mandated. Consequently, there is 
wide variability in commercially available cuffs 
for children. 

 Undercuffi ng, the use of too small a cuff, leads 
to erroneously high BP measurements. Less well 
established is the converse – overcuffi ng. A few 

papers suggest that a cuff that is too wide for the 
arm will underestimate true BP. Overly long 
cuffs, those that overlap, do not seem to generate 
signifi cant errors [ 10 ]. 

    Auscultatory Measurement of BP 

 There are many issues which must be addressed 
carefully for proper use of auscultation to mea-
sure BP. The observer must have adequate hear-
ing and be experienced in the recognition of 
Korotkoff (K) sounds. The room must be quiet. 
Normally, observers must be trained and periodi-
cally retrained by either recorded teaching mate-
rials or in comparison to “experts” in the 
techniques. This latter method is usually accom-
plished by the use of a stethoscope with two sets 
of earpieces. The trainee records his/her values 
blindly and those data are compared to the values 
recorded by the “expert.” There is no formal tol-
erance data for an acceptable difference, but the 
systolic (S) and diastolic (D) BPs should match 
within a few mmHg. 

 The American Heart Association Scientifi c 
Statement by Pickering et al. from 2005 reviews 
the techniques and protocol for auscultatory BP 
measurements in humans [ 11 ]. It is generally 
accepted that K sounds are more easily heard 
with the bell of the stethoscope. It is important 
that there be only light pressure applied, so as not 
to tense the skin tightly and make the bell func-
tion more like a diaphragm. There is universal 
agreement that K1 is the best estimate of SBP. 
The observer must be careful not to assign K1 to 
an extraneous sound; sequential K1 sounds for 
the next few cardiac cycles reassure the observer 
that the assigned K1 is the accurate SBP mea-
surement, although some patients do manifest an 
auscultatory gap. In adults, the disappearance of 
K sounds, K5, is thought to represent the most 
accurate estimate of DBP. There are few data in 
children that address this issue. In 1965, Moss 
and Adams compared auscultatory BP to intra- 
arterial measurements during cardiac catheteriza-
tion [ 12 ]. Those data and their previous work 
[ 13 ] led them to recommend that K4 (muffl ing 
of sounds) be used in children to estimate DBP. 
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The original [ 14 ] and two subsequent Task Force 
reports continued to make that recommendation. 
In 2004, the Fourth Report authors [ 6 ] changed 
their DBP recommendation to use K5 in all 
humans, despite the absence of new data assess-
ing accuracy collected between 1965 and 2004. It 
is also not uncommon that, in children, K sounds 
are audible to BP values close to or at zero 
mmHg. Clearly K5 cannot be used in these chil-
dren. Data from the Bogalusa Heart Study have 
demonstrated a superior predictive value of adult 
hypertension for K4 versus K5 [ 15 ]. 

 Another general issue in the manual ausculta-
tory measurement of BP is terminal digit prefer-
ence. There are observers who assign values 
which end in a zero or a fi ve much more com-
monly than other terminal digits. This issue 
should be addressed in the original training and 
the retraining of every observer. In addition, the 
manometer needs to be placed in such a place 
as to avoid the risk of error due to observer 
parallax. 

    The Mercury Sphygmomanometer 
 Worldwide, there has been a campaign to ban 
mercury for all uses in response to the mercury 
levels observed in our environment. While the 
contribution to the environmental burden from 
mercury sphygmomanometers is not known, it 
realistically cannot represent more than a few 
thousandths of a percent. Nonetheless, it seems 
unlikely that widespread use of mercury manom-
eters will return. Mercury sphygmomanometers 
are very ruggedly built and it is, in fact, diffi cult 
to release the mercury from the tubing or 
reservoir. 

 Periodic maintenance of a mercury manome-
ter is necessary. The fi lter must be kept clean. The 
bulb, tubing, and release valve must be kept in 
proper working order. Only some medical institu-
tions have mandated safely inspections of 
manometers; routine periodic maintenance pro-
tocols must be developed. A mercury manometer 
which is properly maintained does not require 
calibration, since the density of mercury cannot 
change, and differences in atmospheric pressure 
at varying altitudes do not signifi cantly affect 
readings.  

    The Aneroid Sphygmomanometer 
 An aneroid manometer uses a set of bellows, 
springs, and gauges to refl ect the pressure in the 
cuff/tubing system. Aneroid devices can be man-
ufactured to very high accuracy levels. In addi-
tion to manual aneroid devices, there are 
electronic versions. The major concern about the 
long-term use of aneroid manometers is the issue 
of maintenance and recalibration. In order for BP 
values obtained using an aneroid device to be 
accurate, the manometer must be kept calibrated; 
a frequency of service of no more than every 6 
months is recommended. One of the simplest 
methods to quickly assess the lack of calibration 
of an aneroid manometer is to verify that the nee-
dle is not pointed to 0 mmHg when the manom-
eter’s valve is open.  

   Patient/Subject Preparation 
 To obtain a BP which represents an accurate, 
resting value, the practitioner must follow a pro-
tocol consistent with that used to develop the 
comparative standard blood pressure tables [ 11 ]. 
The child needs to be sitting at rest for at least 
5 minutes. This may be diffi cult to accomplish in 
a busy outpatient setting, but is critical. The BP 
cuff cannot be wrapped around clothing; it must 
be applied over bare skin. The child should avoid 
caffeine-containing beverages and/or use of 
tobacco for at least 30 min before testing. The 
child should be seated on a chair with a back, not 
on an examination table. The arm on which the 
cuff is placed needs to be supported from below 
at the level of the heart. His/her legs should be 
uncrossed. The child must not talk during the 
measurement; the individual taking the reading 
should not ask questions during the process. A 
history of medications with vasoactive properties 
(antihypertensives, decongestants, nutritional 
supplements) should be taken. 

 Most experts recommend taking several read-
ings during each assessment [ 11 ]. Frequently, the 
initial reading, which may be high because of 
anxiety and the alerting reaction, is discarded, 
and the clinically acceptable BP value is deter-
mined by averaging the second and third reading, 
separated by at least 1 min. Because of the “white 
coat” effect, discussed elsewhere, manufacturers 
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have developed automated monitors which will 
take multiple readings automatically with no 
medical personnel in the room. To date there is 
no large dataset to show the effectiveness of this 
technology in children.   

    Oscillometric Measurement of BP 

 Oscillometric blood pressure devices have gradu-
ally replaced auscultatory manometers over the 
past two decades due to their ease of use and in 
response to the aforementioned environmental 
concerns over mercury. Oscillometric devices are 
also replacing aneroid sphygmomanometers in 
medical centers and, to a lesser extent, in doctors’ 
offi ces. Individuals with minimal medical train-
ing can reliably operate oscillometric devices. 
A proper understanding of how oscillometric 
blood pressure devices work and of their advan-
tages and limitations will enable a health-care 
provider to more effectively address a patient’s 
blood pressure concerns in a variety of clinical 
settings. 

 Unlike auscultatory BP measurements, in 
which the surrogates for systolic and diastolic 
pressures are directly identifi ed, oscillometry 
 calculates  a person’s systolic and diastolic blood 
pressures. There is no specifi c oscillometric pulse 
amplitude that correlates with the fi rst or last 
Korotkoff sounds. Each manufacturer of oscillo-
metric blood pressure monitors uses its own 

 proprietary algorithm to calculate a patient’s sys-
tolic and diastolic blood pressures. 

 An automated oscillometric blood pressure 
device consists of a cuff, a pump, valves, a power 
source, and various electronic components, 
including a microprocessor. The typical oscillo-
metric device will automatically infl ate the cuff 
and then gradually defl ate the cuff to a pressure 
below diastolic (see Fig.  9.1 ). The target pressure 
for the cuff infl ation in Fig.  9.1  is 180 mmHg. 
Once the cuff is infl ated to the target pressure, the 
cuff pressure is decreased in a controlled manner 
using a valve. The pressure maybe decreased in a 
linear manner, or it may be decreased in a step-
wise manner using an electronic valve. The step 
method uses a valve that opens for milliseconds 
and allows enough air to escape from the cuff so 
that the cuff pressure decreases by 5–10 mmHg. 
Once the cuff pressure drops, the monitor will 
commonly maintain constant cuff pressure for 
two heartbeats, allowing the device to record two 
oscillometric pulses. Using the linear method, the 
cuff pressure will decrease at a steady rate from 
the target infl ation pressure to a point below the 
diastolic pressure; an oscillometric pulse will be 
recorded at each heartbeat.

   Typical devices intended for adult use will ini-
tially infl ate to 160 mmHg to 180 mmHg. Devices 
with a neonate mode will initially infl ate to 
between 70 and 120 mmHg, and devices that 
have a pediatric mode will infl ate to between 120 
and 160 mmHg. If the device does not infl ate 

  Fig. 9.1    Pressure curve showing BP cuff infl ation and 
defl ation for single BP measurement. The BP cuff is auto-
matically infl ated by the pump when the BP measurement 
is initiated, the cuff pressure increases to 180 mmHg over 

6 s, the pump stops, and the electronic valves control 
the defl ate from 180 mmHg to a pressure below diastolic. 
The total measurement time is approximately 36 s       
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high enough on the fi rst attempt (i.e., the sensor 
detects oscillations consistent with persistence of 
arterial fl ow), the unit’s software will reinfl ate the 
cuff to a higher pressure. Many devices have an 
adjustable setting to allow the user to select the 
initial infl ate pressure. The ability to lower the 
initial infl ation pressure is a helpful feature for 
devices used in pediatrics, as the lower infl ation 
pressure will be more comfortable for the patient 
and it will result in a faster reading. All devices 
are required by national and international regula-
tory standards to have a maximum infl ation pres-
sure below 300 mmHg for the adult mode and 
150 mmHg for the neonate mode, and all devices 
are required to have a maximum time limit of 
180 s for a single reading in adult mode and 90 s 
for a single reading in neonate mode, after which 
point the pressure in the cuff must be released. 
The regulatory standards do not require any spe-
cifi c safety features for the pediatric mode, 
although some device manufacturers have imple-
mented thresholds between the adult and neonate 
limits for pediatrics. 

 When the cuff is infl ated on the patient’s limb 
and the artery is partially or fully occluded, pres-
sure oscillations created by the expansion of the 
arterial wall during each heartbeat are sensed by 
the cuff and measured by the device’s hardware 
and software. Near the systolic pressure, the pres-
sure oscillations are very small, and they increase 
in amplitude as the cuff pressure reaches mean 
arterial pressure (MAP). The pressure oscillations 

then decrease as the cuff pressure decreases from 
the patient’s MAP to pressures below diastolic. 

 Figure  9.2  shows a typical set of oscillometric 
pulses collected on a healthy adult during the 
defl ate cycle of an oscillometric monitor. The 
amplitude of the oscillometric pulses starts out at 
less than 1 mmHg, then increases in amplitude to 
approximately 3 mmHg at the midpoint of the 
curve, and fi nally decreases to less than 1 mmHg 
at the end of the curve. Once the cuff defl ation is 
completed and the recorded oscillometric pulses 
are processed, an envelope curve is created using 
the amplitude of the oscillometric pulses. 
Figure  9.3  shows the envelope curve for the oscil-
lometric pulses shown above.

    The envelope curve in Fig.  9.3  shows the 
oscillometric pulse amplitude on the y-axis, with 
these pressures corresponding to the amplitude of 
the pulses in Fig.  9.2 . The x-axis is the cuff pres-
sure for each specifi c pulse. The curve in Fig.  9.1  
shows the relationship between cuff pressure and 
time. This allows each oscillometric pulse in 
Fig.  9.2  to be referenced to a cuff pressure. 

 The envelope curve is the basis for all calcula-
tions used to determine systolic and diastolic 
pressures. Following the curve from left to right, 
the pulse amplitude increases as the cuff pressure 
decreases, from 140 mmHg to approximately 
90 mmHg. The peak of the envelope curve is the 
point of maximum oscillation, or the point where 
the oscillometric pulses reach their maximum 
amplitude; this cuff pressure correlates with 

  Fig. 9.2    Amplitude of oscillometric pressure pulses with 
relation to time. The y-axis shows the oscillometric pulses 
that were collected in the measurement shown if Fig.  9.1 . 
The x-axis shows the time scale corresponding to Fig.  9.1 . 

No data is collected during the cuff infl ation, oscillometric 
pulses are collected at each pressure step, and the pulses 
are recorded with respect to time       
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MAP [ 16 ]. As the cuff pressure continues to 
decrease, the envelope curve falls as the oscillo-
metric pulses decrease in amplitude. 

 Each manufacturer has its own proprietary 
algorithm to determine systolic and diastolic 
pressures. Some manufacturers use pulse ampli-
tude based on a percentage of the maximum 
amplitude, while others use the slope of the rising 
and falling portions of the envelope curve to cal-
culate systolic and diastolic pressures, respec-
tively. Many manufacturers use a combination of 
calculations based on the slope of the curve and 
amplitude of the pulses. The basis for these cal-
culations typically uses empirical data collected 
on large populations. Most oscillometric algo-
rithms start by measuring MAP as the peak of the 
envelope curve and use the approximation:
   MAP − 1/3 (PP) = diastolic  
  MAP + 2/3 (PP) = systolic  
  Pulse pressure (PP) = systolic − diastolic    

 Because MAP is the only pressure that can be 
measured from the oscillometric envelope curve, 
it is critical that the algorithm is able to determine 
an accurate value for MAP. Once MAP is deter-
mined, it is still necessary to calculate one or 
more of the three pressures: systolic, diastolic, 
and pulse pressures. 

 Some medical conditions, such as pediatric 
obesity or diabetes, can pose particular problems 
for oscillometric BP reading, and so manufactur-
ers need to consider large patient populations 
when developing their algorithms. Signifi cant 
differences between populations, such as adult 
and pediatric, may also pose problems for some 
oscillometric algorithms, and some algorithms 
may not be properly validated for hypertensive or 
hypotensive patients. Unfortunately, poorly per-
forming algorithms often will not perform well 
on the populations that have the greatest need for 
accurate blood pressure monitoring. 

 Even small movements of the patient can also 
adversely impact automated oscillometric measure-
ments. The oscillometric pulses that are detected in 
the cuff are typically less than 4 mmHg, while small 
movements of the arm can create spikes in pressure 
of 10+ mmHg. The oscillometric algorithm’s abil-
ity to fi lter motion artifact from the actual oscillo-
metric pulses is critical in situations such as 
emergency transport or, postoperatively, when the 
patient may be shivering. Filtering motion artifact is 
important in the context of this book, when a device 
is applied to young children, who may have trouble 
sitting still, or to infants and toddlers who may 
move to “escape” the squeezing on their arms. 

  Fig. 9.3    The relationship between oscillometric pulse 
amplitude with respect to    cuff pressure is shown. The 
y-axis shows the amplitude of the oscillometric pulses. 
This envelope curve is created by recording the oscillo-
metric pulse amplitude for each pulse with respect to time. 

The x-axis in the plot is cuff pressure, not time. The rela-
tionship between cuff pressure and time is shown in 
Fig.  9.1 . For each point in time, a corresponding cuff pres-
sure is calculated from the plot in Fig.  9.1  and that pres-
sure is used in the x-axis in Fig.  9.3        
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 There are several types of automated oscillo-
metric BP monitors on the market, and there are a 
large number of manufacturers. The variation in 
the types of monitors is differentiated by what site 
is used to take the reading. The most prevalent 
and most widely accepted oscillometric monitors 
take the BP measurement on the upper arm, 
occluding the brachial artery. Wrist monitors, 
however, have become popular over the past 10 
years because of their relatively low cost and 
because one cuff size accommodates a wider per-
centage of the population. Wrist monitors, how-
ever, are not typically considered appropriate for 
clinical use [ 17 ]. There are also specialty moni-
tors that take measurements on the fi nger or on 
the forearm, but these are not commonly used in a 
typical clinic or hospital setting, and validation 
criteria for these have not been generally accepted. 

 Several manufacturers have developed oscillo-
metric technologies that take the BP measurement 
during cuff infl ation. This method provides a few 
advantages: the reading can often be done in less 
time; and the cuff may not need to be infl ated as 
high, because the infl ation can be stopped just 
above the systolic pressure. Both of these advan-
tages are helpful when taking BP readings on 
pediatric patients. However, a drawback of taking 
BP measurements during cuff infl ation is that the 
algorithm will typically be less motion tolerant. 

Almost all oscillometric devices also provide 
a measurement for heart rate. Referring to 
Fig.  9.2 , one can see how the device can easily 
measure the time between oscillometric pulses 
and calculate the heart rate. 

 The blood pressure cuff itself is a critical part 
of the automated oscillometric blood pressure 
monitor, as it not only occludes the artery, as in 
an auscultatory measurement, but is also used 
as a sensor to measure the oscillometric pulses. 
A cuff used with an oscillometric device should 
meet the same AHA guidelines [ 11 ] for bladder 
size and range as an auscultatory blood pressure 
cuff; this will ensure that the cuff properly 
occludes the artery. In addition, the cuff may 
need to meet construction requirements from the 
oscillometric monitor manufacturer to ensure 
that it works well as a sensor. All cuffs are 
required to indicate the limb range for which they 

are intended to be used, and most cuffs will have 
a range marker that clearly shows that it is the 
proper size when it is wrapped around the limb. 
Cuffs made for use on the upper arm will also be 
labeled with an artery marker that should be 
placed over the brachial artery. Proper cuff place-
ment is even more important for oscillometric 
devices than auscultatory devices, since the cuff 
bladder is being used as the sensor to measure the 
oscillometric pulses. If the cuff bladder is not 
properly located over the artery, the oscillometric 
pulses may not be properly measured. 

 Oscillometric BP devices are commonly used 
in home settings, and most of these devices were 
developed for monitoring hypertension in adults. 
Many of these monitors may work on children, 
but accuracy cannot be assumed if pediatric vali-
dations of these devices are not performed. The 
range of cuffs tested for use with a specifi c moni-
tor is another important consideration when 
selecting an automated device. A device intended 
for use on pediatric patients should have cuff 
sizes that range from infant through large adult. 
The literature that accompanies the device should 
cover the intended populations for the device, 
and the manufacturer should have information 
available as what validation protocols the device 
has passed. In previous years there were several 
standards used by manufacturers: AAMI SP10 
[ 18 ], the BHS protocol [ 19 ], and the European 
EN1060-4 [ 20 ]. There is currently one interna-
tional standard for noninvasive BP validations, 
the ISO 81060-2 [ 21 ]. This standard has recently 
been accepted by the FDA and by the European 
Union. All new devices sold in the United States 
and Europe are required to pass the ISO 81060-2 
standard; older devices were required to pass one 
or more of the previous standards to be sold in the 
United States or Europe. When purchasing a 
device, it is advisable to look for one that has 
been tested according to accepted validation pro-
tocols and to confi rm that the device was vali-
dated on pediatric subjects. Some manufacturers 
also have their devices validated by third parties 
and have the validation study published in a peer- 
reviewed journal. Additionally, manufacturers may 
go further and validate their monitors on special 
populations to improve the overall performance of 
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their devices. A thoroughly validated device is 
the best indication that it will perform well on its 
intended population. 

 Automated oscillometric BP technology has 
several benefi ts over the manual auscultatory 
technique, the main advantage being ease of use. 
The operator has to ensure only that the correct 
cuff size is used, the cuff is properly applied to 
the limb, and the subject is properly seated. 
Automated oscillometric devices can provide a 
simple, reliable method of taking accurate BP 
measurements in most clinical and home settings. 
They are not susceptible to terminal digit prefer-
ence or other human errors, and there is no person-
to-person variance – it operates consistently each 
time. Low-cost oscillometric home units have 
also been sold to millions of people around the 
world, helping individuals take an active part in 
their own health care. Conversely, poorly per-
forming oscillometric devices on the market can 
adversely affect a large percentage of their 
intended population, particularly compromising 
the health of those in greatest need of accurate BP 
monitoring, such as hypertensive, diabetic, or bar-
iatric patients. BP units sold in the United States 
and Europe commonly meet at least one of several 
validation protocols; this provides some assur-
ance that a monitor performs adequately on a gen-
eral patient population. Not all marketed devices 
have been validated, and fewer have been studied 
in children. The authors recommend that buyers 
should ensure that a device has been validated in 
the targeted population prior to purchase.   

    Conclusion 

 Pediatric providers should measure blood pres-
sures at every health-care encounter. Performing 
the measurements requires an understanding of 
the way the device to be used works, of the poten-
tial strengths and weaknesses of the device, of the 
ability to select a proper cuff size, and of an abil-
ity to interpret the result obtained. Auscultatory 
measurements, using either a mercury manome-
ter or an aneroid manometer, have the advantage 
of yielding results that can be directly compared 
with the epidemiological data that have been 

used to defi ne normal blood pressure and hyper-
tension in children. Oscillometric measurements 
are  generally easier to obtain and correlate well 
with auscultatory measurements.     
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         Introduction 

 Assessment of blood pressure in children and 
adolescents, as a measure of health status, is now 
part of routine clinical practice. Prior to the 
1970s, blood pressure was not commonly mea-
sured in very young children, due to the diffi culty 
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in obtaining reliable measurements and the general 
belief that hypertension was a rare problem in 
children [ 1 ]. Since measurement of blood pressure 
had not yet become routine, high blood pressure 
was detected only when signifi cant clinical signs 
or symptoms were present. Due to the absence of 
any childhood blood pressure data on which to 
base an age appropriate defi nition of hypertension, 
adult criteria were the only available reference 
information. Based on our current knowledge on 
what is normal blood pressure in healthy children, 
we now know that the early descriptions of hyper-
tension in the young represented only the most 
severe cases of childhood hypertension. 

 Looking back on this practice, one can under-
stand how some beliefs in medicine develop. 
With regard to childhood hypertension, the belief 
had been that hypertension in children was 
always secondary to an underlying cause and pri-
mary, or essential, hypertension did not exist in 
the young. With the development and under-
standing of reference data on blood pressure in 
the young, relative to physical development, this 
belief has changed. We now have blood pressure 
data and a body of clinical experience that enable 
clinicians to evaluate the blood pressure level in a 
given child relative to age, sex, body size, and 
other clinical parameters. Moreover, the clinician 
can use the available reference blood pressure 
data and the clinical characteristics of the child to 
determine the child’s health status in terms of 
health, having risk factors that warrant preventive 
intervention or having a blood pressure level that 
warrants further evaluation. Some children, espe-
cially younger children, do indeed have hyper-
tension secondary to an underlying disorder such 
as renal disease. It is now also known that essen-
tial (primary) hypertension can be detected in the 
young. An important value of recognizing the 
early phase of essential hypertension is the poten-
tial ability to modify subsequent outcomes in 
adverse cardiovascular events. 

 The advancement in knowledge on childhood 
hypertension over the past 35 years has developed 
from a process of accumulating, evaluating, and 
understanding data on blood pressure levels in 
children and adolescents. The outcome of this pro-
cess is the blood pressure normative data on which 

the current defi nitions of normal and abnormal 
blood pressure levels in childhood are based. This 
chapter will review that process, and to a large 
extent, is a historical refl ection on what has trans-
pired. The questions and concerns expressed by 
the authors of the early reports are important to 
remember because those are the thoughts that 
moved this process forward and provide a model 
to continue the forward process.  

    Outcome of Childhood 
Hypertension 

 Hypertension is a signifi cant health problem to 
the extent that adverse clinical outcomes can be 
attributed to or associated with blood pressure 
levels that exceed a certain level. Prior to a publi-
cation in 1967 by Still and Cottom [ 2 ], little was 
known about the health consequences of hyper-
tension in childhood. These authors provided one 
of the fi rst descriptions on the outcome of severe 
hypertension in children by reviewing cases of 
children with sustained diastolic blood pressure 
greater than 120 mmHg treated at the Hospital 
for Sick Children, Great Ormond Street, from 
1954 to 1964. Of the 55 cases reviewed, 31 died, 
18 survived with treatment that achieved a reduc-
tion in blood pressure, and 6 were cured of the 
hypertension following corrective surgery for an 
identifi able lesion (coarctation repair, unilateral 
nephrectomy, pheochromocytoma removal). Of the 
56 % of cases that died, the average duration of 
survival following diagnosis of the hypertension 
was only 14 months. The review of this sample of 
severe childhood hypertension indicated 90 % 
mortality within 1 year, a mortality rate that is the 
same as that of malignant hypertension in adults. 
While these numbers are shocking by today’s 
standards, the message that was clearly made at 
that time was that severe hypertension in a child 
could be as deadly as it was in an adult. 

 The above report and others of that period were 
limited to children with what would now be con-
sidered very severe hypertension. In the absence 
of blood pressure data on normal children, the 
conventional adult cut point of 140/90 mmHg was 
generally used to defi ne hypertension in children. 
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This practice limited the diagnosis of hypertension 
in children to those with the most extreme eleva-
tions of blood pressure. In children, severe hyper-
tension is frequently associated with renal disease 
or some other disorder that causes the hyperten-
sion. As a result, for some time the issue of child-
hood hypertension focused on the evaluation for 
underlying disease and search for secondary 
cause. Subsequent efforts to develop normative 
data on blood pressure in childhood were a nec-
essary prelude for a shift from the narrow focus 
of secondary hypertension to a broader perspec-
tive that high levels of blood pressure could indi-
cate an early phase of a chronic process. It was 
established that severe hypertension had an 
adverse outcome if left untreated. What was yet to 
be determined was how frequent did hypertension 
occur and what level of blood pressure elevation 
in a given child conferred risk for target organ or 
vessel injury.  

    Prevalence of Hypertension 
in Childhood 

 In the last half of the twentieth century, hyperten-
sion was established as a signifi cant health prob-
lem in adults, and efforts were underway, from 
both a public health and clinical care perspective, 
to improve detection and management of hyper-
tension. To a large extent, hypertension was 
regarded as a component of aging and a refl ection 
of chronic atherosclerosis. Thus, hypertension 

appeared to have little relevance in the young. 
Jennifer Loggie was one of the fi rst to consider 
the possibility that “essential” hypertension could 
be detected in adolescents [ 3 ]. In a review article 
in 1974, Loggie discussed the available reports at 
that time on the prevalence of hypertension in per-
sons 25 years or less. Of the fi ve published reports 
[ 4 – 8 ] that attempted to determine the prevalence 
of hypertension in the young by conducting blood 
pressure screening on large samples of healthy 
individuals, the rates of hypertension in the young 
ranged from 1 % [ 8 ] to 12.4 % [ 7 ]. Table  10.1  
summarizes these reports and denotes the differ-
ences in the criteria used to defi ne hypertension, 
methods of measurement (sitting vs. supine), and 
the age of the sample examined. These early 
reports, on hypertension in adolescents and 
young adults, defi ned hypertension according to 
a blood pressure level that was similar to values 
used for adults [ 4 – 6 ,  8 ]. The report by Londe [ 6 ] 
was based on an examination of younger children, 
aged 4–15 years, and used a different defi nition 
of hypertension. Londe had measured blood pres-
sure on children in his own pediatric clinic and 
observed that blood pressure levels rise with age, 
concurrent with growth and development [ 6 ,  7 ]. 
He then analyzed the blood pressure data to deter-
mine the range of systolic and diastolic blood 
pressure stratifi ed by age and selected the 90th 
percentile for each age that defi ned hypertension. 
Thus, his reported rates of hypertension were con-
sistent with his defi nition and were slightly above 
10 %. He also noted that on repeated measurement, 

   Table 10.1    Reported prevalence of hypertension in persons 25 years of age or less prior to normative dataa   

 Authors 
 Subjects’ 
age (year) 

 Number 
screened 

 Position in which 
pressure was taken 

 Defi nition of hypertension 
(mmHg)  Prevalence (%) 

 Masland et al. [ 4 ]  “Adolescents”  1,795  Not stated  140/90  1.4 
 Boe et al. [ 5 ]  15–19  3,833  Sitting  150/90  3.01 males 

 1.04 females 
 Heyden et al. [ 6 ]  15–25  435  Sitting  140/90  11.0 
 Londe [ 7 ]  4–15  1,473  Supine  Systolic or diastolic >90th %  12.4 males 

 11.6 females 
 Systolic or diastolic >95th % 
(repeated measures) 

 1.9 

 Wilber et al. [ 8 ]  15–25  799  Sitting  Systolic > 160  1.0 
 Diastolic > 90  1.5 

   a    Adapted from Ref. [ 3 ]  
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there was regression toward the mean and the 
prevalence of persistent systolic or diastolic blood 
pressure greater than the 95th percentile was 
1.9 %. Little attention was given to Londe’s work 
for some time. However, it is remarkable that that 
number of 1.9 % of children with systolic or dia-
stolic blood pressure equal to or greater than the 
95 percentile on repeated measurement is very 
close to more contemporary estimates of pediat-
ric hypertension derived from far larger numbers 
of children.

       Defi nition of Hypertension 
in Childhood 

 The fundamental problem to be resolved was what 
constituted normal blood pressure and what level of 
blood pressure defi ned hypertension in the young. 
In adults, the defi nition of hypertension is based on 
the approximate level of blood pressure that marks 
an above average increase in mortality. The cut-
point numbers for abnormal blood pressure level 
were largely based on actuarial data from life insur-
ance mortality investigations that indicated an 
increase in death rates occurred when the systolic 
blood pressure exceeded 140 mmHg or the diastolic 
blood pressure exceeded 90 mmHg. 

 This method to defi ne hypertension was chal-
lenged by Master et al. [ 9 ] in a report published 
in 1950. These authors argued that defi ning hyper-
tension by a single number was arbitrary, because 
hypertension occurred far more frequently in the 
elderly and was commonly associated with ath-
erosclerosis. They contended that an increase in 
blood pressure was a refl ection of aging and that 
the use of one number to defi ne a disorder for all 
ages resulted in an overdiagnosis of hypertension 
in the elderly. They proposed a statistical defi ni-
tion based on the distribution of blood pressure 
readings around the mean, according to sex and 
age. Blood pressure, like most human characteris-
tics, demonstrates a frequency distribution that 
yields a fairly normal curve. In a normal distribu-
tion, roughly two thirds of the observations will 
occur within the range of the statistical mean plus 
or minus one standard deviation from the mean, 
and 95 % of the observations will be within the 

range of the mean plus or minus two standard 
deviations. They proposed that blood pressure 
that reached a level that was two standard devia-
tions beyond the statistical mean, or greater than 
the 95th percentile, should be considered abnor-
mal. Master et al. supported their position by 
examining data obtained from industrial plants in 
various sections of the country on about 7,400 
persons who were in considered to be in “average 
good health and able to work.” Using a statistical 
method to defi ne the normal range of blood pres-
sure, they described the normal range of systolic 
blood pressure in males to be 105–135 mmHg at 
age 16 years of age, rising progressively with age 
to reach 115–170 mmHg at age 60–64 years. 
They also noted a gender difference in the normal 
range. Females had a normal range of systolic 
blood pressure of 100–130 mmHg at 16 years of 
age, and at age 60–64 years of age, the normal 
range was 115–175 mmHg. The conclusion of 
these authors was that hypertension was overdiag-
nosed in adults, particularly in the elderly. Their 
conclusion was supported, they believed, by dem-
onstrating that large numbers of persons with 
blood pressure above 140/90 mmHg were living 
with blood pressure at that level and were “in 
average good health and able to work.” 

 A large body of subsequent epidemiological 
and clinical investigations on hypertension in 
adults has clearly dismissed the conclusion by 
Master et al. that hypertension is overdiagnosed 
because the normal range of blood pressure 
increases with age. Several expert panels defi ne 
hypertension in adults according to the level of 
BP that marks an increase in cardiovascular 
events and mortality. This defi nition continues 
to be systolic blood pressure ≥140 mmHg or dia-
stolic blood pressure ≥90 mmHg [ 10 – 12 ]. These 
numbers are the approximate blood pressure 
levels above which the risks for morbid events 
are signifi cantly heightened and the benefi ts of 
treatment are established. It is also now recog-
nized that the risk for cardiovascular events 
attributable to blood pressure level in adults does 
not begin only at 140/90 mmHg, but the risk is 
linear and begins to rise starting at lower levels of 
systolic blood pressure. Data derived from the 
Framingham Study in adults show that blood 
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pressure in the 130/85–139/89 mmHg range 
confers more than double the absolute risk for 
total cardiovascular events following 10 years, 
compared to blood pressure <120/80 mmHg [ 13 ]. 
In response to this emerging epidemiological 
data, the concept of prehypertension was devel-
oped to designate a blood pressure range wherein 
adults could benefi t from preventive lifestyle 
changes [ 14 ]. There are no comparable data that 
provide a direct link between a level of blood 
pressure in childhood and morbid events at some 
time later in adulthood. The original report by 
   Master et al. is the earliest to show that the nor-
mal range of blood pressure is lower in persons 
aged 16–19 years than that of older adults. Of 
most signifi cance is that Master et al. provided a 
statistical method to defi ne the normal blood 
pressure range, and abnormal blood pressure 
could then be defi ned in the absence of mortality 
or morbidity end points. 

 The question that remained unanswered until 
the early 1970s was what the prevalence of 
hypertension in children and adolescence is. This 
question could not be answered without a uni-
form and consistent defi nition of hypertension in 
the young. Moreover, the defi nition of hyperten-
sion could not be developed in the absence of 
knowledge about what constituted normal blood 
pressure in children and adolescents. There were 
some, but quite limited, data on blood pressure 
levels in asymptomatic healthy children [ 6 ,  15 – 18 ]. 
The available data indicated that the level of blood 
pressure was considerably lower in young chil-
dren than in adults and that there appeared to be a 
normal rise in blood pressure with age that was 
concurrent with growth [ 19 ]. It was also recog-
nized that due to differences in measurement 
techniques, there was likely to be considerable 
variability in what data were available. 

 Efforts to gain a better understanding of the 
occurrence of hypertension in the young initially 
tended to focus on adolescents. Based on a careful 
examination of her own clinical data derived 
from children and adolescents she had evaluated 
for blood pressure elevation, Loggie [ 3 ] sug-
gested that essential hypertension was more com-
mon in adolescents than had been previously 
believed. Kilcoyne et al. [ 20 ] made an effort to 

determine if asymptomatic hypertension could be 
detected in otherwise healthy adolescents. These 
investigators conducted blood pressure screening 
on urban high school students. They observed 
that female students of all races had lower levels 
of systolic blood pressure than males. Using 
140/90 mmHg as a defi nition of hypertension, 
they detected an overall prevalence of 5.4 % 
systolic and 7.8 % diastolic hypertension at the 
initial screening; follow-up screening on those 
with elevated measurements demonstrated a 
decline in prevalence to 1.2 % systolic and 2.4 % 
diastolic hypertension. They also noted higher 
rates of sustained hypertension among the black 
males. These investigators examined their data 
further by creating frequency distributions of sys-
tolic blood pressures in the males at successive age 
levels of 14, 16, and 18 years. These distribution 
curves demonstrated a progressive rightward dis-
placement with increasing age, which, the authors 
suggested, indicated a transition to adult character-
istics. However, they also noted that this shift in 
distribution did not occur in females between 14 
and 19 years of age. Based on these data, these 
investigators suggested that the criteria used to 
defi ne hypertension in adolescents would be more 
meaningful if they were based on the frequency 
distributions of blood pressure levels in an adoles-
cent sample. They proposed that values exceeding 
one standard deviation above the statistical mean 
would more appropriately defi ne hypertension. 
From their data, one standard deviation above the 
mean would be 132/85 mmHg for males and 
123/82 mmHg for females. It is of note that, 
although one and not two standard deviations 
above the mean were proposed, these values are 
reasonably close to the numbers that Master et al. 
[ 9 ] reported to be at the top of the normal range 
for persons 16–19 years of age (males 135 mmHg; 
females 130 mmHg). 

 Similar efforts to investigate blood pressure 
levels and the prevalence of hypertension in 
healthy adolescents were conducted by other 
investigators, largely in the context of high school 
screening projects  [  21 – 24 ]. From these studies, 
the investigators detected initial rates of hyper-
tension, when adult criteria were used, at approx-
imately 5 %, and this rate decreased with repeat 

10 Blood Pressure Norms and Defi nition of Hypertension in Children



146

blood pressure measurement. These reports also 
noted lower levels of blood pressure in adoles-
cent females compared to males. Some differ-
ence in blood pressure by race was reported, 
with higher levels of blood pressure and more 
hypertension among African Americans [ 20 ,  21 ]. 
An effect of weight on blood pressure was also 
described [ 21 ,  24 ]. Together these reports 
emphasized a need to develop a better defi nition 
of hypertension in the young, which was based 
on reference data derived from a large sample of 
healthy children. 

 The gaps in understanding the normal distribu-
tion of blood pressure levels and hypertension in 
childhood was recognized by the National Heart, 
Lung, and Blood Institute which directed the 
National High Blood Pressure Education Program 
to appoint a Task Force on Blood Pressure Control 
in Children and Adolescents. The Task Force pub-
lished its fi rst report in 1977 [ 25 ]. The Task Force 
goals were to (1) describe a standard methodology 
for measurement of blood pressure in the young, 
(2) provide blood pressure distribution curves by 
age and sex, (3) recommend a blood pressure level 
that is the upper limit of normal, and (4) provide 
guidelines for detection, evaluation, and treatment 
of children with elevated or “at-risk” blood pres-
sure measurements. The blood pressure distribu-
tion curves were based on data gathered from 
three observational studies conducted in 
Muscatine, Iowa; Rochester, Minnesota; and 
Miami, Florida. The total size of the sample was 
9,283 children from age 5 to 18 years, with an 
additional 306 children aged 2–5 years (Miami). 
The blood pressure data were presented as percen-
tile curves, by age, for systolic and diastolic blood 
pressure in males and females, similar to the stan-
dard pediatric growth curves for weight and height. 

 These blood pressure curves were a substan-
tial advancement, particularly for clinicians who 
care for children. Although based on cross- 
sectional data, the curves indicate a progressive 
increase in blood pressure level with age, a trend 
that is concurrent with an increase in height and 
weight. The blood pressure curves also established 
a normative range for blood pressure in early 
childhood that was different than that of adults. 
Using a statistical defi nition, the recommended 

defi nition of hypertension was a blood pressure 
level that is equal to or greater than the 95th per-
centile for age and sex, if verifi ed on repeated 
measurement. These blood pressure curves, for 
the fi rst time, provided a clear view on the levels 
of blood pressure that were outside of the normal 
range in young children. However, by age 13 
years in boys, the 95th percentile had reached 
140 mmHg systolic and 90 mmHg diastolic pres-
sure, with a progressive rise to 18 years, at which 
age the 95th percentile was over 150 mmHg sys-
tolic and at 95 mmHg diastolic. These numbers 
seemed to indicate that by early adolescence the 
adult criteria to defi ne hypertension would be 
appropriate. However, the 95th percentile delin-
eated blood pressure levels that seemed to be 
high for older adolescents, particularly in view 
of the data that had been collected in the preced-
ing high school screening studies. This discrep-
ancy raised concern as to how well these 
distribution curves truly refl ected the normative 
blood pressure distribution in healthy children 
and adolescents.  

    Normative Blood Pressure 
Distribution in Children 
and Adolescents 

 The fi rst Task Force on Blood Pressure Control in 
Children and Adolescents established the impor-
tance of blood pressure levels in childhood as an 
indicator of health status. It provided a standard 
methodology for measurement of blood pressure 
in children and encouraged clinicians to measure 
blood pressure in the young. It also provided a 
defi nition of hypertension that could be applied 
to children. What was not clear was whether the 
blood pressure curves published in the report 
were an accurate refl ection of the normative 
blood pressure distribution in healthy children. 
The National Heart, Lung, and Blood Institute 
recognized the need to obtain a larger body of 
data on blood pressure levels in the young within 
the context of childhood growth and subse-
quently supported several epidemiological stud-
ies that prospectively investigated blood pressure 
levels, blood pressure trend, and growth in 
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children and adolescents. These projects were 
conducted at several sites, applied rigorous detail to 
the methodology of blood pressure measurement, 
and examined the anthropometric determinants 
of blood pressure level relative to physiological 
development. 

 As these data emerged, a second Task Force 
on Blood Pressure Control in Children and 
Adolescents was convened to reexamine the data 
on blood pressure distribution throughout child-
hood and prepare distribution curves of blood 
pressure by age accompanied by height and 
weight information [ 26 ]. With this new informa-
tion, the second Task Force also updated the 
guidelines for detection, evaluation, and manage-
ment of hypertension in the young in its 1987 
report. Table  10.2  provides the sites that contrib-
uted data that was used to develop the new blood 
pressure distribution curves. The total number of 
children on whom blood pressure data were 
available was over 60,000. This sample included 
an age range from infancy to age 20 years with a 
substantial representation of different race and 
ethnic groups. The blood pressure percentile 
curves [ 27 – 40 ] published in the Second Task 
Force Report again demonstrated a progressive 
rise in blood pressure that was concurrent with 
age. Gender differences in blood pressure levels 
during adolescence were verifi ed. The blood 
pressure levels in males continued to increase 
from age 13 to 18 years, whereas the blood pressure 
levels in females tended to plateau after age 13 
years, and the normal distribution was somewhat 

higher in adolescent males compared to females. 
Moreover, the entire distribution was lower, and 
consequently the 95th (and 90th) percentile 
delineated a level of blood pressure that was 
substantially lower than that described in the pre-
vious report. The Second Task Force Report 
applied the same defi nition of hypertension that 
was used in the fi rst Task Force Report, which 
was systolic or diastolic blood pressure that was 
repeatedly equal to or greater than the 95th 
percentile. However, in consideration of how 
much lower the 95th percentile appeared to be at 
that time, along with the concern about possibly 
overdiagnosing hypertension in the young, this 
report included a classifi cation table for  signifi cant  
and  severe  hypertension. According to age strata, 
the blood pressure values that approximated the 
95–99th percentiles were designated signifi cant 
hypertension, and the blood pressure values that 
exceeded the 99th percentile were designated 
severe hypertension. At the time that report was 
developed, it could seem that the authors were 
hedging on the defi nition of hypertension in the 
young. However, by intention or not, the concept 
of staging hypertension, on the basis of degree of 
blood pressure elevation, was novel and had not 
yet been considered in the fi eld of adult hyperten-
sion. It was not until publication of sixth report of 
the Joint National Commission in 1998 [ 10 ] that 
hypertension stage was introduced as method to 
guide in patient care and clinical management 
decisions in adults.

   Subsequent to the 1987 Second Task Force 
Report, additional childhood blood pressure data 
were developed from the National Health and 
Nutrition Examination Survey III (NHANES) 
[ 41 ]. Reports were also published on data indi-
cating that children with elevated blood pressure 
in childhood often developed hypertension in 
early adulthood [ 42 ]. Based on increasing sup-
port for the concept that the origins of hyperten-
sion began in the young, rationale was developing 
for emphasis on blood pressure surveillance in 
childhood, along with early preventive efforts. A 
reexamination of the national data on childhood 
blood pressure was necessary to provide sub-
stance to such recommendations. Therefore, a 
third Task Force was convened to update the 

   Table 10.2    Data sources for the Second Task Force Report   

 Source  Age (year)  N 

 Muscatine, IA [ 27 – 29 ]  5–19  4,208 
 University of South Carolina [ 30 ]  4–20  6,657 
 University of Texas, Houston [ 31 ]  3–17  2,922 
 Bogalusa, LA [ 32 ,  33 ]  1–20  16,442 
 Second National Health and 
Nutrition Examination 
Survey [ 34 ] 

 6–20  4,563 

 University of Texas, Dallas 
[ 35 ,  36 ] 

 13–19  24,792 

 University of Pittsburgh [ 37 ]  Newborn-5  1,554 
 Providence, RI [ 38 ]  Newborn-3  3,487 
 Brompton, England [ 39 ,  40 ]  Newborn-3  7,804 
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normative data as well as the guidelines for man-
agement, including preventive guidelines. 

 The addition of the new blood pressure data 
and reanalysis of the entire childhood database 
resulted in blood pressure distribution curves that 
were slightly lower but generally consistent 
with the fi ndings of the Second Task Force [ 43 ]. 
The third report, which was termed “Update on 
the 1987 Task Force Report,” provided further 
detail on the relationship of body size to blood 
pressure. The contribution of body size was 
considered in the analysis that was conducted by 
the Second Task Force, as well as the analysis of 
the data from individual sites by the investigators 
who had developed the data. Analysis of that data 
indicated that height and body weight, as well as 
age, were major determinants of blood pressure 
level. Height was considered to be the best deter-
minant of blood pressure that was within the nor-
mal range. Therefore, it was recommended that 
height adjustment be applied in the evaluation of 
blood pressure level. To support this practice the 
Second Task Force Report contained information 
on the 90th height percentile at the 90th percentile 
for blood pressure. It was assumed that pediatri-
cians, who were accustomed to making weight for 
height adjustments, would be able to make the 
blood pressure adjustment for height. The Third 
“update” Report expanded the presentation of the 
data by providing tables with the systolic and 
diastolic blood pressure level at the 90th and at 
the 95th percentile for each height percentile and 
each age from one through 17 years. These tables 
provided a better view on the variation of blood 
pressure according to height as well as age. 

 The childhood blood pressure data was reex-
amined by a Fourth Working Group that published 
expanded blood pressure percentile tables in 
2004 [ 44 ]. These tables provide the sex, age, and 
height blood pressure levels for the 50th and 99th 
percentile as well as the 90th and 95th percentile. 
The intent of the Fourth Report was to provide 
additional guidelines in the detection and clinical 
management of childhood hypertension. The def-
inition of hypertension in childhood remains the 
same; systolic and/or diastolic blood pressure 
≥95th percentile verifi ed on repeated measure-
ment. This report provides additional precision in 

the staging of hypertension. Stage 1 hypertension 
is systolic or diastolic blood pressure between the 
95th percentile and 5 mmHg above the 99th per-
centile. Stage 2 hypertension is defi ned as systolic 
or diastolic blood pressure that is greater than the 
99th percentile plus 5 mmHg. The category of 
“high normal blood pressure” was replaced with a 
stage termed “prehypertension.” Prehypertension 
is defi ned as systolic and/or diastolic blood 
pressure ≥90th percentile and <95th percentile. 
The defi nition of prehypertension in adults is sys-
tolic blood pressure between 120 and139 mmHg or 
diastolic blood pressure between 80 and 89 mmHg 
[ 14 ]. In adolescence, beginning at age 12 years, the 
90th percentile is higher than 120/80 mmHg. 
Therefore, to be consistent with the adult defi nition 
of prehypertension, prehypertension in adolescents 
is defi ned as blood pressure from 120/80 mmHg 
to <95th percentile. In this report, additional guide-
lines were provided in evaluation and treatment 
according to prehypertension, stage 1 hyperten-
sion, and stage 2 hypertension in childhood. 
Recommendations were also given on evaluation 
for other risk factors related to high blood pressure 
and for target organ damage. 

 Following publication of the report of the 
Fourth Working Group, subsequent publications 
have reported data on the prevalence of hyperten-
sion based on these defi nitions. Hansen et al. [ 45 ] 
applied the above criteria for hypertension and 
prehypertension to electronic medical record data 
from well-child care visits in a cohort of over 
14,000 primary care patients. With the advantage 
of data on repeat blood pressure measurements 
on separate visits, these investigators determined 
the prevalence of hypertension to be 3.6 % and 
the prevalence of prehypertension to be 3.4 % in 
children and adolescents between the ages of 3 
and 18 years. In a cross-sectional study limited to 
the adolescent age, the prevalence of prehyperten-
sion and hypertension was determined in a cohort 
of 6,790 high school students (11–17 years). 
Using the recommended repeated blood pressure 
measurements on those with an elevated initial 
blood pressure measurement, the prevalence of 
hypertension was 3.2 % and the prevalence of 
prehypertension in adolescence was 15.7 % [ 46 ]. 
In both reports, the presence of obesity was 
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associated with higher rates of high blood 
pressure. In the study on high school students by 
McNiece et al. [ 46 ], the prevalence hypertension 
and prehypertension combined was over 30 % in 
obese boys and from 23 % to 30 % in obese girls 
depending on ethnicity. 

 A childhood obesity epidemic was clearly 
established prior to the Fourth Report in 2004 [ 47 ]. 
The association of overweight and obesity with 
higher blood pressure has been consistently dem-
onstrated in children [ 45 ,  46 ,  48 ] as well as 
adults. The effect of the increase in childhood 
obesity on blood pressure was demonstrated by 
Muntner et al. [ 49 ] who compared blood pressure 
levels in children on data in two sequential 
NHANES. Their analysis identifi ed a signifi cant 
upward trend in blood pressure levels in children 
and adolescents. They determined that the increase 
in blood pressure level was largely, but not entirely, 
attributable to the increase in body mass index. 
The blood pressure increase was most striking 
among minority groups that also had the highest 
rates of childhood obesity. Another analysis on the 
same two data cohorts demonstrated an overall 
increase in the prevalence of hypertension from 
2.7 % in the 1988–1994 survey to 3.7 % in the 
1999–2002 survey period [ 50 ]. Both analyses 
concurred that the population increase in blood 
pressure level and rates of hypertension among 
children and adolescents were largely due to the 
increase in prevalence and severity of childhood 
obesity. The blood pressure percentile tables 
provided in the Fourth Report [ 44 ] are based on 
child population data that were largely developed 
prior to the current child obesity epidemic. To 
determine if there is a substantial effect of obesity 
on that normative data Rosner et al. [ 51 ] reexam-
ined the childhood blood pressure normative data 
by including only normal-weight children (BMI 
<85th percentile). They found that the blood 
pressure percentile levels were somewhat lower, 
but that the sex-, age-, and height-adjusted per-
centile levels published in the Fourth Working 
Group report were not substantially confounded 
by recent increases in the prevalence of child-
hood obesity. The blood pressure percentile 
tables based on age, sex, and height of normal-
weight children are available in the publication 

and at   http://sites.google.com/a/channing.har-
vard.edu/bernardrosner/pediatric-blood- press        . 
The current criteria for high blood pressure in 
childhood provide important information on 
population trends in the prevalence of childhood 
hypertension. 

 Although the blood pressure levels in the 
tables are not markedly lower, the results of this 
analysis along with the known adverse effect of 
obesity on blood pressure in childhood do raise 
the question of whether the normative blood 
pressure data should be based on normal-weight 
children only. 

 The current blood pressure norms are based 
on data that has been developed from over 70,000 
children and adolescents. It is the data that has 
been collected according to rigorous and quite 
uniform methodology. The population sample 
from which the data was obtained represents 
diverse race and ethnic groups from several areas 
of the United States. The analysis of this data and 
development of blood pressure norms provides a 
framework upon which to identify children and 
adolescents with hypertension and also to ascer-
tain risk for future hypertension. Blood pressure 
reference values have also been reported in 
Northern Europe [ 52 ] and Asia [ 53 ]. These 
reports describe a slightly higher blood pressure 
level at the 95th percentile compared to the US 
data. However, all epidemiological reports on 
normative childhood blood pressure data demon-
strate a consistent and signifi cant relationship of 
blood pressure with age, height, and body weight 
throughout childhood. 

 The quality of contemporary blood pressure 
normative data has improved compared to that 
provided in the fi rst Task Force report published in 
1976. This is largely due to application of a consis-
tent methodology in blood pressure measurement. 
In addition to the childhood obesity epidemic, 
other changes in clinical practice need to be con-
sidered in the use of the normative blood pressure 
tables. The normative blood pressure data are 
based on blood pressure measurements obtained 
by auscultation. In clinical practice, there has been 
increasing reliance on blood pressure automated 
instruments to measure blood pressure in children 
as well as adults. Blood pressure measured with 
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these devices will vary from blood pressure mea-
sured by auscultation, and it is unlikely that child 
population data of similar magnitude will be 
developed on each of the available devices. 

 Other blood pressure databases have been 
developed which, out of necessity, have utilized 
instrumentation for blood pressure measurement 
other than auscultation. Blood pressure monitor-
ing with oscillometric devices is used as standard 
care in neonatal care units. These devices have 
enabled the collection of a suffi cient body of 
blood pressure data to develop a normative blood 
pressure range in both normal-weight and low-
birth- weight infants [ 54 ]. Although the magni-
tude of the normative data in newborn infants 
remains limited, the available data demonstrate 
a consistent association of blood pressure with 
body size and gestational age and also provide a 
reference on which to identify and manage neo-
natal hypertension. Another area in which nor-
mative blood pressure in children is being 
developed utilizing instrumentation is ambula-
tory blood pressure monitoring (ABPM). ABPM 
has become an important tool in the clinical 
evaluation of high blood pressure in children 
and adolescents, as well as a clinical research 
procedure [ 55 ]. The development of normative 
childhood data on ABPM is especially challeng-
ing in data collection and data analysis. Despite 
these diffi culties, normative ABPM data in chil-
dren, with age- and sex-adjusted percentiles, are 
available [ 56 ]. 

 Overall the body of normative blood pressure 
data, obtained by auscultation, in children and 
adolescents from age 1 to 17 years has remained 
fairly stable since the 1987 Task Force Report, 
and because it largely precedes the child obesity 
epidemic, these data provide a basis on which to 
detect trends in blood pressure level and preva-
lence of hypertension in children. It should be 
remembered that hypertension in childhood is 
based on a statistical defi nition. Therefore, in the 
absence of outcome data that connect a childhood 
blood pressure level with subsequent injury or 
events, the 95th percentile remains a working 
defi nition. What remains to be resolved is whether 
the 95th percentile adequately represents the risk 
for hypertension-related injury.     
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  Abbreviations 

   ABPM    Ambulatory blood pressure monitoring   
  BP    Blood pressure   
  cIMT    Carotid intima-media thickness   

  CKD    Chronic kidney disease   
  CV    Cardiovascular   
  GFR    Glomerular fi ltration rate   
  HTN    Hypertension   
  LVH    Left ventricular hypertrophy   
  LVMI    Left ventricular mass index   
  MAP    Mean arterial pressure   
  MH    Masked HTN   
  OSA    Obstructive sleep apnea   
  PWV    Pulse wave velocity   
  T1DM    Type 1 diabetes mellitus   
  TOD    Target organ damage   
  WCH    White-coat hypertension   

        E.  M.   Urbina ,  M.D., M.S.       (�)   
  Heart Institute ,  Cincinnati Children’s Hospital 
Medical Center ,   3333 Burnet Ave, MLC 7002 , 
 Cincinnati ,  OH   45229 ,  USA   
 e-mail: Elaine.urbina@cchmc.org  

  11

    Abstract 

   Offi ce BP readings taken as part of routine vital signs determination are 
subject to error especially if automated devices are used. Furthermore, 
offi ce BP measures cannot rule out the “white-coat” effect (BP levels are 
normal outside of a medical setting though high in the offi ce) or identify 
“masked” HTN (normal offi ce but high out-of-offi ce BP levels). To 
address these issues, ambulatory blood pressure monitoring (ABPM) has 
seen increasing use. Due to its superior accuracy in classifying BP levels, 
ABPM has also been shown to be cost-effective in the evaluation of child-
hood hypertension as compared to repeat offi ce visits, and recent guide-
lines have given more consideration to routine use of ABPM. In this 
chapter, we will discuss the use and interpretation of ABPM.  
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          Prevalence of Childhood 
Hypertension 

 Although hypertension (HTN) is defi ned by blood 
pressure (BP) levels greater than or equal to the 
95th percentile for healthy children, when replicate 
readings of BP are obtained, the prevalence of HTN 
in children and adolescents is less than 5 %. 
Historical studies suggested a prevalence of 1–2 %, 
but recent data such as a study from BP screenings 
conducted in Houston, TX, demonstrated a preva-
lence of HTN of just over 3 % [ 1 ], with an even 
higher prevalence of 4.5 % in obese children [ 2 ]. 
NHANES data have suggested the prevalence of 
HTN has now reached nearly 4 %, and the preva-
lence of prehypertension has now reached 10 % [ 3 ]. 
Unfortunately, minority children are more severely 
affected by these trends, similar to the trends seen in 
minority adults [ 4 ].  

    Utility of Ambulatory Blood 
Pressure Monitoring 

 Blood pressure is important to measure because 
BP levels refl ect risk for target organ damage and 
future cardiovascular (CV) events. Autopsy stud-
ies such as the Bogalusa Heart Study and the 
Pathobiologic Determinants of Atherosclerosis 
in Youth study have clearly demonstrated histo-
logic evidence of adverse vascular changes 
related to HTN in youth [ 5 ,  6 ]. Unfortunately, 
offi ce BP readings when taken as part of routine 
vital signs determination [ 7 ] are subject to error, 
especially if automated devices are used [ 8 ]. 
Furthermore, offi ce BP measures cannot rule out 
the “white-coat” effect (BP levels are normal out-
side of a medical setting though high in the 
offi ce) or identify “masked” HTN (normal offi ce 
but high out-of-offi ce BP levels). The white-coat 
effect is extremely common in children [ 9 ], with 
a prevalence of near 40 % in many large pediatric 
studies [ 10 ,  11 ]. Although challenges to wide-
spread implementation exist [ 12 ], ambulatory BP 
monitoring (ABPM) has seen increasing use 
since it can rule out masked or white-coat HTN, 

it eliminates observer bias, and it allows assess-
ment of nocturnal BP, which has prognostic sig-
nifi cance [ 13 ]. Due to its superior accuracy in 
classifying BP levels, ABPM has also been 
shown to be cost-effective in the evaluation of 
childhood HTN as compared to repeat offi ce vis-
its [ 11 ,  14 ] For these reasons, recent guidelines 
have given more consideration to routine use of 
ABPM [ 15 ].  

    Conditions Where ABPM May Prove 
Especially Useful 

  Secondary HTN:  When HTN is detected in very 
young children or stage 2 HTN is found, ABPM 
may be useful in determining if secondary HTN is 
present    (Table  11.1 ). Higher nocturnal SBP load 
and 24-h DBP load (see Table  11.2 ) should 
increase suspicion for a secondary cause. Presence 
of daytime DBP load >25 % and nocturnal SBP 
load >50 % had 92 % specifi city for predicting 
secondary hypertension in one study [ 16 ]. Blunted 
nocturnal dipping (see Table  11.2 ) had 90 % speci-
fi city in predicting secondary HTN in another 
study from the Czech Republic [ 17 ].

    ABPM is also useful in conditions where 
patients are at high risk for HTN including chil-
dren with frequent urinary tract infections [ 18 ], 
Williams syndrome [ 19 ], Cushing syndrome 
[ 20 ], anorexia nervosa [ 21 ], chronic fatigue syn-
drome [ 22 ], polycystic ovary syndrome [ 23 ], 
and repaired coarctation of the aorta [ 24 ]. 
Subjects at genetic risk for HTN may also dem-
onstrate higher ABPM levels [ 25 ], so it is no 
surprise that twin studies suggest heredity has a 
large impact on ABPM [ 26 ]. Children with a 
parental history of HTN also have higher ABPM 
than those without a history, while this genetic 
infl uence was not found for offi ce BP [ 27 ]. In 
addition to genetics, early life events are also 
important. Children born after a pregnancy 
complicated by preeclampsia had signifi cantly 
higher mean 24-h ABPM levels than normal 
controls [ 28 ]. Impaired fetal growth, regardless 
of the cause, has also been linked to higher 
ambulatory SBP at 12 years of age [ 29 ], and low 
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birth weight was associated with reduced noc-
turnal dipping in children [ 30 ]. 

 ABPM can also be used to examine the effect of 
lifestyle and vasoactive substances on CV risk. In 
adolescents, higher 48-h and nighttime BP levels 
were found with sleep deprivation [ 31 ]. Psychosocial 
stress [ 32 ], higher salt intake [ 33 ], and caffeine also 
increase ABPM levels in children [ 34 ]. The 

circadian effect of stimulant medications used for 
attention defi cit hyperactivity disorder on BP can 
also be more effectively evaluated with ABPM 
since these drugs are usually only dosed during 
school hours. One study found that total and waking 
DBP was 3–4 mmHg higher on active treatment, a 
magnitude that may be clinically relevant in the 
child with borderline BP levels [ 35 ]. 

   Table 11.1    Conditions where use of ABPM may improve patient care   

 Condition  Benefi t 

 Secondary hypertension  Abnormalities in ABPM may indicate a greater likelihood for secondary 
HTN 

 Genetic risk for HTN  Patients with strong Fam Hx    of HTN may demonstrate abnormalities 
 Stiffer arteries predisposing to HTN are found in patients with Williams 
and Turner syndromes 
 Renal artery stenosis may lead to HTN in neurofi bromatosis 1 

 White-coat/masked HTN  Are conditions that can only be diagnosed by ABPM 
 Prehypertension  Confi rmation of diagnosis allows for continuation of lifestyle and 

avoidance of drug therapy 
 Obesity  Obese subjects have a higher prevalence of white-coat and masked HTN 

especially if they have concomitant obstructive sleep apnea, polycystic 
ovary, or metabolic syndrome 

 Risk for target organ damage  If ABPM is abnormal, it may indicate a need for further imaging 
 Diabetes  Tighter BP control reduces risk for albuminuria 
 Solid organ transplant  Transplant recipients have higher prevalence of masked HTN and 

nocturnal HTN 
 Renal disease  Chronic renal insuffi -

ciency/transplant 
 Tighter 24-h BP control proven to delay progression of kidney disease 
and can prevent graft loss 

 Renal scarring  Abnormal ABPM correlates with renal scarring 

     Table 11.2    Variables used in analysis of ABPM studies   

 Variable  Defi nition/calculation  Clinical or research 

 Mean BP  The average of readings for a given time period (24 h, awake period, sleep 
period) 

 Clinical 

 BP load  Percentage of readings above a threshold value (usually the 95th percentile)  Clinical 
 BP dipping  Percent decline in systolic or diastolic BP during sleep (calculated as mean 

awake BP – mean sleep BP/mean awake BP × 100 %) 
 Clinical 

 Morning surge  Difference between morning BP and sleep nadir  Research 
(clinical in adult 
ABPM) 

 BP variability  Standard deviation of the mean systolic or diastolic BP for a given time 
period (available from ABPM software) 

 Research 

 Hyperbaric index  Area under the curve above a preselected BP threshold  Research 
 Smoothness index  Average of the hourly BP reductions over 24 h/standard deviation of hourly 

BP reductions 
 Research 

 AASI  Ambulatory arterial stiffness index (1 – regression slope of DBP/SBP from 
24-h ABPM) 

 Research 

   ABPM  ambulatory blood pressure monitoring,  BP  blood pressure,  DBP  diastolic blood pressure,  SBP  systolic blood 
pressure  
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  White-coat HTN:  White-coat HTN (WCH) can 
be diagnosed in the situation where a patient’s 
offi ce BP level is elevated (≥ the 95th percentile 
for age, gender, and height [ 36 ]) in the clinic, 
while ABPM averages are less than the 95th per-
centile [ 37 ]. Some investigators believe WCH 
represents a transient, stress-induced elevation of 
BP associated with offi ce visits. WCH has been 
found to occur with greater frequency in obese 
youth [ 38 ] and in younger patients such that the 
prevalence decreases after age 12 [ 39 ]. WCH is 
also more commonly found in patients with bor-
derline levels of offi ce BP. The likelihood of 
WCH decreases if offi ce BP is very much below 
the 90th percentile or above the 95th percentile 
[ 9 ,  40 ]. The exact prevalence of WCH is not 
known. Although one study of male athletes 
undergoing a pre-sports physical found the prev-
alence of WCH to be 88 %, the true prevalence is 
likely much smaller on the order of 30 % [ 41 ] to 
40 % [ 11 ]. Nevertheless, these data suggest that 
up to a third of patients presenting for evaluation 
of pediatric HTN may in fact have WCH, a con-
dition that can only be diagnosed with ABPM. 

 Although pediatric BP guidelines do not rec-
ommend drug therapy for WCH [ 42 ], it is still a 
condition that requires careful follow-up, as it 
may not be entirely benign. In adults, subjects 
with WCH may have evidence of mild cardiac 
[ 43 ] or vascular [ 44 ,  45 ] target organ damage 
(TOD) explaining the higher risk for CV events 
in adults with WCH [ 46 ]. Similarly, children with 
WCH were found to have higher left ventricular 
mass index (LVMI) than normotensive controls 
[ 38 ,  47 ]. One investigation found 1/3 of children 
with WCH actually had LV hypertrophy (LVH) 
as defi ned by an LVMI above the 95th percentile 
for age and sex [ 48 ]. Vascular abnormalities have 
also been reported, including abnormal reactive 
hyperemia in the middle cerebral artery [ 49 ] and 
increased carotid intima-media thickness (cIMT) 
in WCH compared to controls [ 50 ]. 

  Masked HTN:  Masked HTN (MH) is identifi ed 
when BP levels in the offi ce are normal but HTN 
is evident on ABPM. This is a diffi cult condition 
to diagnose as the practitioner must have a high 
enough index of suspicion to order an ABPM. A 

common scenario is when multiple other providers 
report hypertensive BP levels when measured 
under similar conditions. Another clue is the pres-
ence of obesity which increases the prevalence of 
this condition [ 51 ]. Furthermore, if TOD (i.e., 
LVH) is present despite normal clinic BP, MH 
should be ruled out. The prevalence of MH is not 
precisely known, but likely much lower than for 
WCH (Fig.  11.1 ). Estimates vary based on the 
population studied. In healthy children, the preva-
lence was reported to be 5.7 % [ 52 ] with a higher 
prevalence found in patients referred to a HTN 
clinic (9.4%) [ 38 ], in a clinic with patients with 
secondary HTN (15 %) [ 53 ] to 24 % in renal trans-
plant recipients [ 54 ]. Unfortunately, compelling 
data link MH to CV risk [ 55 ] even more strongly 
than for WCH and MH has been implicated in pro-
gression of chronic kidney disease (CKD) in adults 
[ 56 ]. In youth, MH identifi es patients who are 
more likely to progress to sustained offi ce HTN 
[ 52 ] and who are more likely to demonstrate ele-
vated LVM [ 38 ]. In fact, prevalence of LVH may 
be the same (around 20%) for adolescents with 
MH compared to patients with confi rmed stage 1 
hypertension [ 57 ]. Children with CKD seem very 
prone to demonstrate the MH pattern (38 %) with 
the odds ratio for LVH equal for MH and con-
fi rmed HTN (4.1 vs. 4.3) [ 58 ]. For this reason, 
aggressive management may be recommended by 
pediatric hypertension experts.

    Prehypertension:  ABPM application may be espe-
cially helpful in evaluating patients with borderline 
levels of offi ce BP (within 20 % of the 95th percen-
tile) [ 59 ] since they are more likely to have WCH or 
MH compared to patients with BP values well 
below the 90th percentile or well above the 95th 
percentile. One study of youth referred to a HTN 
clinic did fi nd true prehypertension in 20.8 % of 
subjects [ 41 ], thus identifying patients in need of 
nondrug aggressive lifestyle intervention. However, 
even in cases where mean ABPM values are normal 
and not prehypertensive, increased BP variability 
may be identifi ed and this pattern is associated with 
TOD in adults [ 60 ]. Few studies have examined the 
relationship between prehypertension and TOD; 
however, there are data suggesting that LVM 
(Fig.  11.2 ) [ 61 ,  62 ], cIMT [ 62 ], and arterial stiffness 
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[ 62 ] may be higher in prehypertensive youth as 
compared to their normotensive counterparts. Thus 
identifying the prehypertensive pattern is important 
in management of these higher-risk patients.

    ABPM and Obesity-Related CV Risk Factors:  
Youth with obesity and clustering of CV risk factors 
have a higher prevalence of TOD, and ABPM is 
helpful in stratifying this risk. Much data have been 
published linking obesity to higher mean BP mea-

sured with APBM [ 63 ]. Obese youth may also 
demonstrate abnormal ABPM patterns such as 
reduced dipping of BP at night [ 64 ] which may 
increase risk for MH [ 65 ]. Insulin resistance 
induced by the obese state has also been demon-
strated to be a determinant of daytime DBP, even 
after adjustment for level of obesity [ 66 ]. Obese 
insulin-resistant children are also more prone to 
develop obstructive sleep apnea (OSA) and con-
comitant increases in higher mean ABPM [ 67 ], 
daytime BP variability, and reduced nocturnal dip-
ping [ 68 ]. More severe cases of OSA, such as found 
in children with an apneic-hypopneic index >5, 
have even higher nocturnal BP levels than less 
severely affected patients [ 69 ], and they also tend to 
have a more pronounced early morning BP surge 
[ 70 ], an ABPM pattern associated with increased 
risk for adverse CV outcomes in adults [ 71 ]. 

  ABPM and Risk for TOD:  Since LVH is an inde-
pendent predictor of adverse CV outcomes in 
adults [ 72 ], echocardiography has emerged as 
the most utilized method to assess TOD in youth 
with HTN [ 42 ]. However, echocardiography is 
expensive, so accurate measurement of BP to 
determine which patients to refer for imaging 
studies is important. Fortunately, ABPM relates 
more strongly to LVM [ 73 ] in both hypertensive 

  Fig. 11.1    Prevalence of masked HTN by clinical context (Adapted from healthy = Lurbe [ 52 ]; referred for 
HTN = Stabouli; [125   ] secondary HTN = Furusawa; [ 53 ] renal transplant = Paripovic [ 54 ])       

  Fig. 11.2    Prehypertension on ABPM associated with 
higher LVM index. * P <  0.01 for LVM index in normoten-
sive subjects < pre-HTN and HTN;  N  = 124, mean age 15 
years (Adapted from Stabouli [ 61 ])       
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and normotensive adults [ 74 ]. Most pediatric 
studies have demonstrated a relationship 
between ABPM levels and LVM [ 75 ,  76 ] with a 
linear increase in LVM seen in one study with 
increasing nighttime SBP [ 73 ]. BP load, a mea-
sure of severity of BP variability, has also 
emerged as an ABPM parameter that relates 
importantly to heart thickness [ 75 ]. Similarly, 
higher standard deviation score, another vari-
ability measure, also increased the odds ratio of 
having increased LVM index by 54 % [ 76 ]. 
Paradoxically, one multicenter study of children 
referred to a HTN clinic did not fi nd an associa-
tion between BP load and LVM [ 77 ]. Clearly, 
more research to delineate the utility of ABPM 
in predicting LVH in children is needed. 

 CV risk factor-related increases in cIMT are 
associated with adverse outcomes in adults 
including stroke and myocardial infarction [ 78 ]. 
Not surprisingly, increased cIMT is also associ-
ated with adverse levels of ambulatory BP [ 79 ]. 
The observation that this association persists 
after adjusting for offi ce BP [ 80 ] suggests that 
ABPM provides incremental information above 
and beyond risk stratifi cation provided by inter-
pretation of offi ce BP levels. Pediatric studies 
demonstrate a similar fi nding of thicker cIMT in 
hypertensive children with a signifi cant correla-
tion between cIMT and daytime SBP index 
( r  = 0.47;  p  = 0.003) but not offi ce BP [ 81 ]. 
Obesity infl uences both BP and IMT. In one 
study, obese youth had a signifi cantly higher 
mean ABPM compared to the lean, and they 
demonstrated an increased cIMT despite the fact 
that only one-quarter were actually hypertensive 
[ 38 ]. Another group of investigators did not fi nd 
a difference in cIMT between lean and obese 
subjects [ 82 ]; however, the obese children did 
have higher mean ABPM, and this was associ-
ated with higher carotid stiffness and lower endo-
thelial function measured by brachial 
fl ow-mediated dilation [ 82 ]. Arterial stiffness can 
also be measured by non-ultrasound methods, 
including pulse wave velocity (PWV). In healthy 
school children, PWV was correlated with BP, 
but after adjustment for age, gender, and BMI, 
the difference in PWV between normo- and 

hypertensive youth was only signifi cant when 
HTN was diagnosed with ABPM [ 83 ]. 

 In adults, HTN-related renal damage, includ-
ing increased rates of microalbuminuria, is more 
closely related to ambulatory rather than offi ce 
BP levels [ 84 ]. Although no direct relationship 
was found between ABPM and creatinine clear-
ance or albumin excretion rate in one study of 
children with HTN [ 73 ], another did show cor-
relation between nighttime SBP and creatinine 
clearance in African-American subjects [ 85 ]. 
   More recent data from an Italian cohort found 
children with prehypertension and high BP 
loads (percentage of readings above the 95th 
percentile) had lower glomerular fi ltration rate 
(79.15 vs. 96.78 ml/min/1.73 m [ 2 ]  p <  0.006) 
and higher protein excretion (198.29 vs. 
118.31 mg/m [ 2 ]/day,  p <  0.036) compared to 
patients with normal BP loads [ 86 ], suggesting 
that ABPM may be useful in identifying young 
patients with borderline offi ce BP levels that are 
at increased risk for BP-related renal decline. 

  ABPM in High-Risk Conditions:  Many chronic 
pediatric medical conditions increase the risk for 
HTN-related target organ damage. In one study 
of children with type 1 diabetes mellitus (T1DM) 
age 14 ± 3 years, offi ce BP correctly identifi ed 
HTN in only 6 % of patients, while ABPM found 
abnormalities in 52 %, including nocturnal, 
white-coat, or masked HTN, conditions that can 
only be diagnosed with ABPM [ 87 ]. Many inves-
tigators hypothesize that poor diabetic control 
may be a factor in the development of HTN as 
HbA1c correlates with abnormal mean ambula-
tory SBP [ 88 ] and reduced BP dipping [ 89 ]. 
Identifying abnormal ABPM patterns in youth 
with T1DM is especially relevant because noc-
turnal HTN predicts higher cIMT [ 13 ], while 
higher diastolic BP load [ 90 ] and blunted noctur-
nal dipping [ 91 ,  92 ] are often found in patients 
with microalbuminuria. Reduced dipping has 
also been demonstrated in youth with type 2 dia-
betes mellitus [ 93 ] and even uncomplicated obe-
sity [ 94 ] suggesting that ABPM can predict target 
organ damage in obese patients well before they 
progress onto full type 2 diabetes mellitus. 
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 CKD of childhood onset is recognized as a 
signifi cant risk factor for adverse CV events in 
adults [ 95 ]. Unfortunately, children with CKD 
may have a higher prevalence of MH [ 58 ]. 
Furthermore, data from the Chronic Kidney 
Disease in Children study suggests that children 
with MH have lower glomerular fi ltration rate 
(GFR) at baseline with more rapid decline in 
GFR during follow-up compared to normoten-
sive patients (Fig.  11.3 ) [ 96 ]. Fortunately, inten-
sive BP control using ABPM has been proven to 
lead to slower progression of CKD [ 97 ]. For this 
reason, many pediatric nephrologists are using 
ABPM routinely [ 98 ,  99 ].

   HTN is also very common after solid organ 
transplantation, likely related to immunosuppres-
sive agents [ 100 ]. However, these patients often 
exhibit only nocturnal HTN which cannot be diag-
nosed with offi ce BP measurement [ 101 ]. Even 
with good BP control in the offi ce, inadequate 
24-h BP control may be present [ 102 ] prompting 

BP drug therapy changes in many patients once 
ABPM patterns are recorded [ 103 ]. ABPM param-
eters, especially in pediatric kidney transplant 
recipients, are strongly related to both LVM [ 104 ] 
and carotid IMT [ 105 ]. For this reason, ABPM is 
used with increasing frequency to rule out target 
organ damage in these high-risk children.  

    Measurement and Interpretation 
of ABPM 

 The American Heart Association published 
detailed methods for performance and interpreta-
tion of ABPM studies in children and adolescents 
in 2008 [ 106 ] which were later adopted by 
European groups [ 15 ]. Selection of appropriate 
equipment is an essential fi rst step. Few devices 
have undergone rigorous validation testing [ 107 ] 
in children, and none has received an unequivo-
cal recommendation from the dabl Educational 

  Fig. 11.3    GFR at baseline and change in GFR by blood pressure classifi cation in the CKiD Cohort Study (Reproduced 
by permission [ 96 ])       
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Trust, an international consortium that reviews 
validation experiments for BP devices (  http://
www.dableducational.org/sphygmomano-
meters/p_devices_3_abpm.html    , last accessed 
January 4, 2013). Practitioners also need to 
understand that auscultatory and oscillometric 
devices do not provide equivalent mean values 
for systolic and diastolic BP. Auscultatory 
devices evaluate Korotkoff sounds, while oscil-
lometric devices measure mean arterial pressure 
(MAP) and calculate systolic and diastolic BP. 
Although auscultatory ABPM devices may pro-
vide mean levels more closely related to the gold 
standard of mercury sphygmomanometers, there 
are no large-scale studies of ambulatory BP using 
auscultatory devices. Therefore, most pediatric 
BP experts use the oscillometric device with the 
largest amount of normative data [ 37 ]. 

 Once a device has been selected, it should be 
applied to the patient with an appropriate size BP 
cuff. BP is usually measured every 20 min during 
the day and every 30 min at night. Patients are 
instructed to record sleep and wake times and any 
unusual activity. Some investigators use fi xed 
time periods (e.g., 08:00–22:00 for wake and 
24:00–06:00 for sleep); however, this was shown 
to lead signifi cant misclassifi cation. Therefore, 
the use of patient-supplied time periods is recom-
mended [ 108 ]. For a full-day record, at least one 
valid reading per hour is necessary [ 106 ]. The 
manufacturer’s software can be programmed to 
edit out biologically implausible readings (SBP 
>240 mmHg or <70, DBP >140 or <40 mmHg, 
heart rate >125/min, pulse pressure <40 or 
>100mmHg or where DBP < SBP) [ 109 ]. These 
settings can be modifi ed if performing ABPM in 
very young children [ 106 ]. 

 Once the sleep and wake times are defi ned and 
erroneous readings removed from the record, the 
24-h, wake and sleep mean BPs and BP load are 
calculated (for defi nitions, see Table  11.2 ). More 
advanced measures such as morning BP surge have 
not found routine use in pediatrics, although in 
adult studies, the surge correlates with stroke risk 
independent of mean and nocturnal ABPM [ 71 ]. 
Measures of BP variability are predominantly 
research tools with the standard deviation or coef-
fi cient of variance [ 110 ] for daytime or nighttime 

readings associated with target organ damage and 
CV mortality in adults [ 71 ]. Using fast Fourier 
analyses, reduced BP variability was found in chil-
dren with more advanced CKD including lower 
glomerular fi ltration rate and higher levels of albu-
minuria [ 111 ]. Other advanced measures such as 
the hyperbaric index [ 112 ] and smoothness index, 
a measure of 24-h BP control [ 71 ], have only been 
utilized in adult studies. However, one study did 
measure ambulatory arterial stiffness index [ 71 ] 
(Fig.  11.4 ) in youth with HTN and found it was 
related to more traditional measures of arterial 
stiffness such as pulse wave velocity [ 113 ].

    Normal Values:  The most commonly used pediat-
ric reference standards include data on over 1000 
healthy children and adolescents collected in 
Germany [ 37 ,  114 ]. These data were presented in 
a tabular form in the 2008 AHA statement, strati-
fi ed by sex and organized by height, a major 
determinant of BP levels [ 106 ]. For children less 
than 120 cm tall, it may be necessary to use tables 
by age which do go down to 5 years. 

 Despite the widespread use of these data to 
defi ne “normal” ABPM levels, many limitations 
to the dataset are recognized [ 12 ]. First, only 
Caucasian children were included. Since many 
studies, such as the Bogalusa Heart Study, have 
demonstrated racial differences in resting BP 
[ 115 ] and at least one small study suggests racial 
differences exist in ambulatory levels [ 116 ], it is 
not clear if these all Caucasian    cut points can be 

  Fig. 11.4    Calculation of ambulatory arterial stiffness 
index (Reproduced by permission [ 96 ])       
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used for children of diverse ethnic backgrounds. 
Another major concern with the German ambula-
tory BP data is the fl at slope of diastolic BP 
across height (Fig.  11.5 ) [ 37 ,  114 ]. Some 
researchers speculate this represents a systematic 
error in the algorithm used to measure diastolic 
BP as resting mercury measures of diastolic BP 
do increase across body size in children and ado-
lescents. Finally, there were relatively few chil-
dren of short stature in the study, making it less 
useful for defi ning normal levels in smaller chil-
dren. This is a major concern as children with 
CKD, who are at high risk for both hypertension 
and future CV disease, often manifest impaired 
linear growth. Despite these many limitations, 
until more extensive normative data across race/
ethnicity, age, and body size are collected, the 
German data should be used in most situations.

    Classifi cation of BP Levels:  The AHA statement 
recommends that a practitioner fi rst needs to 
classify the resting offi ce systolic BP (preferably 
measured with an auscultatory technique) using 
the tables in the Fourth Report [ 36 ]. Then the 
ABPM result should be examined to determine if 
the patient has ambulatory systolic normoten-
sion, hypertension, white-coat, or masked hyper-
tension [ 106 ,  117 ]. 

 However, there is controversy among pediatric 
HTN experts whether this classifi cation scheme 

truly captures risk of TOD due to elevated BP 
levels. For this reason, many pediatric HTN 
experts advocate for a more comprehensive clas-
sifi cation scheme (Table  11.3 ) [ 96 ]. For instance, 
the AHA statement gives no recommendation on 
how to classify young patients with isolated 
ambulatory diastolic HTN. This is particularly 
disturbing because diastolic HTN on ABPM may 
be one of the strongest indicators that secondary 
causes of HTN may exist [ 16 ]. For this reason, 
some practitioners classify subjects based on 
either their systolic or diastolic ambulatory levels. 
Another method to avoid this issue would be to 
classify based on MAP. This approach is attrac-
tive because oscillometric devices measure MAP 
directly, so one could avoid the uncertainty with 
calculation of systolic and diastolic BP based on 
the different proprietary algorithms that each of 
the devices employ. Furthermore, the ESCAPE 
trial [ 97 ], a study designed to evaluate the benefi t 
of aggressive versus traditional BP targets in pre-
venting progression of CKD, found that treatment 
guided by ambulatory MAP can be successfully 
applied in a large multicenter trial. Before this can 
be implemented for a wider group of patients, 
more studies assessing the usefulness of ambula-
tory MAP will need to be performed.

   Another challenge in interpreting ABPM is 
how to classify patients if they only demonstrate 
nocturnal HTN and their 24-h mean levels are 

  Fig. 11.5    Graph of mean daytime diastolic ambulatory BP for girls according to height (Adapted from Wuhl [ 37 ]. _
ENREF_114 (endnote reference 114))       
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normal. Certain patient groups, such as those 
with CKD and diabetes and patients after solid 
organ transplantation, may have a higher preva-
lence of nocturnal HTN [ 101 ] which may have 
prognostic implications. Therefore, isolated 
abnormalities of sleep BP on ABPM should 
prompt further evaluation and management. 

 Another ambulatory BP parameter poorly 
addressed in the AHA statement is elevated BP 
load. The investigators in the Chronic Kidney 
Disease in Children study felt there was enough 
evidence linking this pattern of spiking BP with 
normal mean levels to TOD that they decided to 
classify these patients as having masked HTN 
[ 58 ]. Whether this approach should be extended 
to other patient populations is not clear. However, 
children with elevated load should certainly be 
followed closely especially if resting offi ce BP 
levels are in the prehypertensive range.  

    Conclusions 

 ABPM is now well established as a useful clini-
cal tool in the evaluation of the pediatric patient 
presenting for evaluation of suspected HTN. Due 
to the high prevalence of white-coat HTN, initial 
ABPM has been estimated to produce a net sav-
ings over $2.4 million per 1,000 children [ 11 ]. 
Furthermore, HTN treatment guided by ABPM 
was shown to prevent progression of carotid IMT 
in renal transplant recipients [ 105 ] and was asso-
ciated with regression of carotid IMT and LVM 

in adolescents with primary HTN [ 118 ]. ABPM 
measures also maintain relative rank (tracking) 
better than offi ce readings over a 15-year period 
[ 119 ], and ABPM results have less variability 
than offi ce BP readings. The ability of ABPM to 
better approximate a subject’s true BP level may 
allow reduction of sample size by up to 75 % in 
antihypertensive drug effi cacy studies [ 120 ]. 

 There are gaps in the knowledge base, how-
ever. More validation experiments need to be 
conducted in children with a variety of ABPM 
devices, and comparisons between auscultatory 
and oscillometric devices need to be made in 
terms of utility, ease of use, and normal mean val-
ues. Age-related differences between casual and 
ambulatory BP measures need to be defi ned fur-
ther [ 121 ]. Normative data across different eth-
nicities are also lacking. This is especially 
important as many studies have demonstrated 
difference prevalence for HTN depending 
whether casual [ 122 ,  123 ] or ambulatory data 
[ 124 ] were employed to set normal cut points. 
Correlations between BP variability and target 
organ damage in youth with HTN should also be 
sought, and more data on the usefulness of circa-
dian BP control are needed. 

 Current guidelines for use of ABPM are also 
insuffi cient. There is clear evidence for the ben-
efi t of performing ABPM in children suspected 
of being hypertensive, but no hard indications are 
given [ 106 ]. The AHA ABPM statement also 
does not provide clinicians with recommenda-
tions on patient management after ABPM has 

   Table 11.3    Suggested revised schema for staging of ambulatory BP levels in children (Adapted from Ref. [ 96 ] with 
permission)   

 Classifi cation  Offi ce BP a   Mean ambulatory SBP or DBP b, c   SBP or DBP load c  

 Normal BP  <90th percentile  <95th percentile  <25 % 
 White-coat HTN  >95th percentile  <95th percentile  <25 % 
 Masked HTN  <95th percentile  >95th percentile  >25 % 
 Pre-HTN  ≥90th percentile and <95th 

percentile 
 <95th percentile  25–50 % 

 Ambulatory HTN  >95th percentile  >95th percentile  25–50 % 
 Severe ambulatory HTN (at 
risk for end-organ damage) 

 >95th percentile  >95th percentile  >50 % 

   a Based on the National High Blood Pressure Education Program Task Force Standards [ 36 ] 
  b Based on ABPM values of Soergel et al. or the smoothed values of Wuhl [ 37 ,  114 ] 

  c For either the wake or sleep period of the study, or both  
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been performed [ 106 ]. For instance, there is risk 
for target organ damage with white-coat and 
masked hypertension and prehypertension (as 
outlined above), yet no consensus has been 
reached as to whether these conditions mandate 
drug therapy to lower blood pressure. Hopefully, 
the recommendations for use of ABPM in chil-
dren will be strengthened based upon recently 
published studies. Despite these limitations, 
ABPM will see increasing use in pediatric 
patients. Since intensive BP control only achiev-
able with ABPM has already proven effective in 
reducing the prevalence of LVH [ 10 ] and pro-
gression to end-stage renal disease in children 
[ 97 ], it is clear that consistent application of 
ABPM will assist clinicians in improving BP 
control and reduce the burden of CV risk in chil-
dren and adolescents with hypertension.     
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       Introduction 

 Hypertension affects over one billion persons and 
is the leading cause of premature death among 
adults throughout the world, including both 
developed, developing, and lesser developed 

countries [ 1 ]. Essential (primary) hypertension 
emerges from a complex interplay of genetic, 
environmental, and behavioral factors. Due to the 
hereditary component of hypertension, the disor-
der is considered to have its origins in the young 
[ 2 ]. Although generally considered a disorder 
limited to older adults, hypertension is detectable 
in children and adolescents and is not uncom-
mon. Population changes in health-related behav-
iors, including the childhood obesity epidemic, 
indicate that the rates of hypertension in the 
young are increasing [ 3 ]. Several challenges 
regarding hypertension now confront clinicians 
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who care for children and adolescents including 
detecting hypertension, distinguishing secondary 
hypertension from primary hypertension, evalu-
ating patients for hypertension-related risk factors 
and target organ damage, applying interventions 
to control BP, and encouraging preventive life-
styles. This chapter discusses the epidemiology 
and current knowledge on the development of 
primary hypertension in children and 
adolescents.  

   Defi nition of Hypertension and 
Prehypertension in Childhood 

 The defi nition of hypertension in adults is based 
on the approximate level of BP that marks an 
increase in cardiovascular events and mortality. 
Several expert panels have defi ned adult hyperten-
sion as systolic pressure [ 3 ] 140 mmHg or dia-
stolic pressure [ 3 ] 90 mmHg [ 1 ,  4 ]. These numbers 
represent the approximate BP levels above which 
the risks for morbid events are signifi cantly height-
ened and the benefi ts of treatment are established. 
It is also recognized that the risk for cardiovascular 
events attributable to BP level in adults does not 
begin at 140/90 mmHg but is linear with an 
increase in risk beginning at BP levels below 
140/90 mmHg. For BP levels greater than 
115/75 mmHg, the risk for hypertension- related 
events doubles with each 20 mmHg increase in 
systolic pressure or each 10 mmHg increase in 
diastolic BP [ 5 ]. Based on these fi ndings in adults, 
prehypertension is defi ned in adults as systolic BP 
between 120 and 139 mmHg or diastolic BP 
between 80 and 89 mmHg, and lifestyle changes 
are recommended to prevent or delay progression 
to hypertension [ 1 ]. 

 Outcome data on hypertension-associated 
events, including stroke, heart failure, kidney 
failure, and death, support the defi nition of hyper-
tension in adults.    Similar data to defi ne hypertension 
in childhood, based on risk for events in later 
years, are not available. Master et al. [ 6 ] pub-
lished a report in 1950 which proposed that a BP 
level that was two standard deviations beyond the 
statistical mean, or greater than the 95th percen-
tile, should be considered abnormal. Using a 

statistical method to defi ne the normal range of 
BP, they described the normal range of systolic 
BP in males to be 105–135 at 16 years of age and 
subsequently rising progressively with age. This 
statistical defi nition of hypertension has been dis-
missed in adults due to the outcome data that 
demonstrate the risk for adverse events increases 
well below the 95th percentile in adults. However, 
Master’s report was the earliest to show that the 
normal range of BP is lower in persons aged 
16–19 years compared to early adulthood, and 
gender differences were also identifi ed. Of most 
signifi cance is that it provided a statistical method 
to defi ne the normal BP range, and abnormal BP 
could be defi ned in the absence of mortality or 
morbidity end points. 

 Early efforts to describe the normal BP range 
according to age throughout childhood reported 
markedly different fi ndings [ 7 ]. In a recent analysis, 
Din-Dzietham et al. [ 8 ] applied the 95th percentile 
defi nition of high BP, based on the most current BP 
percentile tables published in 2004 [ 2 ], to data from 
the early child BP surveys. As shown in their report, 
in using the current BP level for the 95th percentile 
(by age and sex), the rates of high BP in the earlier 
surveys were astonishingly high. According to cur-
rent BP levels for the 95th percentile, the overall 
estimated prevalence of high BP among children in 
the 1963–1970 survey would be 37.2 %, in the 
1971–1975 survey it decreased to 16.9 %, and in the 
1976–1980 it decreased to 11.1 %. By 1982–1984 
the prevalence was 4.7 %, and the lowest was 2.7 % 
in the 1988–1994 survey. The earliest childhood BP 
surveys were, in general, based on a single BP mea-
surement, and a standardized BP measurement 
methodology was not uniformly applied. It is 
unlikely that the prevalence of high BP was so high 
in 1963 and that the prevalence would change so 
drastically from 1963 to 1994. What changed is the 
body of normative BP data from which the BP per-
centiles were derived [ 9 ]. Subsequently, BP data 
were obtained on healthy populations of children 
that applied standardized methods of BP measurement 
and included growth and development measure-
ments. This collective body of child BP data pro-
vided the BP distribution data for the Second Task 
Force Report on Blood Pressure in Children and 
Adolescents [ 10 ]. Subsequently, there has been 
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little shift in the child BP distribution [ 11 ], until the 
recent upward trend attributed to the rising rates of 
childhood obesity [ 3 ,  8 ]. 

 Rather than a single BP level, the top portion of 
the age-, sex-, and height-specifi c BP distribution 
continues to be used to defi ne high BP throughout 
childhood. Hypertension in childhood is defi ned 
as systolic and/or diastolic BP that is ≥95th per-
centile for age, sex, and height. Previously, the 
term “high normal” was applied to children with 
BP levels ≥90th percentile but <95th percentile. To 
be consistent with adult terms, and the concept 
that BP risks are linear rather than categorical, this 
term has been changed to prehypertension. 
Therefore, prehypertension is defi ned as systolic 
and/or diastolic BP that is >90th percentile (for 
age, sex, and height) but <95th percentile. 
However, this designation remains arbitrary and 
without supportive childhood evidence. Moreover, 
in adolescence, the 90th percentile is often higher 
than the adult threshold for prehypertension of 
120/80 mmHg. Therefore, beginning at age 12 
years, prehypertension is defi ned as BP levels in 
the range from 120/80 mmHg to the 95th percen-
tile. The rationale for this defi nition is based on the 
fi ndings that the risk for events in adults begins to 
rise at a BP level above 115/75 mmHg and for 
clinical purposes adolescents could benefi t from 
preventive lifestyle interventions as well as adults. 
BP levels that are consistently above the 95th per-
centile are staged for severity. Stage 1 hyperten-
sion is defi ned as an average BP level from the 
95th percentile to 5 mmHg above the 99th percen-
tile. Stage 2 hypertension is defi ned as an average 
BP that exceeds 5 mmHg above the 99th percen-
tile. Due to BP variability within individual 
patients, in clinical practice the diagnosis of hyper-
tension and prehypertension requires repeated 
measurements [ 2 ]. In adults the diagnosis of 
hypertension is verifi ed by BP ≥140/90 mmHg on 
two separate visits. To avoid overdiagnosis of 
hypertension in a child with a single elevated BP, 
three separate visits for BP measurement are rec-
ommended, with an average BP ≥95th percentile 
required for diagnosis of hypertension. An excep-
tion to the necessity for repeated BP measurement 
would be stage 2 hypertension or a child with 
symptomatic hypertension. 

 In other countries the BP percentile levels 
used to defi ne high BP in children vary somewhat 
from the US defi nitions described above. High 
BP in the United Kingdom is defi ned as BP above 
the 98th percentile for age [ 12 ]. BP reference val-
ues have also been reported in Northern Europe 
[ 13 ] and Asia [ 14 ]. These reports describe a 
slightly higher BP level at the 95th percentile. 
However, all epidemiologic reports on normative 
childhood BP data demonstrate a consistent and 
signifi cant relationship of BP with age, height, 
and body weight throughout childhood.  

   Prevalence of Childhood 
Hypertension 

 The prevalence of pediatric hypertension world-
wide is not known due to regional differences in 
the defi nition of high BP, the distribution of refer-
ence BP data, and the BP measurement method-
ology. Based on the use of ≥95th percentile to 
defi ne hypertension, it would be expected that the 
prevalence of hypertension would be approxi-
mately 5 %. However, due effects of accommo-
dation and regression to the mean with repeated 
measures, the prevalence of hypertension is lower 
than 5 % and had been expected to be from 1 to 
3 % following the recommended three separate 
measurements on children with an initial BP 
measurement ≥95th percentile. 

 Recent reports provide a more precise esti-
mate of the prevalence on hypertension verifi ed 
by separate measurements. Hansen et al. [ 15 ] 
applied the above criteria for hypertension and 
prehypertension to electronic medical record data 
from well-child care visits in over 14,000 healthy 
asymptomatic primary care patients. With the 
advantage of data on repeated BP measurements 
on separate visits, these investigators determined 
the prevalence of hypertension to be 3.6 % and 
the prevalence of prehypertension to be 3.4 % in 
children and adolescents between the age of 3 
and 18 years. In a cross-sectional study limited to 
the adolescent age, the prevalence of prehyper-
tension and hypertension was determined in a 
cohort of 6,790 high school students (11–17 
years). Using the recommended repeated BP 
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measurements on those with an elevated initial 
BP measurement, among adolescents the preva-
lence of hypertension was 3.2 % and the preva-
lence of prehypertension was 15.7 %. In this 
study the prehypertension designation was based 
on from one to three separate BP measurement 
sessions [ 16 ]. In both reports the presence of obe-
sity was associated with higher rates of high BP. 
In the study on high school students by McNeice 
et al. [ 16 ], the prevalence of hypertension and 
prehypertension combined was over 30 % in 
obese boys and from 23 to 30 % in obese girls 
depending on ethnicity. 

 The childhood obesity epidemic [ 17 ] and the 
strong relationship of BP with body weight indi-
cate that the population prevalence of high BP in 
the young will be increasing. The epidemiologic 
evidence to support an adverse impact of child-
hood obesity on child BP levels has been ques-
tioned because, as discussed previously, the 
earlier population data on child BP (from 1963 to 
1984) described considerably higher BP values 
relative to data obtained after 1984 [ 18 ]. When 
the entirety of the child BP survey data from 
1963 to 1994 is compared, it would appear that 
child BP levels are decreasing despite an increase 
in child obesity within the last decade. However, 
the variable methods used in the earlier BP sur-
veys limit the ability to defi ne a longitudinal 
trend in child BP over several decades. An analy-
sis that examined changes in BP level and preva-
lence of hypertension throughout childhood from 
two more recent sequential national cross- 
sectional National Health and Nutrition 
Examination Surveys (NHANES) studies identi-
fi ed a signifi cant increase in both systolic and 
diastolic BP. The BP increase is most striking 
among minority groups that also have the highest 
rates of childhood obesity [ 3 ]. Another analysis 
on the same two data cohorts demonstrated an 
overall increase in the prevalence of hypertension 
from 2.7 % in the 1988–1994 survey to 3.7 % in 
the 1999–2002 survey period [ 8 ]. Both analyses 
verifi ed that the population increase in BP among 
children and adolescents is largely due to the 
increase in obesity prevalence. However, a recent 
report on population changes in BP among chil-
dren 9–11 years of age in the United Kingdom 

from 1980 to 2008 described an increase in sys-
tolic BP over the time period but determined that 
the increase in BP was not explained by an 
increase in obesity. The preponderance of evi-
dence indicates that obesity in childhood is 
strongly associated with higher BP. Other factors 
may have effects on BP that are additive or syner-
gistic with obesity.  

   Blood Pressure Trends 
from Childhood to Adulthood 

 Despite the variability in serial BP measurements 
in children, there is substantial evidence that BP 
measured in childhood predicts future BP. Those 
with BP levels in the higher portions of the distri-
bution curve tend to maintain that position over 
time which is indicative of BP tracking [ 19 ]. For 
example, a community study of 1,505 children 
aged 5–14 years detected tracking of systolic and 
diastolic BP over a period of 15 years, with statis-
tically signifi cant correlation coeffi cients between 
child BP and later BP levels. Of 116 young adult 
participants who developed hypertension, 48 and 
41 % had elevated childhood systolic and diastolic 
BP, respectively [ 20 ]. The patterns may vary by 
race but weight does not seem to signifi cantly 
affect population tracking data [ 21 ,  22 ]. 

 A recent systematic review and analysis of 50 
prospective cohort studies by Chen and Wang 
[ 23 ] demonstrated signifi cant BP tracking corre-
lation coeffi cients from childhood into adult-
hood. The strength of the tracking increased with 
baseline age and decreased with length of follow-
 up. Their analysis of data from diverse popula-
tions demonstrated an overall average tracking 
coeffi cient of 0.38 for systolic BP. These fi ndings 
confi rmed the observation that higher BP levels 
in childhood are associated with higher BP levels 
in young adulthood. In another study, Sun et al. 
[ 24 ] examined serial data on participants in the 
Fels Longitudinal Study and derived age- and 
gender-specifi c BP levels in childhood that 
 predicted hypertension in adulthood. Using 
 random- effects models, they found that the earli-
est significant difference in childhood systolic 
BP values among adults with and without 
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hypertension occurred at age 5 years for males 
and 8 years for females. The interesting fi nding 
from this study is the level of childhood BP that 
was predictive of subsequent adult hypertension. 
The age- and gender-specifi c values for child-
hood systolic BP among adults with hypertension 
were below the 50th percentile for systolic BP in 
children of median height based on data in the 
 Fourth Report on Diagnosis, Evaluation, and 
Treatment of High Blood Pressure in Children 
and Adolescents  [ 2 ]. Therefore, the childhood 
systolic BP values in the Fels Longitudinal Study 
that were predictive of future adult hypertension 
were well below childhood BP levels that are 
presently considered to be high risk. These results 
raise the question of whether the 95th percentile 
or the 90th percentile for BP in childhood ade-
quately captures high-risk BP.  

   Incidence of Hypertension 
in Childhood 

 Among adults, the prevalence of hypertension 
increases with age, indicating that new cases of 
adult hypertension are diagnosed each year. 
Although primary hypertension is more com-
monly identifi ed in adolescence than earlier in 
childhood, there is little information about the 
annual incidence of newly diagnosed children 
with hypertension. Within the National Childhood 
Blood Pressure database, a segment of adolescents 
had BP measurements at intervals of 2 and 4 years. 
An analysis of this data found that among adoles-
cents with prehypertension, 14 % had hyperten-
sion 2 years later, yielding an approximate 
incidence rate of 7 % per year. A limitation of this 
data is that it is based on only a single blood pres-
sure measurement for BP classifi cation. Despite 
this limitation, the serial data indicate that those 
with high BP continue to have high BP. Among 
adolescents with high-risk BP values including 
those designated, from a single measurement, as 
having prehypertension and hypertension com-
bined, 68 % of boys and 43 % of girls had prehy-
pertension or hypertension 2 years later  [  25 ]. A 
rate for progression from prehypertension to 
hypertension, confi rmed by average systolic or 

diastolic BP levels ≥95th percentile on three sepa-
rate occasions, is considerably lower, as described 
by Redwine et al. [ 26 ]. These authors conducted a 
retrospective analysis of data from their Houston-
based school screening program and detected an 
overall incidence of 0.7 % per year in a sample of 
1,006 adolescents with a mean follow-up time of 
2.1 years. Adolescents who were initially normo-
tensive at initial screening developed hypertension 
at a rate of 0.3 % per year. The annual incidence of 
hypertension increased to 1.1 % among the ado-
lescents who had prehypertension at initial screen-
ing. Adolescents with the highest incidence of 
hypertension occurred among adolescents with 
elevated BP measurements at all three screening 
visits. These adolescents developed hypertension 
at the rate of 6.6 % per year. These observations 
indicate that the adolescents with average BP lev-
els that are consistently high are at the greatest risk 
for progression to hypertension. 

 Although the rates of progression from prehy-
pertension to hypertension in adolescents appear 
to be low, the population impact of these rates is 
considerable. As estimated by Redwine and 
Daniels [ 27 ], assuming an annual incidence rate 
of 0.7 % among the current US adolescent popu-
lation of 17,000,000 (  www.census.gov    ), approxi-
mately 119,000 adolescents will develop 
hypertension over the next year, and more than 
half a million adolescents and young adults will 
be diagnosed with hypertension within 5 years. 
These numbers are not trivial and represent a sig-
nifi cant health burden in premature cardiovascu-
lar and renal disease.  

   Risk Factors for Primary 
Hypertension in Childhood 

 Adult patients with primary hypertension com-
monly have a strong family history of hypertension 
along with a family history of cardiovascular dis-
eases associated with hypertension. Similarly, chil-
dren with primary hypertension frequently have 
hypertensive parents and grandparents. Primary 
hypertension is considered to have a major heredi-
tary basis. However, contemporary large genetic 
epidemiology studies have not identifi ed genotypic 
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patterns directly linked with primary hypertension. 
It is unlikely that changes in genetic background 
contribute to the recent increase in childhood BP 
levels [ 28 ]. Other environmental and behavioral 
factors are known to have an impact on BP level and 
progression to hypertension. Unlike genetic factors 
which are relatively stable, environmental factors 
including the food supply, dietary, and other life-
style patterns do change. These factors are poten-
tially modifi able and represent pathways to prevent 
or attenuate the hypertensive process. 

 A consequence of changing environmental 
factors is the childhood obesity epidemic. The 
prevalence of childhood obesity has risen to 
16.9 % in US children and adolescents, and the 
prevalence of overweight and obesity combined is 
now 31.8 % [ 17 ]. Obesity is the risk factor most 
consistently associated with high BP in childhood 
[ 3 ,  15 ,  16 ,  29 ,  30 ], and the effect of obesity on BP 
level is detectable in children as young as 2–4 
years of age [ 30 ]. The effect of excess body fat in 
childhood is not limited to children who are clini-
cally obese, defi ned as body mass index (BMI) 
exceeding the 95th percentile. Overweight is 
defi ned as the BMI 85th to <95th percentile. Tu 
et al. [ 31 ] demonstrated that as childhood BMI 
exceeds the 85th percentile, the risk for high BP, 
including both prehypertension and hypertension, 
increases approximately fourfold. Childhood obe-
sity is a strong predictor of adult obesity and obe-
sity-associated morbidities. An analysis of data 
from four prospective cohort studies detected evi-
dence that the consequences of childhood obesity 
may be reversible. From longitudinal data on over 
6,000 subjects who were examined from child-
hood into adulthood, the authors found that sub-
jects who were overweight or obese both as 
children and as adults had greater risk for meta-
bolic and cardiovascular disease including hyper-
tension. However, subjects who were overweight 
or obese as children and became non-obese by 
adulthood had risks for these outcomes that were 
similar to subjects who were never obese [ 32 ]. 
There are both population and clinical evidence 
on the BP benefi ts of effective interventions to 
reverse and prevent childhood obesity. 

 The usual dietary intake of sodium among chil-
dren, as well as adults, in the United States and 

other westernized countries is high and exceeds 
nutritional requirements. The high sodium intake 
is primarily due to secular changes in the food sup-
ply and dietary patterns that involve increasing 
consumption of processed foods. According to 
current estimates, approximately 75 % of dietary 
sodium consumption is derived from processed 
food products or restaurant foods [ 33 ]. Among 
hypertensive adults, there is evidence to support 
the benefi ts of lowering sodium intake. The asso-
ciation of sodium intake with BP in children has 
been more diffi cult to defi ne. He et al. [ 34 ] per-
formed a meta- analysis on reported studies con-
ducted between 1981 and 2004 that examined the 
effect of dietary sodium reduction on BP in chil-
dren and adolescents. Their analysis of data from 
ten separate studies determined that a 54 % reduc-
tion in sodium intake was associated with a mod-
est (2.47 mmHg) but signifi cant reduction in 
systolic BP. The absolute reduction in BP associ-
ated with sodium reduction may seem small for an 
individual patient. However, the population effects 
are likely to be greater, especially considering the 
burden of sodium intake on BP that would be car-
ried over a lifetime. Early studies by Rocchini 
et al. [ 35 ] measured BP response to sodium intake 
in obese adolescents before and following weight 
reduction. Among the obese adolescents who 
decreased adiposity through weight loss, there was 
a reduction in their BP sensitivity to sodium intake. 
The investigators concluded that obesity- 
associated hyperinsulinemia or heightened sympa-
thetic nervous system activity associated with 
obesity could mediate the BP sensitivity to sodium 
in obese adolescents. This concept was addressed 
in an analysis of NHANES 2003–2008 data by 
Yang et al. [ 36 ]. NHANES includes dietary data 
from repeated 24-h dietary recall. Average daily 
sodium intake among US children and adolescents 
aged 8–18 years was found to be 3,387 mg, a level 
that exceeds the recommended daily intake limit 
for sodium intake among adults. Moreover, the 
study found that sodium intake is associated with 
systolic BP and risk for prehypertension and 
hypertension among children and adolescents. A 
striking fi nding in the study was that the positive 
association of sodium intake with BP level was 
stronger among those who are overweight or 
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obese. These fi ndings strongly suggest a synergy 
between overweight/obesity and sodium intake on 
BP level in children and adolescents. 

 Other dietary nutrients confer health benefi ts. 
The Dietary Approaches to Stop Hypertension 
(DASH) study in adults with high BP demon-
strated the BP-lowering benefi ts of a diet that was 
high in fresh fruits, vegetables, whole grains, and 
low-fat dairy products [ 37 ]. Similar large-scale tri-
als have not been conducted in childhood. A small 
study compared a DASH diet tailored to children 
and adolescents to standard nutrition counseling in 
57 adolescents with hypertension or prehyperten-
sion. Among those assigned to the DASH diet, 
there was signifi cantly greater reduction in sys-
tolic BP compared to those who received standard 
diet counseling [ 38 ]. Further investigations on the 
DASH-style diet in childhood are needed to con-
fi rm benefi t on BP in the young. However, the pre-
liminary results have been suffi ciently compelling 
to support current recommendations to increase 
intake of fruits, vegetables, fi ber, and dairy in diets 
of all adolescents.  

   Outcomes of Childhood Onset 
Hypertension 

 There is presently no long-term data to connect a 
level of childhood BP with cardiovascular events 
in later adulthood. Despite the absence of such 
longitudinal data to assess risk for adverse out-
comes among adolescents with high BP, data on 
surrogate markers of vascular injury indicate that 
vascular pathology does occur even in the young. 
Left ventricular hypertrophy (LVH) occurs com-
monly in children and adolescents with con-
fi rmed primary hypertension [ 39 – 42 ]. LVH is 
also detectable in adolescents with prehyperten-
sion [ 43 ]. Structural changes in forearm vessels 
of obese adolescents with high BP were detected 
by Rocchini et al. [ 44 ], who observed a signifi -
cant correlation of peripheral vascular resistance 
at maximum vasodilation with measures of 
 insulin resistance. Carotid artery intimal-medial 
thickness (cIMT), assessed by ultrasound, has 
been found to be greater in young adults who had 
multiple risk factors since childhood [ 45 ,  46 ]. 

In smaller cross-sectional studies, an increase in 
cIMT was already detectable in adolescents with 
high BP [ 47 ,  48 ]. The Pathobiological 
Determinants of Atherosclerosis in Youth Study 
[ 49 ], based on autopsy cases of accidental deaths, 
demonstrated that quantifi able vascular injury is 
detectable in adolescents and young adults and 
there is a relationship, even in youth, between 
early atherosclerotic lesions and cardiovascular 
risk factors, including high BP, altered lipids, and 
smoking exposure. Investigators in the Bogalusa 
Heart Study reported comparable fi ndings in a 
study that also identifi ed an association between 
risk factors and early atherosclerotic lesions on 
autopsy material in youth [ 50 ]. In a recent study, 
digital retinal photographs were used to measure 
retinal arteriolar caliber in healthy children. The 
investigators observed that children in the highest 
quartile of BP had signifi cantly narrower retinal 
arterioles than those with lower BP, suggesting 
that higher BP in childhood is associated with 
alteration in the microvasculature. There is also 
evidence that some children and adolescents with 
hypertension have subtle changes in cognitive 
function, in the domain of executive decision 
making [ 51 ,  52 ]. Together, the fi ndings described 
in these reports indicate that a high BP level in 
childhood is not only a risk factor for future 
hypertension. Rather the fi ndings are indicative 
of a process in which signs of vascular injury are 
detectable in asymptomatic children and 
 adolescents with high BP.  

   Summary 

 Based on criteria for defi nition, primary hyper-
tension and prehypertension are identifi able in 
children and adolescents [ 2 ]. Primary hyperten-
sion in childhood is not uncommon, and the prev-
alence is increasing [ 3 ,  8 ]. The defi nition of 
hypertension in childhood continues to be based 
on the upper segment of the normal BP distribu-
tion, and not on outcome data. It is possible that 
the percentiles currently used to defi ne hyperten-
sion and prehypertension in childhood underesti-
mate the longitudinal risk, and future evidence 
may warrant a lower level to defi ne high-risk BP. 
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 Considering the rates of verifi ed hypertension 
(>3 %) and prehypertension (>3 %) in asymptom-
atic children and adolescents, high BP is a com-
mon chronic health problem in childhood. Data 
from clinical studies on high BP in childhood 
show that primary hypertension in childhood is 
frequently associated with excess adiposity, 
including overweight, and other cardiovascular 
risk factors. It is also apparent that intermediate 
markers of target organ damage such as LVH, 
increased cIMT, retinal vascular changes, and sub-
tle cognitive changes are detectable in children 
and adolescents with high BP. The consequences 
of these recent fi ndings on are not yet established, 
and longitudinal BP data extending from child-
hood into middle adulthood are limited. A few 
recent reports based on available longitudinal data 
provide some evidence that high BP in the young 
can be linked to premature cardiovascular events 
in adulthood. The onset of primary hypertension in 
childhood has been shown to be associated with 
increased rates of premature death (<age 55) in 
Native Americans [ 53 ]. The Coronary Artery Risk 
Development in Young Adults (CARDIA) study 
reported that high BP with high body mass index 
in young African American adults is associated 
with premature heart failure [ 54 ]. It has also been 
reported that high BP in childhood is associated 
with a greater risk for development of coronary 
artery disease in adulthood [ 55 ]. These limited 
reports suggest that pathologic vascular changes, 
which set the stage for hypertension-related events, 
may be well under way among some children and 
adolescents with high BP.     
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      Hypertension is one of several major risk factors 
for the future development of atherosclerosis- 
and atherosclerosis-related morbidity. The addi-
tional major risk factors that precede myocardial 
infarction, congestive heart failure, stroke, 
peripheral arterial disease, and abdominal aortic 
aneurysm include dyslipidemia (elevated LDL 
cholesterol, low HDL cholesterol, elevated 

triglycerides), tobacco use, and diabetes mellitus [ 1 ]. 
Age, gender (female gender is protective), and 
genetic endowment are non-modifi able risk fac-
tors. Physical inactivity, obesity, family history, 
adverse nutrition, and low socioeconomic status 
function as independent risk factors and are 
intimately related to the development of cardio-
vascular risk in adults (Table  13.1 ) [ 1 ].

   This chapter will review the relationship of the 
major risk factors to atherosclerosis in childhood 
and to the future development of atherosclerosis in 
adulthood. This relationship has led to two con-
cepts of atherosclerosis prevention in youth: pri-
mordial prevention, that is, the prevention of the 
development of risk factors in the fi rst place, and 
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    Abstract 

   Atherosclerosis, the major cause of acquired cardiovascular disease, has 
its origins in childhood. The development of early atherosclerosis is 
directly related to the major cardiovascular risk factors: hypertension, dys-
lipidemia, tobacco use, diabetes, obesity, and physical inactivity. The pres-
ence of risk factors in childhood is associated with measures of subclinical 
atherosclerosis later in life, and risk factors assessed in children are highly 
likely to persist into adulthood. Thresholds for optimal levels of cardiovas-
cular risk factors in childhood have been developed, and evidence-based 
strategies for the management of cardiovascular risk in childhood have 
been recently published.  
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primary prevention, the identifi cation of elevated 
risk and subsequent risk factor management. The 
epidemiology of risk factors in childhood and the 
development of risk as an adult will be discussed. 
An overview of the management of cardiovascular 
risk in childhood, particularly in the context of 
hypertension, will be provided. 

    Atherosclerosis in Childhood 

 That the earliest lesion of atherosclerosis, the 
fatty streak, is present in children and more 
advanced lesions may present in young adult-
hood has been known since the 1950s [ 2 ]. The 
landmark Pathobiological Determinants of 
Atherosclerosis in Youth Study (PDAY) estab-
lished the relationship of the major cardiovascu-
lar risk factors to early atherosclerosis by 
measuring atherosclerosis directly on postmor-
tem examination in the coronary arteries and 
abdominal aorta of 15–34-year-old men and 
women dying accidentally. Lesions were graded 
according to the standard American Heart 
Association classifi cation ranging from grade I 
(fatty streaks) to grade V (obstructive plaques). 
These pathologic measurements were related to 
risk factors measured post mortem: height and 

weight, serum measures (lipids, thiocyanate, gly-
cohemoglobin), renal artery thickness (a surrogate for 
blood pressure), and other physical measures 
such as panniculus thickness. 

 The major fi ndings of the PDAY study were 
that atherosclerosis is present in adolescents and 
young adults, that the severity of atherosclerosis 
increases rapidly so that by early adulthood 
advanced lesions (American Heart Association 
grades IV and V) are present, that the major risk 
factors are strongly related to atherosclerosis at 
all ages, and that the advancement of atheroscle-
rosis to more advanced lesions is related not only 
to the major risk factors but the presence of mul-
tiple risk factors simultaneously [ 2 ]. 
Atherosclerosis in women developed at a pace 
lagging about 5–10 years behind that in men 
(Fig.  13.1 ). Since most of the general population 
has at least one risk factor, the importance of pub-
lic health measures and healthy behaviors in the 
prevention of atherosclerosis is a natural corol-
lary of the PDAY fi ndings. This is particularly 
true for children and adolescents when lesions 
are in the earliest and reversible phase (American 
Heart Association grades I and II) [ 3 ].

   In PDAY, hypertension was evaluated categor-
ically as the measure of hypertension was a renal 
arterial thickness associated with blood pressure 
greater than 140/90 mmHg in adults. The pres-
ence of hypertension was signifi cantly associated 
with advanced atherosclerosis in both the coro-
nary arteries and abdominal aorta [ 4 ]. 

 Both non-HDL cholesterol and HDL choles-
terol were related to atherosclerosis, both in the 
coronary arteries and the abdominal aorta. The 
relationship with non-HDL cholesterol is contin-
uous and graded with each 30 mg/dl higher non- 
HDL cholesterol level increment associated with 
the equivalent of 2–3 years of vascular aging. The 
relationship of HDL cholesterol to atherosclero-
sis was less strong but signifi cant [ 5 ]. 

 Tobacco use produced its most severe impact in 
the abdominal aorta; however, relationships to coro-
nary atherosclerosis were also identifi ed. More 
rapid advancement of lesions from fatty streaks to 
irreversible fi brous plaque was identifi ed in smok-
ers, particularly those with other risk factors [ 6 ]. 

   Table 13.1    Risk factors for atherosclerosis   

  Major modifi able risk factors  
 Hypertension 
 Dyslipidemia (elevated LDL cholesterol, low HDL 
cholesterol, elevated triglycerides) 
 Tobacco use 
 Diabetes mellitus 
  Non-modifi able risk factors  
 Age 
 Gender 
 Genetic history 
  Factors that modify major risk factors and may be 
independent themselves  
 Diet 
 Physical activity 
 Family history 
 Obesity 
 Low socioeconomic status 
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 Diabetes mellitus was strongly associated 
with advanced atherosclerosis. It was the only 
risk factor to be associated with advanced lesions 
(American Heart Association grades IV and V) in 
adolescents. Obesity (body mass index > 30 kg/
m 2 ) was related to atherosclerosis independent of 
other risk factors in men only [ 4 ,  7 ]. 

 To assess the importance of multiple risk fac-
tors on atherosclerosis development, the PDAY 
risk score was created. Each point in the risk 
score was gated to the rate of change in athero-
sclerosis associated with 1 year of aging. Thus, a 
risk score of 5 indicates the presence of athero-
sclerosis associated with being 5 years older than 
chronologic age. Individuals with the highest 
scores had substantially more early lesions of 
atherosclerosis in late adolescence and substan-
tially more advanced lesions by the fi rst part of 
the fourth decade of life [ 5 ]. These relationships 
are independent of cholesterol levels; thus, the 
presence of a threshold level of non-HDL choles-
terol is not necessary for the early development 
of atherosclerosis to occur [ 8 ].  

    Risk Factors in Childhood Predict 
Atherosclerosis in Adulthood 

 The concept of intervention in youth to prevent 
atherosclerosis in adulthood is supported by 
observations that for many risk factors the 

presence of a given risk factor in youth is subse-
quently associated with premature cardiovascu-
lar morbidity and mortality in adulthood. For 
cholesterol, this evidence has been provided by 
genetic disorders such as familial hypercholes-
terolemia where in affected men, the median age 
of fi rst cardiovascular event is late in the fi fth 
decade of life and slightly older for women [ 9 ]. 
Conversely defects associated with low choles-
terol are protective against future disease [ 10 ]. 
For tobacco, evidence is provided by the knowl-
edge that tobacco is addicting, that tobacco use 
begins in adolescence, and that smoking cessa-
tion is associated with a dramatic reduction in 
future events [ 11 ]. For diabetes mellitus, evi-
dence is provided by the natural history of type I 
diabetes mellitus with the primary cause of death 
in this condition being cardiovascular and also 
the absence of the gender protection against pre-
mature cardiovascular events. In contrast to 
other risk factors, female diabetics have cardio-
vascular events at the same age as men [ 12 ]. 
Type 2 diabetes mellitus is increasing in preva-
lence in adolescents and is associated with obe-
sity, elevated triglycerides, low HDL cholesterol, 
and hypertension [ 13 ]. 

 Measures of subclinical atherosclerosis, 
including carotid intima-media thickness (cIMT) 
and coronary calcium identifi ed by CT scanning, 
are used in longitudinal epidemiologic studies 
and have provided additional evidence of the 

  Fig. 13.1    Prevalence map of raised lesions of right coronary arteries by age and sex       
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relationship of risk factors in youth to future ath-
erosclerosis. In four separate longitudinal studies 
conducted in various populations, the Muscatine 
Study, the Bogalusa Heart Study, the 
Cardiovascular Risk in Young Finns Study, and 
the Coronary Risk Development in Young Adults 
Study (CARDIA), risk factor measures obtained 
in adolescence or young adulthood better pre-
dicted carotid IMT or calcium on CT scan than 
risk factors measured at the time of the subclini-
cal atherosclerosis measurement [ 14 - 17 ]. When 
the PDAY risk score was applied to the CARDIA 
and Young Finns cohorts, the PDAY risk score in 
adolescence or young adulthood best predicted 
future atherosclerosis and change in risk score 
between initial measurement and the time of sub-
clinical atherosclerosis assessment added predic-
tive ability [ 17 ,  18 ]. Thus, improvement in risk as 
a young adult prevented acquisition of subclini-
cal atherosclerosis (Fig.  13.2 ).

       The Rationale for Atherosclerosis 
Prevention by Primordial and 
Primary Strategies 

 Several lines of reasoning, including the informa-
tion already presented in this chapter, have led to 
the understanding that the most effective preven-
tion of atherosclerosis begins in youth. 

 Cardiovascular risk factors identifi ed in youth 
track into adulthood. A recent meta-analysis has 
confi rmed that blood pressure in childhood has a 
tracking correlation of about 0.4 into adulthood 
with the development of obesity making develop-
ment of hypertension in adulthood more likely 
[ 19 ]. Cholesterol levels have a similar tracking 
coeffi cient [ 20 ]. By its addictive nature, tobacco 
use in adolescence predicts adult tobacco use. 
Diabetes mellitus is an unremitting disease. Thus, 
the child at the upper end of the risk distribution 
is likely to remain in that position as an adult. 

 Equally important is the knowledge that ath-
erosclerosis begins in youth and prior to adult-
hood is in its reversible phase. Individuals with 
no risk factors in the PDAY study have a low 
prevalence of atherosclerosis at age 30–34 years, 

and young adults with a low PDAY risk score 
have minimal subclinical atherosclerosis [ 3 ,  17 ]. 
Individuals who reach age 50 years and have no 
major cardiovascular risk have a lifetime risk of 
cardiovascular disease up to 95 years of age of 
5 % [ 21 ]. Maintenance of a low cardiovascular 
risk state is highly protective against 
atherosclerosis- related morbidity as is improve-
ment in obesity from childhood to early adult-
hood [ 22 ]. 

 Long-term adult longitudinal studies of car-
diovascular disease demonstrate risk thresholds 
above which cardiovascular disease morbidity 
increases. These are LDL cholesterol levels 
above 100–110 mg/dl, blood pressure above 
110–120/80 mmHg, absence of diabetes mellitus, 
and absence of tobacco use [ 23 ,  24 ]. Animal 
models of atherosclerosis provide complimen-
tary data where the introduction of risk above 
threshold levels produces disease [ 25 ]. If one 
considers risk distribution of generally healthy 
nonobese children, the vast majority, probably 
greater than 90 %, have risk thresholds associated 
with no adult cardiovascular morbidity [ 26 – 28 ]. 

  Fig. 13.2    The likelihood of having coronary calcium on 
CT scan at age 33–45 years is shown by the height of the 
bars. The groups are defi ned by tertiles of risk at baseline 
and change in risk over 15 years. As risk at baseline 
increases (higher PDAY risk score), likelihood increases. 
Risk change also impacts change in likelihood of future 
coronary calcium       
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Thus, primordial prevention or the prevention of 
risk factor development is possible beginning in 
youth, if those behavioral factors associated with 
increase in risk are addressed. 

 Primary prevention strategies beginning in 
youth, or the high-risk approach, are considered 
because a small percentage of children are recog-
nized to already have severe cardiovascular risk 
factors and premature atherosclerosis [ 29 ]. For 
example in heterozygous familial hypercholes-
terolemia, 28 % of children have coronary cal-
cium present on CT scans [ 30 ]. Children with 
end-stage renal disease, type I diabetes mellitus, 
and chronic severe hypertension are known to 
have signifi cantly premature cardiovascular mor-
bidity and/or measurable cardiovascular end 
organ injury in youth [ 31 ,  32 ]. These children 
may benefi t from aggressive risk factor reduction 
initiated at an early age. Though primary preven-
tion clinical trials have not been performed in 
adolescents with high levels of risk, many pre-
sume that the benefi t demonstrated in adult trials 
will also apply to this group.  

    Dyslipidemia 

 Universal lipid screening at age 9–11 years is 
now recommended for all US children either by a 
fasting lipid profi le or non-fasting measurement 
of total cholesterol, HDL cholesterol, and non- 
HDL cholesterol. Fasting lipid measurement is 
also recommended over 2 years of age in children 
with obesity, hypertension, diabetes, positive 
family history of premature cardiovascular dis-
ease or elevated cholesterol, or other high-risk 
conditions [ 1 ,  9 ]. Table  13.2  presents the classifi -
cation of lipid levels for children from the 2011 
NHLBI guideline. Triglycerides and HDL cho-
lesterol have increased in importance because of 
the obesity epidemic. Non-HDL cholesterol, the 
difference between total and HDL cholesterol, is 
as useful as LDL cholesterol in the prediction of 
future cardiovascular risk and can be obtained in 
the non-fasting state [ 1 ,  2 ].

   For US children, NHANES III provides a distri-
bution of lipid levels. Fasting values are available 
for adolescents in that study [ 28 ]. There is 

signifi cant variation in lipid levels by age with val-
ues increasing until about 2 years of age, remaining 
relatively stable until prepuberty. Cholesterol levels 
rise at this time, fall signifi cantly during rapid 
growth, and then slowly begin to climb in males and 
remain relatively stable in females throughout late 
adolescence [ 33 ]. HDL cholesterol levels fall after 
puberty. Triglyceride levels increase during adoles-
cence. There is a signifi cant intrinsic variability of 
lipid measurements, so that unless values are 
extreme, repeat measures are mandatory before 
classifying a child as abnormal [ 34 ]. 

 Because of age-related changes and intrinsic 
variability in lipid levels, the prevalence of bor-
derline dyslipidemia varies by age. In general, 
about 25 % of children will have values for one 
lipid parameter considered borderline or higher. 
It is important to distinguish between extreme 
values (LDL cholesterol ≥ 160 mg/dl, non-HDL 
cholesterol ≥ 190 mg/dl, triglycerides ≥ 500 mg/
dl) and borderline or mildly elevated levels as the 
latter do not require pharmacologic intervention 
and may improve spontaneously over time, par-
ticularly with successful behavioral intervention. 

 Genetic dyslipidemias are recognized by the 
presence of extreme values. Heterozygous famil-
ial hypercholesterolemia has a prevalence of 
about 1:500 in the general population and is sug-
gested by the presence of an LDL cholesterol 
level above 140–160 mg/dl with a positive family 
history for similar dyslipidemia in a parent or his-
tory of premature coronary artery disease [ 9 ,  35 ]. 
Homozygotes have total cholesterol levels in 
excess of 500 mg/dl, are at risk for coronary 
artery disease in the second and third decades of 
life, and require aggressive treatment to lower 

   Table 13.2    Lipid classifi cation for children and adoles-
cents (in mg/dl)   

 Acceptable  Borderline  High 
 Total cholesterol  <170  170–199  ≥200 
 Non-HDL cholesterol  <120  120–144  ≥145 
 LDL cholesterol  <110  110–130  ≥130 
 Triglycerides  <75  75–100  ≥100 
 ≤9 years 
 >10 years  <90  90–130  ≥130 

 Acceptable  Borderline  Low 
 HDL cholesterol  ≥45  40–44  <40 
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lipid levels at diagnosis, including lipid-lowering 
medications and plasmapheresis beginning at age 
3–4 years. Hypothyroidism and nephrotic syn-
drome must be excluded in those with signifi cant 
elevations of LDL cholesterol. 

 Fasting triglyceride levels above 150 mg/dl in 
a lean child or above 200–250 mg/dl in an obese 
child suggest an inherited disorder of triglyceride 
metabolism or familial combined hyperlipid-
emia. Homozygotes with severe disorders of tri-
glyceride metabolism have levels >1,000 mg/dl 
and require diets with <10 % fat to prevent pan-
creatitis [ 36 ]. Triglycerides can be transiently 
elevated to extreme levels with acute endothelial 
injury affecting lipase function; this can occur in 
diabetic ketoacidosis and in rare infl ammatory 
disorders. Elevated triglycerides and other dys-
lipidemias may also be seen secondary HIV che-
motherapy and late after cancer chemotherapy. 
Triglyceride levels are highly variable so that 
unless a value is >500 mg/dl, a single value may 
not be used for classifi cation of an abnormality. 

 The most prevalent dyslipidemia in the United 
States is the combination of elevated triglycer-
ides and low HDL cholesterol. This is largely 
because of the obesity epidemic. In adults, the 
clustering of obesity, insulin resistance, hyper-
tension, and dyslipidemia is called the metabolic 
syndrome [ 23 ]. No satisfactory childhood defi ni-
tion of this condition has been accepted; how-
ever, risk clustering is clearly present in 
overweight children and is likely associated with 
future cardiovascular morbidity [ 1 ,  37 ]. 

 The initial treatment of dyslipidemia is dietary. 
Table  13.3  provides useful principles of diet man-
agement [ 38 ,  39 ]. For elevated LDL and non- HDL 
cholesterol, a diet low in saturated fat (<7 % of 
total calories, <200 mg/day of cholesterol) should 
be implemented, in addition to the diet recom-
mended in Table  13.3 . Dietary fi ber, particularly 
oat fi ber, and plant sterols and stanols are also 
helpful in lowering LDL cholesterol. More infor-
mation with regard to dietary treatment can be 
found in publications on the Internet from the 
American Heart Association, the USDA [ 40 ], the 
National Cholesterol Education Program of the 
National Institutes of Health, KidsHealth.org, and 
the American Academy of Pediatrics. For elevated 

triglycerides (below 750–1,000 mg/dl), weight 
management is initial treatment. Avoidance of car-
bohydrates, particularly refi ned sugars, is critical. 
Avoidance of mono- and polyunsaturated fats is 
not necessary as they may be useful in maintaining 
or increasing associated low HDL cholesterol.

   Pharmacologic treatment for elevated choles-
terol is considered in children over 10 years of 
age with severely elevated LDL cholesterol and 
failed dietary management [ 1 ]. The algorithm in 
Fig.  13.3  presents the lipid pharmacologic treat-
ment algorithm from the 2011 guideline on CVD 
risk reduction in youth [ 1 ]. Recommendations 
are stratifi ed by the presence of cardiovascular 
risk factors. Statins are the initial management 
and the goal of treatment is an LDL cholesterol 
<130 mg/dl. Liver function should be monitored 
and treatment is held for elevation of transami-
nases >3 times normal. The presence of myalgia 
is an indication for withholding treatment as 
rhabdomyolysis can occur as a rare complica-
tion. Statins are not to be given during pregnancy 
or with breast-feeding. In children less than 10 
years of age, statins can be considered in very 
high risk settings. Randomized trials of statin 
treatment of up to 2 years duration have been 
reported [ 41 ]. One randomized trial has sug-
gested that atherosclerosis progression as 
assessed by carotid IMT can be slowed by statin 
treatment, particularly if treatment is started in 
adolescence but there are no trials of statin use in 
children demonstrating prevention of cardiovas-
cular disease in adulthood [ 42 ,  43 ].

    Table 13.3    American Heart Association Pediatric 
Dietary Strategies for individuals >2 years of age   

 Balance energy intake with energy expenditure to 
maintain normal growth 
 Engage in 60 min of moderate to vigorous physical 
activity daily 
 Emphasize deeply colored vegetables and fruits in the diet 
 Substitute vegetable fats low in saturated fat and  trans  
fatty acids for most animal fats in the diet 
 Limit the intake of high sugar beverages 
 Choose whole grain over refi ned grain products 
 Use low-fat and nonfat dairy products on a regular basis 
 Consume fi sh, especially oily fi sh, at least twice a week 
 Reduce salt intake 
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   In the setting of multiple risk factors, statins 
may be initiated at lower LDL levels. In diabetics 
or those with two additional signifi cant risk factors 
an LDL level of 160 mg/dl (or 130 mg/dl if risk is 
considered signifi cantly elevated) is the treatment 
threshold [ 32 ]. Thus, in a patient with hyperten-
sion and an additional risk factor, statins would be 
initiated at this lower threshold. Conversely, blood 
pressure treatment goals are lower in patients with 
elevated LDL cholesterol [ 1 ]   . 

 In childhood, pharmacologic treatment for ele-
vated triglycerides is only considered as preven-
tion of pancreatitis and after failed dietary 
management. Generally, triglyceride levels repeat-
edly >500–750 mg/dl are treated. Fish oil (4 g) is 
used initially and fi brates are considered only in 
severe cases; there are no clinical trials of fi brate 
use in childhood. 

 There are no indications for treatment of low 
HDL cholesterol in children.  

     Fig. 13.3    The algorithm for the management of elevated LDL cholesterol, based on the average of two fasting lipid profi les, from 
the expert panel on integrated guidelines for cardiovascular risk reduction in children and adolescents is shown       
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    Tobacco Use 

 Tobacco use remains the most important pre-
ventable cardiovascular risk factor in children 
[ 11 ]. In the United States, after years of decline, 
adolescent tobacco use spiked reaching a peak 
in the mid- to late 1990s. Tobacco use then 
declined until about 2002–2003 without fur-
ther improvement. About 25 % of high school 
students currently describe themselves as hav-
ing smoked at least one cigarette in the last 
month [ 44 ]. The college age range has the 
highest tobacco use. Tobacco use rates are 
monitored by an annual youth behavior risk 
survey and are available from the Centers for 
Disease Control. 

 Risk factors for tobacco use are family smok-
ing, peer group smoking, lower socioeconomic 
status, presence of problem or antisocial behav-
iors, and susceptibility to media campaigns or 
infl uences with regard to tobacco use  [ 11 ,  45 ]. 
Cigarettes, because of nicotine, are highly 
addicting. It is estimated that smoking 100 ciga-
rettes or less may be suffi cient to become an 
addicted smoker. Though randomized trials sug-
gest physicians can be effective in smoking ces-
sation treatment, success rates are low, 
particularly in youth [ 1 ]. Pharmacologic treat-
ments are available, but there is limited pub-
lished experience in youth. Though adolescents 
frequently attempt to quit smoking, these efforts 
generally occur outside the setting of supervi-
sion by health-care providers or other experi-
enced counselors. The presence of tobacco use 
may be an indication for intensifi cation of man-
agement of other risk factors. 

 A history of tobacco use should be sought in 
every adolescent, particularly if a cardiovascu-
lar risk factor is present since the combination 
of tobacco use with another major risk factor is 
probably the most common and malignant set-
ting for multiple risk [ 1 ,  9 ]. Since most pediatric 
health-care providers are inexperienced in 
smoking cessation treatment, referral to a smok-
ing cessation program or telephone quit line 
should be considered.  

    Diabetes Mellitus 

 In adults, diabetes mellitus is considered a vascu-
lar disease equivalent [ 23 ]. Cardiovascular disease 
is the leading cause of death in diabetics. 
Accelerated atherogenesis is present in both type I 
and type II diabetes. Diabetes is the only risk fac-
tor to erase the gender protection of about 5–10 
years in atherosclerosis development in women 
[ 2 ]. Studies of children with type I diabetes melli-
tus have shown increased carotid IMT; cardiovas-
cular risk factors and age at onset of diabetes 
infl uence carotid IMT measurement [ 46 ]. 

 The prevalence of both type I and type II dia-
betes mellitus is rising, the latter because of the 
obesity epidemic. In adolescents new cases of 
type II diabetes mellitus are now almost as com-
mon as type I [ 47 ]. 

 There is currently little published experience 
with cardiovascular risk factor control in childhood 
diabetes. However, consensus recommendations 
consider the presence of diabetes an indication for 
intensifi cation of management of cardiovascular 
risk factors [ 32 ]. Studies in adults suggest signifi -
cant cardiovascular event reduction rates, similar to 
those in nondiabetics, can be achieved with hyper-
tension and lipid-lowering treatment [ 23 ].  

    Obesity, Family History, Gender, 
Nutrition, Physical Activity, 
Socioeconomic Status, Ethnic 
Diversity, and the Evolution of 
Cardiovascular Risk 

 A number of factors contribute to the evolution of 
cardiovascular risk in childhood. Some of these, 
such as family history, physical inactivity, and low 
socioeconomic status are also independent risk fac-
tors for cardiovascular disease. From an evidence 
and research standpoint, it is often more diffi cult to 
directly relate these factors to cardiovascular events 
and intermediate measures of end organ injury. 
However, it is also clear that optimal health habits 
are critical for primordial prevention, the prevention 
of risk factor development in the fi rst place. 
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 The development of obesity is the most impor-
tant pediatric public health problem today. 
Worsening obesity is the most important cause for 
the transition from the relatively low risk state of 
childhood to the presence of cardiovascular risk in 
adulthood, particularly for the development of 
hypertension, diabetes mellitus, and the high tri-
glyceride/low HDL cholesterol phenotype [ 48 ]. 
These factors have been collectively termed the 
metabolic syndrome in adults. The presence of 
obesity associated multiple risk tracks into adult-
hood and in one preliminary study is associated 
with premature adult morbidity including diabetes 
[ 49 ]. Establishing a pediatric defi nition has been 
diffi cult because of the dynamic nature of risk fac-
tors during youth [ 37 ]. Nonetheless, the preven-
tion of obesity development in at risk infants and 
children and the prevention of worsening obesity 
in affected children and adolescents are important 
parts of regular pediatric practice as at least one 
third of US children are overweight or obese. 
Longitudinal data following children into adult-
hood suggests that obesity control will restore car-
diovascular health, while excess weight gain will 
substantially worsen risk [ 22 ]. 

 Family history remains an independent risk 
factor for atherosclerosis [ 50 ]. In adults, a positive 
family history increases risk even after control for 
potential genetic traits. Positive family history pre-
dicts risk in offspring; conversely risk in childhood 
predicts risk in related adults. Family history inde-
pendently predicts presence of subclinical athero-
sclerosis [ 51 ,  52 ]. Therefore, the presence of a 
positive family history of atherosclerosis- related 
disease or risk factors should prompt evaluation of 
family members for both genetic and environmen-
tal risk factors for intervention. 

 For all risk factors, there are gender-related 
differences in expression. In general, atherosclero-
sis develops about 5–10 years later in women than 
men [ 2 ]. However, atherosclerosis-related diseases 
remain the leading cause of death for women. Two 
risk factors impact the protective relationship of 
gender for women: diabetic women do not have 
any difference in the age- related onset of athero-
sclerotic complications and the use of tobacco 
obliterates the 5–10 year protective effect. 

 Nutrition has a signifi cant impact on the 
evolution of cardiovascular risk. A lifelong low 
cholesterol, low saturated fat diet has a small but 
signifi cant effect on lipid levels and blood pres-
sure [ 53 ]. A diet low in salt is associated with 
lower blood pressure [ 54 ]. Though the equivalent 
of the DASH study has not been performed in 
children, it seems reasonable to generalize the 
fi ndings of that study to children as foods recom-
mended in the DASH diet are nutrient dense and 
important for growth and development [ 38 ]. 
Excess caloric intake causes obesity. 

 Higher levels of physical fi tness are associated 
with a small but signifi cant effect on blood pres-
sure and protect against the future development 
of obesity, hypertension, metabolic syndrome, 
and diabetes mellitus [ 55 ,  56 ]. It is likely that an 
above average level of activity reduces the rate of 
rise of blood pressure over time [ 57 ]. 

 Socioeconomic status plays an important role in 
the evolution of cardiovascular disease risk, particu-
larly with regard to behavioral factors [ 58 ,  59 ]. Risk 
factor rates, particularly obesity-related comorbidi-
ties and tobacco use, are much higher in groups 
with lower socioeconomic status. Many factors 
may play a role: lower educational level, less access 
to preventive care, lower literacy rates making com-
prehension of health-related messages more diffi -
cult, targeting of lower class groups for marketing 
of less healthy products (tobacco, fast food), less 
trust in physicians and health-related messages, and 
barriers to access to healthier nutrition. 

 Most data on cardiovascular disease has been 
acquired in Caucasian populations, particularly 
male. Though comparative studies across nation-
alities, cultural groups, and ethnic groups suggest 
that cardiovascular risk factors are the same in all 
groups, the importance of each risk factor and the 
expression of risk factors in relationship to envi-
ronmental stress may be different. For example, 
factors related to the metabolic syndrome arise at 
different levels of body mass index in different 
ethnic groups [ 60 ]. The prevalence of specifi c risk 
factors also varies by ethnic group [ 61 ]. Thus, 
more research is necessary before cardiovascular 
disease prevention recommendations can be made 
more specifi c for particular cultures.  
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    Nontraditional Risk Factors 

 A number of factors, different from the major risk 
factors described above, have been identifi ed that 
at least in some studies have an independent con-
tribution to cardiovascular risk. These fall into sev-
eral groups: measures of intermediate end organ 
injury and/or subclinical atherosclerosis, markers 
of infl ammation, and physiologic measures that 
may be implicated in atherogenesis. In adults, an 
algorithm for determining whether or not these 
nontraditional risk factors substantially improve 
risk prediction beyond that provided by the major 
risk factors described previously in this chapter 
has been established [ 62 ]. Though some research 
on these factors has been done in children, it is 
often cross-sectional and is insuffi cient to add to 
clinical assessment outside of a research setting. 

 The most important marker of end organ 
injury is echocardiography to assess left ventric-
ular mass and left atrial size [ 63 ]. These measures 
are correlated with hypertension and obesity and 
independent relationships to cardiovascular mor-
bidity are well established. Subclinical athero-
sclerosis assessments including CT scanning to 
assess for coronary calcium and cIMT are not 
useful clinically in children [ 64 ]. Calcium does 
not enter atherosclerotic lesions until young 
adulthood and normal values for cIMT are age 
and operator dependent and have not been estab-
lished [ 63 ]. Assessment of brachial reactivity 
using ultrasound techniques has provided insights 
into the presence of endothelial injury early in 
life, particularly with regard to tobacco exposure 
and the benefi ts of exercise; however, these stud-
ies do not yet have independent value in clinical 
practice beyond conventional risk factor assess-
ment [ 65 ,  66 ]. Pulse wave velocity correlates 
with presence of elevated blood pressure, diabe-
tes, physical inactivity, and obesity [ 67 ]. 

 In adults, the best studied marker of infl amma-
tion is C-reactive protein; others include various 
vascular adhesion molecules and infl ammatory 
cytokines [ 68 ]. There is very little pediatric data 
on these factors and for many, pediatric levels may 
be different than in adults [ 69 ]. There is limited 
information on tracking, measurement variability, 

and relationship to adult intermediate endpoints. 
Since obesity and atherosclerosis are pro-infl am-
matory, it is unclear if these measures can be 
considered risk factors or are simply markers of 
ongoing physiologic processes associated with 
obesity and the other major risk factors [ 70 ]. 
Nevertheless, the data on markers of infl amma-
tion, thrombosis, and adipokines suggest infl am-
matory and metabolic mechanisms associated 
with atherosclerosis development in adults are 
present in youth. Limited trial data suggests 
adverse levels can be ameliorated by diet and/or 
exercise. Currently, evidence is insuffi cient to add 
these markers to clinical assessment outside of a 
research setting [ 68 ]. 

 There are diverse physiologic measures that 
may improve risk assessment by a small amount. 
Examples include urinary albumin excretion (a 
measure of renal vascular injury), lipoprotein (a) 
(a lipid particle that may have prothrombotic 
activity at least in some isoforms), fi brinogen (a 
marker of the prothrombotic state but well corre-
lated with obesity), adiponectin and leptin (hor-
mones associated with obesity), and homocysteine 
(associated with accelerated atherosclerosis 
when extremely elevated in genetic conditions). 
An additional physiologic factor under intense 
scrutiny is low birth weight, though the mecha-
nisms of this relationship are beyond the scope of 
this review [ 71 ].  

    Summary 

 Atherosclerosis begins in youth. The major risk 
factors for the development of premature athero-
sclerosis are hypertension, dyslipidemia, tobacco 
use, and diabetes mellitus. For some individuals, 
genetic and other predisposing conditions may 
cause a high-risk state in childhood. For the gen-
eral population diet, physical activity, family his-
tory, obesity, and low socioeconomic status 
contribute to the development of risk factors. For 
most children with identifi ed risk factors, behav-
ioral management is critical to prevent worsening 
of risk. For children at extremes of the risk distri-
bution or with multiple risk factors, pharmaco-
logic treatment may be necessary.     
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  Abstract 

   A number of family studies in the 1960s and 1970s showed that a familial 
tendency to high (or low) blood pressure is established early in life. 
However, it remained unclear whether shared genes or shared environment 
caused the blood pressure aggregation within families. Special study 
designs such as adoption or twin studies are necessary to effectively dis-
criminate genetic from shared environmental infl uences. Furthermore, esti-
mates of the relative infl uence of genetic and environmental factors derived 
from cross-sectional studies do not provide information on underlying 
genetic and environmental sources of continuity and change in the develop-
ment of (high) blood pressure from childhood onward. The aim of this 
chapter, therefore, is to review the available literature of twin and family 
studies to address two issues: the potential causes of familial aggregation of 
blood pressure and the age dependency of genetic or environmental sources 
of blood pressure variation (and covariation) within and between families.  
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     Introduction 

 In the fi rst half of the last century, evidence for 
the familial aggregation of (elevated) blood pres-
sure (BP) levels was largely anecdotal and based 
on case reports of clinicians until a number of 
large family studies in the 1960s showed familial 
resemblance of BP with correlations around 0.20 
among fi rst-degree relatives [ 1 ,  2 ]. Relatively 
few observations were made in children in these 
early studies, which initiated a number of 
research projects in the 1970s investigating 
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whether familial aggregation of BP could be 
detected in childhood. Zinner et al. [ 3 ], for 
example, measured BP in 721 children between 
2 and 14 years of age from 190 families. Sib-sib 
and mother-child correlations of 0.34 and 0.16 
for systolic BP (SBP) and 0.32 and 0.17 for dia-
stolic BP (DBP) were found. These results were 
largely confi rmed in a follow-up of the same 
cohort 4 years later [ 4 ]. Findings were extended 
to even younger ages by two further studies that 
showed signifi cant sibling BP aggregation with 
1-month-old infants [ 5 ] and signifi cant parent-
offspring correlations between mothers and their 
newborn infants [ 6 ]. 

 Thus, these studies showed that a familial 
tendency to high (or low) BP is established 
early in life, but a number of questions remained 
unanswered. For example, it was unclear 
whether shared genes or shared environment 
caused the BP aggregation within families. 
Special study designs such as adoption or twin 
studies are necessary to effectively discriminate 
genetic from shared environmental infl uences, 
because these sources of familial resemblance 
are confounded within nuclear families. 
Furthermore, estimates of the relative infl uence 
of genetic and environmental factors derived 
from, for example, cross- sectional twin studies 
are merely “snapshots” of a specifi c point in 
time: they do not give information on underly-
ing genetic and environmental sources of conti-
nuity and change in the development of 
cardiovascular disease or their intermediate 
traits such as BP or lipids [ 7 ,  8 ]. Genetic (or 
environmental) infl uences on BP may thus be 
age dependent in two different manners [ 9 ]. 
First, the magnitude of these infl uences on BP 
can differ with age. Second, different genes or 
environmental factors may affect BP at differ-
ent ages. For example, BP genes may switch on 
or off during certain periods in life, that is, age-
dependent gene expression. 

 Therefore, in this chapter we will review the 
available literature on twin and family studies to 
address two issues: the potential causes of famil-
ial aggregation of BP and the age dependency of 
genetic or environmental sources of BP variation 
(and covariation) within and between families.  

    Causes of Familial Aggregation of BP 

    Rationale Behind the Classic Twin 
Study 

 Two approaches that frequently have been used 
to study the contributions of genes and environ-
ment to variation in BP levels are family and twin 
studies. The fi rst approach studies the resem-
blance in BP between parents and offspring or 
between siblings in nuclear families. The second 
approach examines the similarity of BP in mono-
zygotic (MZ) and dizygotic (DZ) twin pairs. 

 Resemblance between family members 
(including twins) can arise from a common envi-
ronment shared by family members and from a 
(partially) shared genotype. These sources of 
familial resemblance are confounded within 
nuclear families, because there is no differential 
sharing of genotype among fi rst-degree relatives. 
Both parent-offspring and sibling pairs share on 
average 50 % of their genetic material. Therefore, 
special study designs are necessary to discriminate 
genetic from shared environmental infl uences. 
One possibility is the adoption design [ 10 ], the 
applicability of which is limited by practical con-
siderations. Far more popular are twin studies, 
which examine phenotypic (e.g., BP) similarity of 
MZ and DZ twin pairs. They offer a unique oppor-
tunity to distinguish between the infl uences of 
environment and heredity on resemblance between 
family members. In a twin design, the separation 
of genetic and environmental variance is possible 
because MZ twins share 100 % of their genetic 
makeup, whereas DZ twins only share on average 
50 % of their genes. If a trait is infl uenced by 
genetic factors, MZ twins should resemble each 
other to a greater extent than DZ twins. 

 In the classic twin method, the difference 
between intraclass correlations for MZ twins and 
those for DZ twins is doubled to estimate heritabil-
ity [h 2  = 2(r MZ −  r DZ )], which can be defi ned as the 
proportion of total phenotypic variance explained 
by genetic factors. Whenever the DZ correlation is 
larger than half the MZ correlation, this may indi-
cate that part of the resemblance between twins is 
caused by shared environmental factors [ 11 ]. 
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The twin method assumes that both types of twins 
share their environment to the same extent: the 
equal environment assumption. Although there 
has been some criticism of the equal environment 
assumption (e.g., [ 12 ]), most studies specifi cally 
conducted to test it have proven it valid. Even if 
shared environment differentially affects MZ and 
DZ twins, it is unlikely that this has a substantial 
effect on the trait under study [ 11 ,  13 ,  14 ]. 
Furthermore, BP levels in twins are representative 
of those in the general population [ 15 ,  16 ]. 

 Use of quantitative genetic modeling to esti-
mate these genetic and environmental variance 
components is now standard in twin research, and 
details of model fi tting to twin data have been 
described elsewhere [ 17 ,  18 ]. In short, the tech-
nique is based on the comparison of the variance- 
covariance matrices (or correlations) in MZ and 
DZ twin pairs and allows separation of the 
observed phenotypic variance, which can be 
decomposed into several contributing factors. 
Additive genetic variance (A) is the variance that 
results from the additive effects of alleles at each 
contributing locus. Dominance genetic variance 
(D) is the variance that results from the nonaddi-
tive effects of two alleles at the same locus summed 
over all loci that contribute to the variance of the 
trait. Shared (common) environmental variance 
(C) is the variance that results from environmental 
events shared by both members of a twin pair (e.g., 
rearing, school, neighborhood, diet). Specifi c 
(unique) environmental variance (E) is the vari-
ance that results from environmental effects that 
are not shared by members of a twin pair and also 
includes measurement error. Dividing each of 
these components by the total variance yields the 
different standardized components of variance, for 
example, the heritability which (in the absence of 
D) is the ratio of additive genetic variance to total 
phenotypic variance: A/(A + C + E).  

    Heritability or Family Environment 

 Over the last 30 years, a large number of twin 
studies have been conducted investigating the 
relative infl uence of genetic and environmental 
factors on BP variation. Tables  14.1  and  14.2  

summarize pediatric and adult studies, respec-
tively. Only twin studies with a reasonably large 
sample size (>50 twin pairs total) were included. 
Although different methods were used to esti-
mate heritability, it is immediately obvious from 
these tables that the evidence for a sizable contri-
bution of genetic factors to BP is overwhelming, 
with most heritability estimates around 50–60 %. 

 The majority of these studies found no evi-
dence for infl uence of shared family environment 
on BP. This was confi rmed by the study of Evans 
et al. [ 43 ] in which heritabilities of BP were esti-
mated in more than 4,000 twin pairs from six 
different countries. Heritabilities of DBP were 
between 44 % and 66 % across samples. For SBP, 
the range of estimates was even narrower at 
between 52 % and 66%. Shared environmental 
factors did not play an important role, except pos-
sibly in Finland. Given the huge number of twin 
pairs used in these analyses, we may confi dently 
assert that around 50 % of the variance in BP is 
due to genetic factors. For adult twins no longer 
living in the same family household, this result 
might have been expected. However, for children 
it is more surprising that environmental factors 
shared within families, such as salt intake or physi-
cal exercise, apparently explain a negligible 
amount of variation in BP. Part of the explanation 
might be that even apparently environmental vari-
ables such as diet and exercise have a heritable 
component [ 44 – 46 ]. Another reason might be that 
many twin studies may lack the power to detect 
moderate size infl uences of common environment 
[ 47 ,  48 ]. A few studies that either had large sample 
sizes [ 39 ,  41 ] or used a more powerful multivariate 
approach [ 49 ] did fi nd a small contribution of 
shared environment of around 10–20 %. The con-
clusion seems nevertheless warranted that if not 
entirely, the familial aggregation of BP is still 
largely due to genes rather than environmental fac-
tors shared within the family.

        Sex Effects on BP Heritability 

 The existence of sex differences in the infl uences 
of genetic and environmental factors on the phe-
notype can take several forms. Although 
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           Table 14.1    Pediatric twin studies estimating heritability (h 2 ) in systolic (SBP) and diastolic blood pressure (DBP), 
in ascending order according to age   

 Study  Pairs of twins 

 Age 

 Race  Sex 

 h 2  

 Mean (SD)  Range  SBP  DBP 

 Yu et al. [ 19 ] a   274 MZ, 65 DZ  ? (?)  0.0–1.0  Chinese  m & f  0.29–0.55  0.27–0.45 
 Levine et al. [ 20 ] b   67 MZ, 99 DZ  ? (?)  0.5–1.0  b & w  m & f  0.66  0.48 
 Havlik et al. [ 21 ]  72 MZ, 40 DZ  Black  m & f  0.46  0.51 

 43 MZ, 42 DZ  White  m & f  0.11  0.71 
 115 MZ, 82 DZ  7.0 (?)  ?  All  m & f  0.23  0.53 

 Wang et al. [ 22 ]  75 MZ, 35 DZ  ? (?)  7.0–12.0  Chinese  m & f  0.32  0.46 
 Schieken et al. 
[ 23 ] 

 71 MZM, 74 MZF  11.1(0.25)  ?  White  Male  0.66  0.64 
 23 DZM, 31 DZF, 52 DOS  Female  0.66  0.51 

 McIlhany et al. 
[ 24 ] 

 40 MZM, 47 MZF  14.0(6.5)  5.0–50.0  b & w  Male  0.41  0.56 
 32 DZM, 36 DZF, 45 DOS  Female  0.78  0.61 

 Snieder et al. [ 25 ]  75 MZM, 91 MZF  14.9(3.0)  10.0–26.0  White  Male  0.57  0.45 
 33 DZM, 31 DZF, 78 DOS  Female  0.57  0.45 
 52 MZM, 58 MZF  14.6(3.2)  10.0–26.0  Black  Male  0.57  0.58 
 24 DZM, 39 DZF, 50 DOS  Female  0.57  0.58 

 Snieder et al. [ 7 ]  35 MZM, 33 MZF  16.8(2.0)  13.0–22.0  White  Male  0.49  0.69 
 31 DZM, 29 DZF, 28 DOS  Female  0.66  0.50 

   MZF  monozygotic females,  MZM  monozygotic males,  DZF  dizygotic females,  DZM  dizygotic males,  DOS  dizygotic 
opposite sex,  b & w  black and white combined,  m & f  males and females combined 
  a Range of heritability estimates between 2 months and 1 year are given 
  b Heritability estimates reported by Levine et al. [ 20 ] were doubled as outlined by Kramer [ 26 ]  

autosomal genes are not expected to be different 
between males and females as a result of the ran-
dom nature of chromosomal segregation during 
meiosis, it is possible that some genes (or envi-
ronments) have greater impact in women than in 
men (or vice versa) or that some genes contribut-
ing to BP in women are distinct from genes con-
tributing to BP in men [ 50 ]. Sex differences in 
magnitude of genetic and environmental effects 
can be tested by comparing parameter estimates 
between males and females. If studies considered 
sex differences in heritabilities, estimates for 
males and females are listed separately in 
Tables  14.1  and  14.2 . However, heritability esti-
mates for males and females are remarkably sim-
ilar. A number of studies even report the same 
heritabilities for the two sexes, indicating that 
estimates for males and females could be set 
equal as part of the model-fi tting process used in 
these studies. Lower correlations in DZ opposite- 
sex pairs compared to same-sex DZ pairs indi-
cate that genetic or shared environmental 
infl uences may differ in kind between males and 
females, but this has never been reported for BP.  

    Ethnic Effects on BP Heritability 

 Genetic as well as environmental differences 
between different ethnic populations may result 
in different BP heritabilities. As shown in 
Tables  14.1  and  14.2 , most twin studies were 
conducted in Caucasian populations and a few 
combined twins from different ethnic groups 
without reporting separate heritability estimates 
[ 20 ,  24 ]. To resolve the question whether the rel-
ative infl uence of genetic and environmental fac-
tors on BP in youth is different between black 
and white Americans, we conducted a classic 
twin study including both ethnic groups living in 
the same area. In this fi rst study to estimate and 
compare the relative infl uence of genetic and 
environmental factors on BP in a large sample of 
young black and white twins, heritability esti-
mates of BP in black and white youth were not 
signifi cantly different [ 25 ]. Thus, concurrent 
with the few other twin studies of non- Caucasians 
as reported in Tables  14.1  and  14.2 , there seems 
to be no evidence for large differences in BP heri-
tabilities between different ethnic groups. The 
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          Table 14.2    Adult twin studies estimating heritability (h 2 ) in systolic (SBP) and diastolic blood pressure (DBP), 
in ascending order according to age   

 Study  Pairs of twins 

 Age 

 Race  Sex 

 h 2  

 Mean (SD)  Range  SBP  DBP 

 Sims et al. [ 27 ]  40 MZM, 45 DZM  19.4 (3.0)  ?  White  Male  0.68  0.76 
 Ditto [ 28 ]  20 MZM, 20 MZF  20.0 (5.0)  12.0–44.0  White  Male  0.63  0.58 

 20 DZM, 20 DZF, 20 DOS  Female  0.63  0.58 
 McCaffery et al. [ 29 ]  129 MZ, 66 DZ  21.3 (2.8)  18.0–30.0  94 % white  m & f  0.48  0.51 
 Bielen et al. [ 30 ]  32 MZM  21.7 (3.7)  18.0–31.0  White  Male  0.69  0.32 

 21 DZM  23.8 (3.9) 
 Fagard et al. [ 31 ]  26 MZM  23.8 (4.2)  18.0–38.0  White  Male  0.64  0.73 

 27 DZM  24.7 (4.8) 
 Busjahn et al. [ 32 ]  100 MZ, 66 DZ  29.8 (12.0)  ?  White  m & f  0.74  0.72 
 Slattery et al. [ 33 ]  77 MZM, 88 DZM  ? (?)  22.0–66.0  White  Male  0.60  0.66 
 Vinck et al. [ 34 ]  150 MZ, 122 DZ  34.9 (?)  18.0–76.0  White  m & f  0.62  0.57 
 Jedrusik et al. [ 35 ]  39 MZ, 37 DZ  35.0(8.0)  18.0–45.0  White  m & f  0.53  0.62 
 Williams et al. [ 36 ]  14 MZM, 44 MZF  36.4 (?)  17.0–65.0  White  Male  0.60  0.52 

 9 DZM, 31 DZF, 11 DOS  Female  0.60  0.43 
 Austin et al. [ 37 ]  233 MZF, 170 DZF  42.0 (?)  ?  90 % white  Female  0.35  0.26 
 Baird et al. [ 38 ] a   30 MZM, 28 MZF  43.7 (1.4)  40.5–46.5  White  Male  0.48  0.30 

 35 DZM, 45 DZF, 60 DOS  Female  0.48  0.76 
 Snieder et al. [ 7 ]  43 MZM, 47 MZF  44.4 (6.7)  34.0–63.0  White  Male  0.40  0.42 

 32 DZM, 39 DZF, 39 DOS  Female  0.63  0.61 
 Snieder et al. [ 39 ]  213 MZF, 556 DZF  45.4 (12.4)  18.0–73.0  White  Female  0.17  0.22 
 Feinleib et al. [ 40 ]  250 MZM, 264 DZM  ? (?)  42.0–56.0  White  Male  0.60  0.61 
 Hong et al. [ 41 ]  41 MZM, 66 MZF  63.0 (8.0)  >50.0  White  Male  0.56  0.32 

 69 DZM, 111 DZF  Female  0.56  0.32 
 Wu et al. [ 42 ]  332 MZM, 111 DZM, 288 

MZF, 103 DZF, 200 DOS 
 37.8 (9.8)  19.1–81.4  Chinese  m & f  0.46  0.30 

  For abbreviations see Table  14.1  

  a DBP heritabilities were not reported in the original paper  

fact that a similar amount of BP variation is 
explained by genetic factors within different eth-
nicities does not exclude the possibility, however, 
that the actual genes responsible for this herita-
bility differ between ethnic groups.  

    Twin Studies of Ambulatory BP 

 Conventional BP measures have shown their 
value in predicting adverse outcomes but provide 
only a snapshot of 24-h BP variability as seen in 
real life and might give an overestimation of 
actual BP as a result of the white-coat effect. The 
value of ambulatory BP (ABP) measurements is 
illustrated by studies showing that ABP is a bet-
ter predictor of target organ damage and 

cardiovascular morbidity and mortality than BP 
measured in the clinic [ 51 ]. 

 To circumvent the disadvantages of conven-
tional BP measures, some twin studies have 
incorporated 24-h ABP monitoring. Initial stud-
ies suggested that 24-h daytime and nighttime 
SBP and DBP were all heritable, but sample sizes 
were fairly small [ 31 ,  35 ,  52 ,  53 ]. 

 More recently, three twin studies with rela-
tively large sample sizes using ABP monitoring 
have been conducted. Vinck et al. [ 34 ] measured 
conventional and ambulatory BP in 150 MZ and 
122 DZ pairs. Heritabilities were similar (around 
50 %) for resting and ambulatory (daytime and 
nighttime) SBP and DBP irrespective of the cho-
rionicity of the MZ twins, that is, whether these 
had one (monochorionic) or two (dichorionic) 
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outer fetal membranes [ 54 ]. Kupper et al. [ 55 ] 
evaluated daytime ABP in 230 MZ, 305 DZ 
twins, and 257 singleton siblings with an average 
age of 31 years. A common genetic infl uence on 
morning, afternoon, and evening SBP and DBP 
was identifi ed with the heritability ranging from 
0.44 to 0.63. Importantly, by using the extended 
twin design (including singleton sibs), this study 
showed that results from twin studies on the 
genetics of ABP can be generalized to the single-
ton population. 

 Finally, we measured 24 h ABP in 240 white 
American (105 pairs and 30 singletons) and 190 
black American (82 pairs and 26 singletons) 
twins (mean ± SD age: 17.2 ± 3.4; range: 11.9–
30.0) from the Georgia Cardiovascular Twin 
Study [ 56 ]. Inspired by evidence from prospec-
tive studies showing that nighttime BP is superior 
to daytime BP as a predictor of cardiac mortal-
ity[ 57 ], we performed a bivariate analysis to test 
whether genetic infl uences on BP during night-
time are different from those during daytime. The 
model fi tting showed no ethnic or gender differ-
ences for any of the measures, with heritabilities 
of 0.70 and 0.68 for SBP and 0.70 and 0.64 for 
DBP at daytime and nighttime, respectively. The 
bivariate analysis also indicated that about 56 % 
and 33 % of the heritabilities of nighttime SBP 
and DBP, respectively, could be attributed to 
genes that also infl uenced daytime levels. The 
specifi c heritabilities due to genetic effects only 
infl uencing nighttime values were 0.30 for SBP 
and 0.43 for DBP. These fi ndings suggest that 
partly different genes or sets of genes contribute 
to blood pressure regulation during the daytime 
compared to the nighttime. 

 Nocturnal BP fall is another interesting feature 
revealed by ABP. Studies have shown that indi-
viduals with a blunted nocturnal decline in BP (so-
called non-dipping) display the highest 
cardiovascular risk because this pattern exposes 
these individuals to a greater BP load each day. 
Fava et al. [ 58 ] explored the genetic infl uence on 
nocturnal BP fall indexed by the night-to-day ratio 
and observed a heritability of 38 % for systolic and 
9 % for diastolic dipping in 104 adult Swedish sib-
ships. In our own study mentioned above, we used 
a liability threshold model to examine whether 

dipping as a categorical phenotype is heritable and 
observed a heritability of 59 % for SBP dipping 
and 81 % for DBP dipping [ 56 ].  

    Heritability of BP Measured Under 
Challenged Conditions 

 In many studies, blood pressure is measured 
under certain standardized environmental chal-
lenges. For example, BP can be measured under 
mental or physical stress. One typical way to 
express reactivity to such challenges is as a 
change score from baseline levels of BP to the 
levels attained during the challenge. This cardio-
vascular reactivity has long been regarded to be a 
potential contributor to cardiovascular disease 
risk [ 59 ,  60 ]. A propensity toward exaggerated 
reactivity combined with frequent exposure to 
stress may lead to allostatic changes in many of 
the regulatory systems important in cardiovascu-
lar disease. 

 Studies have been conducted to explore 
whether cardiovascular reactivity is a heritable 
trait. In 1992 and 1995, Turner and Hewitt [ 61 , 
 62 ] reviewed a number of early twin studies that 
explored the genetic and environmental origins 
of individual differences in BP reactivity to psy-
chological challenge. Their conclusion was that 
BP reactivity is substantially heritable. Additional 
twin studies of cardiovascular reactivity have 
since confi rmed the heritability of BP reactivity, 
but estimates for DBP and SBP reactivity have 
been very different across studies for the same 
task or within the same study across different 
tasks and have ranged from 0.00 to 0.85. 

 We recently performed a meta-analysis on all 
published studies in twins that assessed BP reac-
tivity to the cold pressor or mental stress tasks. 
Our results convincingly show that cardiovascu-
lar reactivity is substantially heritable, with the 
pooled heritability ranging from 0.26 to 0.38 for 
BP reactivity to mental stress and from 0.21 to 
0.55 for BP reactivity to the cold pressor task 
[ 63 ]. One downside of expressing cardiovascular 
reactivity as a change score is that its heritability 
refl ects an inseparable mixture of genetic and 
environmental infl uences already present at 
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rest with those newly emerging during stress. 
As illustrated further below, these infl uences can 
be separated when analyzing both resting and 
challenged  levels  (as opposed to a change score) 
in a bivariate model. 

 In fact, levels of such a challenged phenotype 
may be more heritable than its unchallenged 
counterpart, potentially offering important 
advantages for gene-fi nding studies. This princi-
ple is illustrated by Gu et al. [ 64 ] who investi-
gated the heritability of blood pressure responses 
to dietary sodium and potassium intake in 1906 
individuals from 658 Chinese pedigrees. The 
intervention included a 7-day low sodium diet 
followed by a 7-day high sodium diet and a 7-day 
high-sodium plus potassium supplement diet. 
Baseline heritabilities under the natural diet of 
SBP and DBP were 0.31 and 0.32, respectively. 
These heritabilities increased signifi cantly to a 
narrow range of values between 0.49 and 0.52 for 
both SBP and DBP in all three environmentally 
controlled dietary conditions. Interestingly, the 
authors showed that these increases in heritabil-
ity estimates were caused not only by a decrease 
in unique environmental (or residual) variance, as 
might have been expected under environmentally 
controlled circumstances, but also by an equally 
large increase in additive genetic variance. 
Although Gu et al. [ 64 ] did not elaborate on this, 
such an increase in genetic variance might have 
been caused by (1) a larger effect during the 
dietary conditions of the same genes that also 
affect BP at rest, (2) an emergence of new genetic 
effects on BP specifi c to the dietary conditions, or 
(3) a combination of the two. Bivariate models 
that include both challenged and unchallenged 
conditions can distinguish between these possi-
bilities and quantify genetic and environmental 
effects on levels of the challenged and unchal-
lenged phenotypes. 

 We recently used such an approach to investi-
gate BP during a stress challenge and test for the 
existence of gene-by-stress interaction within the 
context of a classic twin study [ 65 ]. Cardiovascular 
reactivity to stress, measured as the averaged 
response to a choice reaction time and mental 
arithmetic test, was assessed for SBP and DBP in 
160 adolescent and 212 middle-aged twin pairs. 

Genetic factors signifi cantly contributed to indi-
vidual differences in resting SBP and DBP in the 
adolescent and middle-aged cohorts (heritabili-
ties between 0.49 and 0.59). The effect of these 
genetic factors was amplifi ed by stress for both 
SBP and DBP in the adolescent cohort and for 
SBP in the middle-aged cohort. In addition, 
stress-specifi c genetic variation emerged for SBP 
in the adolescent cohort. Heritability of stress 
levels of SBP and DBP ranged from 0.67 to 0.72 
in the adolescents and from 0.54 to 0.57 in the 
middle-aged cohort. On the basis of these results, 
we concluded that exposure to stress may uncover 
new genetic variance and amplify the effect of 
genes that already infl uence the resting level [ 65 ]. 
This has clear implications for gene-fi nding stud-
ies. The genetic variation that emerges exclu-
sively during stress can only be demonstrated in 
studies that have attempted to measure the stress 
levels of BP. Genetic variation that is amplifi ed 
during stress can be detected using resting levels, 
but the genetic variance, and hence the power of 
the study, will be larger if stress levels are mea-
sured instead. 

 In comparison with BP measured under chal-
lenge or in the offi ce, real-world recordings are of 
fundamental importance, for if certain responses 
do play a role in the etiology of cardiovascular 
disease, it is in the arena of real-world behavioral 
challenge and everyday psychosocial interactions 
that they will take their toll. In this regard, the BP 
data obtained from 24-h ABP monitoring can 
represent real-world recordings because the BP 
data is acquired in subjects who freely go about 
their normal daily activities, outside the confi nes 
of the hospital or laboratory environment. 

 Recently, based on our Georgia Cardiovascular 
Twin Study which includes 238 white American 
and 186 black American adolescent and young 
adult twins who have BP measured in the offi ce, 
under two psychologically stressful conditions, 
and by 24 h ABP monitoring, we examined for 
the fi rst time to what extent the genetic infl uences 
on BP assessed under these three conditions are 
different from each other. We observed substan-
tial overlap between genes that infl uence BP 
measured in the offi ce, under laboratory stress 
and during real life. However, signifi cant genetic 
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components specifi c to each BP measurement 
also exist. These fi ndings suggest that partly dif-
ferent genes or sets of genes contribute to BP 
regulation under different conditions [ 66 ].  

    Infl uence of Obesity on Familial 
Aggregation of BP 

 In subjects of all ages, weight is probably the 
most important correlate of BP. The familial 
aggregation of BP may therefore to a certain 
extent be due to the familial aggregation of obe-
sity. Schieken et al. [ 67 ] addressed this question 
in a pediatric population of 11-year-old twins. 
They observed highly signifi cant correlations 
between SBP and weight (r = 0.40) as well as 
body mass index (BMI) (r = 0.29) that could 
largely be explained by common genes rather 
than common environmental effects infl uencing 
both SBP and weight (or BMI). The percentage 
of total SBP variance caused by genetic effects 
common to SBP and weight was 11.2 %, for BMI 
this fi gure was 8 %. No signifi cant correlations 
between DBP and body size were found. Two 
further twin studies in adult males [ 68 ] and 
females [ 69 ] found evidence for a direct effect of 
BMI on BP rather than an effect of common 
genes (pleiotropy). Both mechanisms, however, 
imply that part of the genetic variation in BP can 
be explained by genes for obesity [ 69 ].  

    Infl uence of Birth Weight on Familial 
Aggregation of BP 

 The association between low birth weight and 
increased BP, although modest, has been well 
established as shown by a meta-analysis of 34 
studies: BP is lower by 1–2 mmHg for every kg 
increase in birth weight for children and the 
effect size increases to about 5 mmHg/kg in 
elderly people [ 70 ]. The fetal programming 
hypothesis states that this association is due to 
intrauterine malnutrition (refl ected by low birth 
weight), which increases the risk of a number of 
chronic diseases in later life including hyperten-
sion. However, other factors such as 

socioeconomic status and genetic factors may 
also explain the inverse relation between birth 
weight and BP. By studying intrapair differences 
in twins (i.e., relate intrapair differences in birth 
weight with intrapair differences in outcome 
variables), the infl uence of confounding parental 
characteristics can be controlled. Furthermore, 
infl uence of genetic makeup can be eliminated in 
MZ twins and reduced in DZ twins. Using this 
intrapair twin design, Poulter et al. [ 71 ] found 
that BP tended to be lower among those twins of 
each pair that were heavier at birth, suggesting 
that the inverse association between birth weight 
and adult BP is independent of parental con-
founding variables. These results also point to the 
importance of environmental fetal nutrition fac-
tors that are different within twin pairs such as 
placental dysfunction rather than factors that are 
the same such as maternal nutrition. 

 This was confi rmed by a recent study [ 72 ] in 
Swedish twins in which a nested co-twin control 
analysis was performed in 594 DZ and 250 MZ 
twin pairs discordant for essential hypertension. 
The odds ratio for hypertension in relation to a 
500-g decrease in birth weight was 1.34 (95 % 
CI: 1.07–1.69) for DZ and 1.74 (95 % CI: 1.13–
2.70) for MZ twins, which suggests that the asso-
ciation between birth weight and the risk of 
hypertension is independent of both shared famil-
ial environment and genetic factors. On the other 
hand, there are also studies supporting the possi-
bility that factors shared by twins confound the 
association between birth weight and blood pres-
sure. For example, Christensen et al.’s study in 
1,311 pairs of adolescent twins found a decrease 
in SBP of 1.88 mmHg for every kg increase in 
birth weight in the overall sample, but a reduction 
of this effect was observed when intrapair analy-
ses were used [ 73 ]. This was confi rmed by a 
recent meta-analysis [ 74 ] in 3,901 twin pairs in 
which the decrease in SBP for every kilogram 
increase in birth weight was −2.0 (95 % CI: −3.2, 
−0.8) mmHg in the unpaired analysis but only 
−0.4 (95 % CI: −1.5, 0.7) mmHg in the paired 
analysis. Thus, the association between birth 
weight and SBP became attenuated when famil-
ial factors were controlled for, suggesting they 
contribute to this association. However, neither 
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study could convincingly show whether this 
familial confounding had a genetic or shared 
environmental origin. In summary, the relation 
between birth weight and BP is probably due to a 
combination of environmental and genetic fac-
tors, but the contribution to the familial aggrega-
tion of BP of genes infl uencing birth weight is 
likely to be small [ 38 ].   

    Age Dependency of Genetic Effects 
on BP 

 BP level changes as a function of age, but this 
trend is not a simple linear one. The age-specifi c 
increase in SBP and DBP suggests that different 
(genetic and environmental) mechanisms have 
their infl uence on BP in different periods of life. 
Not only the mean BP but also its population 
variance has been found to increase from adoles-
cence to adulthood [ 7 ]. Such an increase in BP 
variance with age may be due to interindividual 
variation in the rise of BP over time and can only 
be explained by an increase in one or more of the 
underlying variance components, which can be 
genetic or environmental. Such changes in vari-
ance components may imply changes in herita-
bilities with aging. 

    Cross-Sectional Studies 

    Twin Studies 
 In both Table  14.1  (mean age < 18 years) and 
Table  14.2  (mean age > 18 years), studies are 
listed in ascending order according to age of the 
twin sample. Such a systematic overview of all 
studies may reveal any age-dependent trends in 
heritability, because each study yields heritability 
estimates representative of its specifi c age range. 
However, neither within the adult nor the pediat-
ric age ranges can clear age trends in BP herita-
bility be detected. Two studies in very young 
twins [ 19 ,  20 ] confi rm the conclusions from pre-
viously mentioned family studies that familial 
aggregation is established early in life. These 
twin studies suggest that this can be ascribed to 
genetic factors. The above-mentioned study of 

Vinck et al. [ 34 ] specifi cally investigated the sta-
bility of heritable and environmental infl uences 
on both conventional and ambulatory BP in three 
age groups: 18–29, 30–39, and ≥40 years. Their 
large sample of 150 MZ and 122 DZ twin pairs 
had considerable power but found no signifi cant 
differences in genetic and environmental infl u-
ences between age groups. 

 The conclusion seems warranted, therefore, 
that the relative infl uence of genetic factors on 
BP is stable across the life span.  

    Family Studies 
   Parent-Offspring and Sibling Correlations 
 Another approach to investigating the age depen-
dency of genetic and environmental effects is to 
compare parent-offspring data with data from 
siblings or twins. If there is an age-dependent 
genetic or environmental effect on the phenotype, 
one would expect the parent-offspring correlation 
to be lower than sibling or DZ twin correlations, 
as the latter are measured around the same age. 
This expectation was confi rmed in a review by 
Iselius, Morton, and Rao [ 75 ]. They pooled the 
results from a large number of studies and arrived 
at a mean correlation for 14,553 parent-offspring 
pairs of 0.165 for SBP and 0.137 for DBP. 
Corresponding values for 11,839 sibling and DZ 
twin pairs were 0.235 (SBP) and 0.201 (DBP). 

 If, on the other hand, parents and their off-
spring are measured at the same age, a rise in 
parent-offspring correlations toward levels simi-
lar to sibling correlations is to be expected. This 
expectation was supported by data from Havlik 
et al. [ 76 ], who measured SBP and DBP for 1,141 
parent pairs aged 48–51. Twenty to 30 years later, 
blood pressures for 2,497 of their offspring were 
measured. At this time, the offspring were of 
ages similar to those of their parents when their 
BPs were measured. Parent-offspring correla-
tions ranged between 0.13 and 0.25 for SBP and 
between 0.17 and 0.22 for DBP. These ranges 
were quite similar to the sibling-pair correlations, 
which were between 0.17 and 0.23 (SBP) and 
between 0.19 and 0.24 (DBP). 

 An alternative explanation for the lower parent- 
offspring correlation compared to the sibling or DZ 
twin correlation could be the infl uence of genetic 
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dominance [ 41 ,  77 ]. However, an effect of domi-
nance is hardly ever found for BP, and the similar-
ity between correlations for parents and offspring 
(who do not share dominance variation) and 
siblings (who share 0.25 of their dominance varia-
tion) in the study of Havlik et al. [ 76 ] also suggests 
that dominance variation is not important. 

 Lower values for parent-offspring correlations 
are also likely to be the main reason for the pecu-
liar fi nding that heritability estimates derived 
from family studies (which usually measure pairs 
of subjects at different ages) are generally lower 
than those derived from twin studies. Heritability 
estimates from family studies range from 0.17 to 
0.45 for SBP and from 0.15 to 0.52 for DBP [ 75 , 
 77 ,  78 ], while estimates from twin studies are 
typically in the 0.40–0.70 range for both SBP and 
DBP [ 43 ] (see also Tables  14.1  and  14.2 ).  

   Age-Dependent Gene Expression 
 Two types of age-dependent effect could offer an 
explanation for the lower parent-offspring corre-
lation compared to the sibling and DZ twin pair 
correlations. First, the infl uence of unique envi-
ronmental factors may accumulate over a life-
time. Such an increase, however, would lead to 
lower heritabilities with age, which is not sup-
ported by the evidence presented in Tables  14.1  
and  14.2 . Second, different genes could infl uence 
BP in childhood and adulthood. This possibility 
is still compatible with the data presented in 
Tables  14.1  and  14.2 , as heritability can remain 
stable across time even though different genes are 
infl uential at different times. 

 The latter possibility is supported by data 
from Tambs et al. [ 79 ]. In a Norwegian sample 
with 43,751 parent-offspring pairs, 19,140 pairs 
of siblings and 169 pairs of twins, correlations 
between relatives decreased as age differences 
between these relatives increased. A model spec-
ifying age-specifi c genetic additive effects and 
unique environmental effects fi tted the data well. 
This model also estimated the extent to which 
genetic effects were age specifi c. As an example, 
the expected correlations for SBP and DBP in 
relatives with an age difference of 40 years were 
calculated. For SBP, 62 % of the genetic variance 
at, for example, age 20 and at age 60 is explained 

by genes that are common to both ages, and 38 % 
is explained by age-specifi c genetic effects. The 
same values for DBP were 67 % and 33 %, 
respectively. The model used by Tambs et al. [ 79 ] 
assumes invariant heritabilities for BP through-
out life. This assumption proved to be valid for 
SBP, whereas for DBP a very slight increase in 
heritability was detected. Using an extended 
twin-family design [ 80 ], including in addition to 
younger twins and their parents, a group of 
middle- aged twins of the same age as the parents 
provided further support for age-specifi c genetic 
effects on BP that differ between childhood and 
adulthood [ 7 ]. Models allowing for these effects 
showed a slightly better fi t for both SBP and DBP 
with genetic correlations across time equal to 
0.76 for SBP and 0.72 for DBP. The slightly 
lower values found by Tambs et al. [ 79 ] (0.62 for 
SBP and 0.67 for DBP) might be explained by 
the larger age difference (40 years) in their exam-
ple, compared to the age difference between par-
ents and offspring in this study (30 years).    

    Longitudinal Studies 

 Although changes in phenotypic variance and 
their genetic and environmental components (i.e., 
heritability and environmentality) with age may 
be detected by comparing cross-sectional family 
and twin studies conducted in different age 
groups, only a longitudinal twin study, in which 
the same subjects are measured repeatedly, is 
informative about the stability of genetic and 
environmental factors. Such a study permits 
examination of two important questions. First, 
does the magnitude of genetic and environmental 
infl uences on the phenotypes of interest change 
over time? Second, do novel environmental and/
or genetic infl uences on those phenotypes become 
apparent during the course of development? 

 To date, four longitudinal twin studies have 
addressed the potential emergence of new genetic 
or environmental factors for BP in adult popula-
tions. Colletto et al. [ 81 ] analyzed resting SBP 
and DBP in 254 MZ and 260 dizygotic (DZ) 
male middle-aged twin pairs (average age 48 
years) and again nine later. Using a time series 
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analysis of genetic and environmental compo-
nents of variation, they found that shared family 
environmental effects were absent and that spe-
cifi c environmental infl uences were largely occa-
sion specifi c. In contrast, genetic infl uences were 
in part the same across adulthood (60 % of 
genetic variation at the later ages was already 
detected in middle age) and in part age specifi c 
(the remaining 40 % of the genetic variation at 
later ages was unrelated to that expressed ear-
lier). Despite these changing genetic infl uences, 
the estimated heritabilities remained relatively 
constant across ages at around 0.50. When the 
twins were measured again 6 years after the sec-
ond measurement, the genetic infl uence had sta-
bilized, with no contributions of additional genes 
detected. A second study measured 298 same-sex 
elderly twin pairs at an average age of 65 years 
and again 6 years later and found that the same 
set of genes explained all genetic variance in BP 
across the 6-year follow-up [ 82 ]. That is, no evi-
dence was found for new genes being switched 
on or off at different points in time. This was con-
fi rmed in two recent studies of Dutch and 
Australian twins [ 83 ,  84 ] in which multivariate 
genetic analyses showed that BP tracking was 
entirely explained by the same genetic factors 
being expressed across time. 

 The above studies did not include the impor-
tant transition from childhood to adulthood. We 
recently conducted the fi rst longitudinal twin 
study on BP [ 85 ] for the period between 14 and 
18 years of age. Resting BP levels were measured 
twice in >500 pairs of white and black American 
twins, with an intervening period of 4.1 years. 
Structural equation modeling on BP showed the 
emergence of substantial new genetic variance in 
both ethnic groups. A possible explanation for 
this emergence of novel genetic effects between 
ages 14 and 18 years is that hormonal changes 
after puberty affect the activation and deactiva-
tion of genes infl uencing individual differences 
in BP regulation. 

 These results have important implications for 
gene-fi nding studies. In current gene-fi nding 
efforts for complex traits, large sample sizes are 
required to reach suffi cient statistical power, 
especially when genome-wide association or 

linkage designs are used. It would be advanta-
geous to be able to pool data from subjects at dif-
ferent ages on the assumption that the same set of 
genes underlies BP regulation across the life 
span. As we stated above, although most longitu-
dinal studies in adults have confi rmed this 
assumption and reported the presence of a single 
genetic factor explaining variance in BP over 
time, our study in youth showed that a signifi cant 
part of the variance was explained by genes 
newly expressed between 14 and 18 years of age. 
This means that one should exercise caution 
pooling adolescent and adult subjects in large 
genome-wide linkage or association studies of 
BP. Further follow-up of our twin sample will 
enable us to determine at what age the genetic 
component stabilizes (i.e., at what age no further 
novel genetic effects are expressed).   

    Summary and Conclusions 

 This chapter has examined causes of familial 
aggregation of BP and whether and how underly-
ing genetic or environmental infl uences, or both, 
are stable or change across the life span. Different 
types of genetically informative studies were dis-
cussed to shed some light on these questions. 

 Familial aggregation of BP is largely due to 
genes rather than familial environment, and herita-
bility estimates are very similar across sex, ethnic-
ity, and modes of measurement but appear higher 
under environmentally challenged conditions. 
Genes for obesity and possibly birth weight can 
explain part of the genetic variation in BP. In twin 
studies of BP level, no age trend in heritability could 
be detected. Findings in family studies of lower 
parent-offspring correlations compared to those for 
siblings and DZ twins indicate, however, that age 
may infl uence genetic or environmental effects on 
BP level. There are two possible explanations: the 
infl uence of unique environmental factors could 
increase with age, or different genes could infl uence 
BP in different periods of life. The lack of an age 
trend in heritabilities in twin studies is inconsistent 
with the fi rst explanation, because an increase of 
unique environmental variance in adulthood, with-
out a commensurate increase in genetic variance, 
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would lower the heritability estimate. On the other 
hand, the twin data are not inconsistent with the sec-
ond hypothesis of genes switching on and off with 
age, because the overall infl uence of genes can 
remain stable even though different genes are 
responsible for the effect. A number of further stud-
ies, including longitudinal studies of both adoles-
cent and middle aged twins, offer additional support 
for the second hypothesis that partly different genes 
affect BP in different periods of life, such as child-
hood, middle age, and old age. 

 The study of the genetics of mechanisms 
involved in BP regulation in children might bring 
us closer to discovering causal mechanisms. 
There is a considerable tracking of BP levels 
from childhood to adulthood [ 86 – 88 ], making 
BP at a young age an important predictor of adult 
levels [ 89 ]. Longitudinal studies that follow chil-
dren into adulthood can be used to study the 
infl uence of candidate genes for BP on the devel-
opmental trajectory of BP. Identifi cation of these 
genes conferring susceptibility to development of 
essential hypertension in the general population 
will provide new avenues for treatment and pre-
vention of this debilitating disease [ 90 ,  91 ].     
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        Introduction 

 Although the prevalence of hypertension (HTN) 
is relatively low during childhood and adoles-
cence [ 1 ], an estimated 2.6–3.4 % of children and 
adolescents have hypertensive blood pressure 
(BP) levels and 5.7–13.6 % have prehypertensive 
BP levels [ 2 ,  3 ]. BP patterns have been shown to 
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    Abstract 

   The prevalence rates of high blood pressure and cardiovascular risk have 
increased in youth, given the increasing rates of overweight and obesity. 
Dietary electrolytes play an important role on infl uencing blood pressure 
(BP) mechanisms in youth, and previous research indicates that dietary 
sodium, potassium, and calcium signifi cantly affect BP regulation. 
Electrolyte balance is essential for health, and the benefi cial effects of 
decreasing sodium intake on BP in youth have been strongly supported. 
Though intervention studies demonstrate that reduced intake of sodium is 
benefi cial for BP, it is not clear whether children and adolescents can com-
ply with long-term efforts to reduce sodium intake. There is a growing 
body of evidence that increased potassium and calcium intake also reduces 
risk of high BP in youth, and studies suggest that some youth may be more 
likely to comply with these diets, which emphasize adding foods (e.g., 
foods containing potassium and calcium), rather than eliminating foods as 
in a reduced sodium diet. The purpose of this chapter is to summarize the 
nutritional electrolyte-related determinants of blood pressure in children 
and adolescents, specifi cally the roles of dietary sodium and potassium in 
regulating casual BP, BP reactivity, and circadian BP patterns in youth.  

  Keywords 

   Dietary electrolytes   •   Blood pressure   •   Children   •   Sodium   •   Potassium  

      The Role of Dietary Electrolytes 
and Childhood Blood Pressure 
Regulation 

           Dawn     K.     Wilson        and     Sandra     M.     Coulon      



212

track from childhood to the third and fourth 
decades of life [ 1 ,  4 ], and elevated BP has been 
associated with increased risk of cardiovascular 
and renal diseases [ 5 ]. Hypertension and cardio-
vascular risk have also increased given the grow-
ing rates of overweight and obesity, with recent 
studies showing that obese girls have six times the 
prevalence rate of HTN as compared to nonobese 
girls [ 6 ]. Thus, there is a strong need for preven-
tion programs to reduce these risks in youth [ 5 ,  7 , 
 8 ]. Modifying intake of dietary electrolytes such 
as sodium and/or potassium has been an effective 
approach to BP reduction in adults [ 9 – 11 ], but 
there is less evidence for the benefi t of this 
approach in children and adolescents [ 12 ]. 

 Current recommendations for primary preven-
tion of HTN from the American Heart Association 
and the National Heart, Lung, and Blood Institute 
[ 13 – 16 ] involve a population approach and an 
intensive strategy for targeting individuals who 
are at increased risk for developing HTN in early 
adulthood. Two of these approaches include 
reducing sodium intake and maintaining an ade-
quate intake of potassium. Globally, the sodium 
consumption of children and adolescents exceeds 
intake recommendations, with cereals, meat 
products, and fast food contributing to the prob-
lem [ 17 ]. Evidence also suggests that addressing 
obesity-related through weight reduction pro-
grams may be more effective when physical 
activity is incorporated into the intervention, and 
regular aerobic activity is strongly recommended 
for improving BP [ 18 – 21 ]. 

 Identifying precursors or markers of HTN in 
youth is important for preventing the develop-
ment of primary HTN. Two such markers include 
cardiovascular reactivity (CVR) and ambulatory 
BP profi les [ 18 – 20 ]. Cardiovascular reactivity is 
a measure of vasoconstriction in response to psy-
chological or physical stressors. As a marker, 
hyperreactivity is conceptualized as a conse-
quence of preexisting cardiovascular damage or 
of heightened sympathetic tone that results in 
vasoconstriction and/or excessive cardiac output. 
As a mechanism, hyperreactive peaks are pro-
posed to damage the intimal layer of arteries, 
contributing to arteriosclerosis and subsequent 
HTN. Although there is controversy about the 

predictive value of CVR, prospective studies 
have shown that increased CVR to mental stress 
is predictive of later development of primary 
HTN [ 19 ,  22 – 26 ], although efforts to associate it 
with physiological correlates of HTN (i.e., left 
ventricular hypertrophy) have yielded mixed 
results [ 18 ,  27 – 30 ]. 

 Ambulatory BP profi les may be an important 
predictor or risk factor of future HTN in youth. 
Ambulatory BP monitoring (APBM) is a method 
for assessing individuals’ daily fl uctuations in 
BP and for identifying and evaluating factors 
associated with individual differences in BP 
responses in the natural environment. Previous 
research indicates that most people display lower 
BP values at nighttime during sleeping hours and 
higher BP values during waking hours [ 20 ]. In 
healthy individuals, average BP declines by 
10–15 % or more during sleeping hours. While 
this circadian rhythm is generally preserved in 
hypertensive patients, the 24-h BP profi le, how-
ever, is shifted upwards throughout the 24-h 
period [ 31 ]. A number of studies suggest that a 
blunted nocturnal decline in BP may be associ-
ated with greater cardiovascular risk [ 20 ]. For 
example, ambulatory BP non-dipping status 
(defi ned as < 10 % decrease in BP from waking 
to sleeping) is a risk factor for the development 
of end-organ disease in primary HTN. 
Specifi cally, patients who are characterized as 
non-dippers show a more frequent history of 
stroke and left ventricular hypertrophy (LVH) 
[ 32 – 34 ]. Studies from our laboratory indicate 
that even among healthy African-American ado-
lescents, there is a 30 % prevalence rate of non- 
dipping status [ 35 ,  36 ], and other investigators 
have shown that racial differences in sodium 
excretion may be due in part to renal retention of 
potassium [ 37 ]. These fi ndings have led us to 
investigate the dietary electrolyte factors that 
may infl uence the ambulatory BP pattern in 
youth. 

 Previous research indicates that dietary intake 
of electrolytes such as sodium, potassium, and 
calcium signifi cantly affects BP in adults, espe-
cially in industrialized countries [ 38 – 41 ]. At the 
cellular level, electrolytes are positively and 
 negatively charged ions that moderate the 
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conduction of electrical signals between cells and 
infl uence homeostasis within the body [ 42 ]. 
Electrolyte balance (i.e., balance of positively 
and negatively charged conductive ions) is essen-
tial for health [ 38 ]. Previous studies indicate that 
environmental and genetic factors can infl uence 
BP responses in children [ 43 – 46 ]. Children as 
young as 0–3 years of age may be at higher risk 
for future cardiovascular complications because 
of differences in sodium handling [ 47 ], and 
stress-induced excretion is a heritable phenotype 
which differentially affects African- Americans 
as compared to Caucasians [ 43 ,  48 ]. Other inves-
tigators have demonstrated that positive changes 
in dietary electrolytes in the fi rst two decades of 
life can reduce BP and cardiovascular risk [ 39 , 
 40 ,  49 ,  50 ]. Although the benefi cial effects of 
decreasing sodium intake on BP have been more 
strongly supported than the effects of increasing 
potassium, fewer studies have been conducted 
that evaluate the infl uence of potassium on BP 
levels in youth [ 51 ]. 

 The purpose of this chapter is to summarize 
the nutritional electrolyte-related determinants of 
BP in children and adolescents. In particular, this 
chapter focuses on the role of dietary sodium and 
potassium in regulating casual BP, BP reactivity, 
and circadian BP patterns in youth. While not a 
focus of this chapter, the role of calcium intake 
on BP should also be noted. Several investigators 
have demonstrated positive effects of calcium 
supplementation on blood pressure generally 
[ 52 ] and in youth [ 53 – 55 ,  56 ]. In a 2-year family-
based intervention, calcium and potassium sup-
plementation were as effective as sodium 
restriction at reducing BP in hypertensive youth 
[ 57 ]. In addition, an 8-week and a 12-week inter-
vention showed positive effects of calcium sup-
plementation were greater for youth with lower 
baseline calcium intake [ 53 ,  56 ].  

    Dietary Sodium and Blood Pressure 
in Youth 

 Previous research suggests that casual BP is 
important in understanding the infl uence of 
genetic, environmental, and nutritional infl uences 

on the progression and development of HTN in 
children and young adults. In a national study of 
1,658 youth (ages 4–18 years), He and MacGregor 
showed a signifi cant association between sodium 
intake and systolic BP after adjusting for age, sex, 
body mass index (BMI), and dietary potassium 
intake [ 39 ]. The magnitude of the association was 
noted to be similar to that observed in a meta-
analysis by Simons-Morton and Obarzanek that 
evaluated the effects sodium reduction on BP 
responses in youth [ 51 ]. They critically evaluated 
25 observational studies examining the associa-
tion between sodium intake and casual BP in chil-
dren and adolescents. Eight of the used self-report 
measures of dietary intake and 17 used urinary 
sodium excretion. Approximately 67 % (two-
thirds) of the studies including urine collections 
that controlled for other factors (e.g., age, BMI, 
weight) in the analysis found a signifi cant positive 
association with casual BP. One-third of the stud-
ies that had no control variables found a signifi -
cant association with casual BP. Three of the four 
studies which relied on self-report measures of 
dietary intake and that controlled for other vari-
ables found signifi cant positive associations 
between dietary sodium and casual systolic BP, 
diastolic BP, or both. Taken together, the studies 
reviewed provide fairly consistent support for the 
role of sodium intake on BP regulation in children 
and adolescents. Intervention studies that aim to 
reduce the intake of sodium may be benefi cial, 
although it is not clear whether children and ado-
lescents can comply with long-term recommenda-
tions to reduce sodium intake. 

 Prior research shows that individuals who are 
at risk for cardiovascular complications such as 
African-Americans, hypertensive patients, and 
those with a positive family history of HTN are 
more likely to be saltsensitive [ 58 ,  59 ] (i.e., show 
increased BP in response to high sodium intake). 
Some of our work examined the prevalence of salt 
sensitivity in normotensive African- American 
adolescents [ 60 ], 22 % of healthy normotensive 
African-American adolescents characterized as 
saltsensitive based on defi nitions established in 
the adult literature [ 61 ]. Falkner et al. have also 
shown that salt- sensitive adolescents with positive 
family history of HTN had greater increases in BP 
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with salt loading than did adolescents who either 
were salt resistant or had a negative family history 
of HTN [ 59 ]. In another study by Palacios et al., 
African- American girls showed greater sodium 
retention in response to a low-sodium diet 
(57 mmol/d) than Caucasian girls, suggesting that 
sodium handling may contribute to underlying 
racial differences in susceptibility to developing 
HTN [ 62 ]. 

 Several investigators have also examined the 
relationship between salt sensitivity and ambula-
tory BP profi les in children and adolescents. 
Wilson et al. examined the relation between salt 
sensitivity and ambulatory BP dipping status [ 63 ]. A 
signifi cantly greater percentage of salt- sensitive 
adolescents were classifi ed as non- dippers 
according to mean BP ( < 10 % decrease in BP 
from awake to asleep) as compared to salt- 
resistant individuals. Harshfi eld et al. also dem-
onstrated that sodium intake is an important 
determinant of ambulatory BP profi les in African- 
American children and adolescents [ 64 ]. These 
fi ndings are consistent with those of de la Sierra 
et al. who demonstrated higher awake BP values 
in normotensive salt-sensitive than in salt- 
resistant adults [ 65 ]. 

 Rocchini et al. conducted a series of studies 
examining BP sensitivity to sodium intake in 
obese adolescents [ 66 ]. Obese adolescents showed 
greater decreases in casual BP after a shift from 
high to low sodium intake compared to nonobese 
adolescents. This BP sensitivity to the alteration of 
sodium intake was also positively correlated with 
plasma insulin concentration and with hyperinsu-
linemia [ 66 ]. Consequently, sodium retention may 
be a mechanism underlying the higher concentra-
tions of plasma insulin in obese adolescents. In 
another study by Lurbe et al. 85 obese and 88 non-
obese children (ages 3–19 years) participated in 
24-h ABPM and had their urinary sodium excre-
tion rates determined [ 67 ]. The interaction between 
sodium excretion and weight was negative, indi-
cating a smaller rate of change in BP by sodium 
unit for obese than for nonobese participants. 
However, obese participants experienced higher 
ambulatory BP levels associated with the same 
levels of sodium excretion than nonobese partici-
pants. In summary, these studies suggest that 

obesity may be associated with abnormal sodium 
regulation, in that obese youth are more likely to 
be sensitive to alterations in sodium intake than 
nonobese children. 

 Salt sensitivity has also been associated with 
non-dipping status in adults [ 33 ,  34 ]. The rela-
tionship between sodium intake and nocturnal 
BP has been studied by several investigators. Uzu 
et al. found that non-dipper nocturnal BP in salt- 
sensitive patients was normalized to a dipper pat-
tern (drop from awake to asleep) with sodium 
restriction [ 68 ]. Higashi et al. also demonstrated 
that nocturnal decline in mean BP was signifi -
cantly smaller in salt-sensitive patients with 
hypertension when compared to salt-resistant 
subjects with hypertension during a sodium- 
loading protocol [ 69 ]. 

 The mechanism by which sodium sensitivity 
alters nighttime BP likely involves the sympa-
thetic nervous system (SNS). SNS arousal has 
been associated with differential handling of 
sodium following a behavioral challenge (video 
games) among individuals who are identifi ed as 
retainers (those who show little excretion of 
sodium load in urine) [ 70 ]. In a biracial sample of 
normotensive children, Harshfi eld et al. demon-
strated a stronger relationship between sodium 
handling and casual BP in African-American ado-
lescents [ 64 ]. Harshfi eld et al. also showed that 
African-American adolescents had a stronger 
association between 24-h urinary sodium excre-
tion, casual BP, and BP during sleep, independent 
of the urinary potassium excretion, than Caucasian 
adolescents. For casual BP and nighttime ambula-
tory BP, the slope was positive and signifi cant for 
African-Americans, but no relationship was 
shown for Caucasian adolescents. The fi ndings 
reported by Harshfi eld and colleagues [ 64 ,  70 ], 
and other investigators [ 71 ], suggest an interactive 
role for the SNS in sodium retention which may, 
in part, explain blunted nocturnal decline in 
ambulatory BP profi les observed in salt-sensitive 
individuals. Additionally, sleep deprivation has 
been shown to lead to natriuresis and excess 
diuresis, as well as higher nighttime blood pres-
sure and heart rate in healthy children [ 72 ]. This 
indicates another potential pathway through 
which SNS arousal may impact BP.  
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    Dietary Potassium and Blood 
Pressure in Youth 

 Although the benefi cial effects of decreasing 
sodium intake on BP have been more strongly 
supported than the effects of increasing potas-
sium, there is also growing evidence of the posi-
tive infl uence of potassium on BP levels in youth. 
For example, in the review by Simons-Morton 
and Obarzanek [ 51 ], 12 observational studies 
examined the association of potassium intake and 
casual BP in children and adolescents. Nine of the 
observational studies used urinary measures of 
potassium excretion, and six of these studies con-
trolled for other factors such as weight. Two of 
these studies showed a signifi cant inverse rela-
tionship between potassium intake and casual BP, 
while three studies showed no relationship. One 
study showed an unexpected positive association 
between potassium intake and casual BP. Two 
studies that relied on self-report estimates of 
intake showed a signifi cant inverse relationship 
between potassium intake and systolic or diastolic 
BP, while two additional studies showed no rela-
tionship. Taken together, these studies provide 
support for a benefi cial effect of high potassium 
on casual BP levels in youth. However, as we have 
previously noted [ 36 ], the effects of potassium 
may be most pronounced among salt- sensitive 
individuals, such as among African-Americans, 
or those with a positive family history of HTN. 
These factors were not specifi cally addressed in 
Simons-Morton and Obarzanek’s review of the 
literature [ 51 ]. 

 Research examining the effects of potassium 
intake on CVR has been scarce. In general, these 
studies have been correlational and have shown 
benefi cial effects in only a subgroup of individu-
als. For example, Berenson and colleagues 
reported that African-American boys in the high-
est BP strata, who showed signifi cant increases in 
BP reactivity, had lower urinary potassium excre-
tion than Caucasians [ 73 ]. Among adult popula-
tions, Morgan et al. demonstrated in hypertensive 
patients that potassium supplementation 
(48 mmo1/24 h) prevented the increase in BP 
produced by postural changes [ 74 ]. 

 Few reports have characterized the relation-
ship between plasma potassium and ambulatory 
BP in adults. Goto et al. showed a signifi cant 
negative association between daytime plasma 
potassium concentration and 24-h systolic and 
diastolic BPs in patients with primary HTN [ 75 ]. 
Plasma potassium was also inversely correlated 
with daytime and nighttime systolic and diastolic 
BP levels. Interpreting the relationship between a 
plasma electrolyte such as potassium and BP is 
diffi cult, however, because there are many factors 
known to infl uence plasma potassium values 
[ 76 ], [ 77 ]. Although there are limitations of 
plasma potassium values, these results are con-
sistent with prior epidemiological studies, which 
have shown associations between potassium 
intake, potassium excretion, and BP levels [ 78 ].  

    Nutrition Interventions and Blood 
Pressure in Youth 

 A number of studies to date have examined the 
prevalence of consumption of high-potassium/
low-sodium foods (e.g., fruit and vegetable 
intake) among adolescent populations. In a report 
by Falkner and Michel [ 79 ], average sodium 
intakes of urban children and adolescents in 
Philadelphia well exceeded their nutritional 
needs, determined by 24-h dietary recall assess-
ments. These data are consistent with the 
Bogalusa Heart Study, a study that also assessed 
electrolyte intake among infants and children liv-
ing in a rural biracial community [ 80 ]. In another 
study by Pomeranz et al. increased BP levels 
were found among infants who received formula 
mixed with high-sodium tap water (196 mg/l) as 
compared to infants who received formula mixed 
with low-sodium mineral (32 mg/l) at 6 weeks of 
age [ 81 ]. One randomized controlled trial exam-
ining the impact of maternal calcium supplemen-
tation during pregnancy on infant blood pressure 
in West Africa found that calcium was unrelated 
to offspring blood pressure [ 82 ]. 

 Among older youth, Cullen et al. had 5,881 
adolescents and young adults (aged 14–21 years) 
complete a survey on Youth Risk Behavior [ 83 ]. 
Potassium intake related to fruit consumption 
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declined for males and females during the high 
school years. Consistent with this fi nding, 
Neumark-Sztainer et al. reported that among 
30,000 adolescents who completed the Minnesota 
Health Survey and who had inadequate potas-
sium intake, 28 % had inadequate fruit intake and 
36 % had inadequate vegetable intake [ 84 ]. 
Several investigators, including Berenson et al. 
[ 64 ,  85 ,  86 ], have also reported that African-
American  children and adolescents show lower 
urinary potassium excretion rates than same-age 
Caucasians. Thus, targeting adolescents and 
especially minority adolescents for dietary inter-
ventions that emphasize high-potassium/low- 
sodium food choices may be particularly needed 
during the adolescent stage of development, 
when emphasis on the importance of nutrition in 
youth seems to deteriorate. 

 Dietary electrolytes such as sodium, potas-
sium, and the ratio of sodium/potassium are 
important in BP regulation. A number of studies 
have examined the infl uence of altering electro-
lyte intake on BP responses in children and ado-
lescents. Table  15.1  provides a summary of the 
interventions in youth that have studied the 
effects of either reduced sodium intake, increased 
potassium intake, or the combination on BP 
responses. In general, the evidence is inconsis-
tent but suggests that reducing sodium intake and 
increasing potassium intake seem to be effective 
strategies. However, further research is needed to 
determine the long-term compliance of such 
interventions in youth.

   In a meta-analysis by He and MacGregor [ 39 ], 
10 trials were evaluated and it was shown that 
sodium reduction (ranging from 42 % to 54 %) in 
children demonstrated immediate decreases in 
BP. In a study by Miller et al. [ 87 ], the effects of 
sodium restriction for 12 weeks (60 mEq/24 h) 
were evaluated on BP responses in Caucasian 
youth ages 3–30 years. They found a decrease in 
diastolic BP after adjusting for age, sex, height, 
and weight; however, the magnitude of change 
was minimal (− 2 mmHg). Other investigators 
have also failed to demonstrate signifi cant 
decreases in casual BP in Caucasian children 
during sodium restriction ranging from 4 weeks 
to 1 year of age [ 88 ,  89 ]. 

 Researchers have demonstrated that sub-
groups of children and adolescents show greater 
decreases in BP responses to changes in sodium 
restriction. For example, Rocchini et al. demon-
strated that obese adolescents had signifi cantly 
greater decreases in mean BP than nonobese ado-
lescents when they went from a high-sodium diet 
to a low-sodium diet [ 90 ]. Other researchers have 
also demonstrated greater reductions to altera-
tions in sodium intake on casual BP responses in 
African-American children compared to 
Caucasian children [ 91 ]. 

 In their review paper, Simons-Morton and 
Obarzanek also identify 11 relevant intervention 
studies, eight of which used a randomized con-
trolled design that examined the effects of reduc-
ing sodium intake on casual BP in children and 
adolescents [ 51 ]. The studies ranged in size from 
10 to 191 participants (children and/or adoles-
cents). Duration of the interventions ranged from 
3 weeks to 3 years, with half lasting 3–4 weeks. 
Seven of 11 of the studies reported reduced sys-
tolic BP, diastolic BP, or both. However, only 
four of these studies reported statistically signifi -
cant effects. Effects were stronger for girls and 
for those with BMI less than 23 kg/m 2 . One study 
that evaluated the effects of increasing potassium 
was the    Dietary Intervention Study Children 
(DISC). Participants enrolled in this study had 
elevated low-density lipoprotein cholesterol. 
Assessments were done at baseline, 1 years, and 
3 years. Longitudinal analyses revealed signifi -
cant inverse associations between systolic BP 
and potassium, calcium, magnesium, protein, and 
fi ber and signifi cant inverse associations between 
diastolic BP and potassium, calcium, magne-
sium, protein, carbohydrates, and fi ber. Direct 
associations were also found between fat intake 
and both systolic and diastolic BP. Multivariate 
models showed calcium, fi ber, and fat to be the 
most important determinants of BP level in chil-
dren with elevated low-density lipoprotein 
cholesterol. 

 Sinaiko et al. tested the feasibility of years 
potassium supplementation or sodium reduction in 
preventing the rise in BP among adolescents [ 12 ]. 
Adolescents who were in the upper 15th percentile 
of BP distribution were randomly assigned to 
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potassium chloride supplementation (l mmol/kg 
potassium chloride/d), a low-sodium diet (70 mmol 
sodium/d), or a placebo (normal diet plus placebo 
capsule). The results demonstrated that both the 
potassium supplementation and sodium restriction 
interventions were effective in reducing the rise of 
casual BP in girls, but not in boys. Consequently, 
the feasibility of long-term restriction of dietary 
sodium in boys may be limited. 

 In a study by Couch et al. [ 49 ], the    Dietary 
Approaches to Stop Hypertension (DASH) diet 
[ 92 ] was compared to routine care in a biracial 
sample of youth. Youth who were randomized to 
receive the DASH diet (rich in fruits and vegeta-
bles, potassium, and magnesium and low in 
total fat) showed a signifi cantly greater decrease 
in systolic BP as compared to youth who were 
randomized to routine care. Those in the DASH 
diet group also showed signifi cant increases in 
fruit and vegetable intake, potassium, and mag-
nesium and signifi cant decreases in sodium 
intake and total fat as compared to the youth in 
the comparison group over the course of the 
12-week intervention. In another recent study, 
Günther and colleagues reported that youth with 
type 1 diabetes who demonstrated adherence to 
the DASH diet showed an inverse relationship 
with hypertension, independent of demographic, 
clinical, and behavioral characteristics  93 . Note, 
however, that in the Günther et al. study, adher-
ence to the DASH diet was not associated with 
such reductions in the risk of hypertension among 
youth with type 2 diabetes. Taken together, these 
studies suggest that the DASH diet may be a 
promising approach for improving cardiovascu-
lar risk factors such as elevated BP in some youth. 
Further research is needed to better determine the 
overall rate of compliance with the DASH diet 
relative to other approaches to reducing sodium 
intake and/or increasing potassium intake. 

 Some evidence indicates that dietary electro-
lyte intake plays an infl uential role in circulatory 
responses to stress. Falkner and colleagues have 
conducted a number of investigations evaluating 
how altering dietary sodium affects CVR [ 94 ]. 
One study evaluated 15 normotensive adolescent 
girls for 2 weeks, at rest and during mental arith-
metic exercises, and before and after adding 10 g 

of sodium to their diet. The girls with a positive 
family history of primary HTN showed an 
increase in resting baseline and stress BP levels. 
The girls with a negative family history did not. 
These fi ndings have been replicated in young 
adults [ 95 ]. However, for those with a positive 
family history of primary HTN, changes from 
baseline to stress were similar before and after 
salt loading. 

 Sorof et al. examined whether CVR was 
inversely related to the dietary intake of potas-
sium in 39 children [ 96 ]. At baseline, the 24-h 
urinary potassium/creatinine ratio varied 
inversely with diastolic CVR in Caucasian chil-
dren (who had a positive family history of HTN); 
however, CVR was not attenuated by potassium 
supplementation (1.5 mmol/kg/d of potassium 
citrate) compared to placebo. Urinary potassium/
creatinine ratio was higher in Caucasian children 
than in African-American children and dietary 
potassium- modulated CVR in Caucasian chil-
dren with a family history of HTN. 

 Consistent with this fi nding, we demonstrated 
no signifi cant change in BP reactivity in African- 
American adolescents who complied with a 
3-week high-potassium diet [ 36 ]. This study 
examined the effects of increasing dietary potas-
sium on BP non-dipping status in salt-sensitive 
and salt-resistant African-American adolescents. 
Urinary potassium excretion signifi cantly 
increased in the treatment group (35 ± 7–57 ± 
21 mmol/24 h). At baseline, a signifi cantly 
greater percentage of salt-sensitive (44 %) sub-
jects were non-dippers based on diastolic BP 
classifi cations ( p  < 0.04), compared to salt-resis-
tant (7 %) subjects. After the diet intervention, all 
of the salt-sensitive subjects in the high-potas-
sium group achieved a dipper BP status due to a 
drop in nocturnal diastolic BP (daytime 69 ± 5 vs. 
67 ± 5; nighttime 69 ± 5 vs. 57 ± 6 mmHg). These 
results suggest that a positive relationship 
between dietary potassium intake and BP modu-
lation can prevail, although daytime BP may be 
unchanged by a high- potassium diet. Our data are 
the fi rst to indicate that increasing dietary potas-
sium reversed non- dipping status in salt-sensitive 
subjects, while having no effect on daytime BP. 
These fi ndings in part corroborate other 
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investigations that have shown benefi cial effects 
of increasing potassium on BP responses in salt-
sensitive populations. 

 For example, Fujita and Ando demonstrated 
that salt-sensitive hypertensives who were given 
a potassium supplement (96 mmol/24 h) while on 
a high-sodium diet showed signifi cantly greater 
decreases in MBP after 3 days when compared to 
non-supplemented hypertensive patients [ 97 ]. 
Svetkey et al. demonstrated a signifi cant drop in 
both systolic and diastolic BP after 8 weeks of 
potassium supplementation (64 mmol/24 h vs. 
placebo) among mildly hypertensive patients 
[ 98 ]. Similarly, a 2-year randomized intervention 
in China found that systolic and diastolic BP 
decreased on average by 5.9 and 2.8 mmHg, 
respectively, in an experimental group that used a 
potassium- and calcium-infused salt substitute. 
In a comparison group which restricted sodium 
intake, systolic and diastolic BP were reduced by 
5.8 and 1.0 mmHg, respectively, indicating that 
use of the salt substitute was as effective at reduc-
ing BP as sodium restriction [ 57 ]. 

 A number of reviews on the infl uence of potas-
sium on BP responses have also shown positive 
inverse associations between high potassium intake 
and BP responses in primarily adult populations 
[ 13 ,  78 ,  99 ]. The mechanisms underlying BP non-
dipping status are unknown. One potential mecha-
nism by which potassium may alter nighttime BP 
may involve potassium-related natriuresis [ 100 , 
 101 ]. Restricting potassium intake leads to sodium 
retention; potassium supplementation results in 
natriuresis. Some investigators suggest that the 
effect of potassium on urinary sodium excretion, 
plasma volume, and mean arterial pressure could 
be evidence of a potassium-mediated vasodilatory 
effect on BP [ 78 ]. If non-dippers are characterized 
by excess SNS activity and increased peripheral 
resistance during sleep, this potassium-mediated 
vasodilatory effect could explain the reversal of 
non- dipping status in our prior study [ 36 ]. Other 
studies that support this hypothesis show that intra-
brachial arterial infusions of potassium chloride 
increase forearm blood fl ow and decrease forearm 
vascular resistance in healthy adults [ 102 ,  103 ]. 
Potassium supplementation given in combination 
with a high-sodium diet also suppresses the 

increase in catecholamine responses typically seen 
in response to salt loading [ 104 ]. Previous studies 
have shown that total peripheral resistance and nor-
epinephrine responses to stress are greater in off-
spring of hypertensives than in normotensives 
[ 105 ]. Several adult studies have also confi rmed 
that SNS activation occurs in individuals with ele-
vated nighttime BP [ 106 ]. In summary, these data 
support the hypothesis that the SNS may have a 
controlling infl uence on non-dipping BP status.  

    Nutrition and Dietary Compliance 
in Youth 

 Several lines of evidence suggest that targeting 
families may be important for promoting healthy 
dietary compliance in children and adolescents. 
Previous research has demonstrated moderate 
aggregation of dietary variables among adolescents 
and their parents [ 107 ]. Furthermore, because fam-
ilies share a genetic predisposition to health risk 
factors, family involvement may be important in 
motivating adolescents to improve their long-term 
eating habits. Parents and peers may serve as role 
models for adolescents by consuming foods that 
are healthy and by reinforcing dietary knowledge 
and behaviors learned in schools [ 108 ]. 

 Social support from family members may be 
one way that parental involvement infl uence 
compliance with dietary interventions. Parents 
may encourage adolescents to adopt healthy 
dietary behaviors, which in turn may decrease the 
risk for cardiovascular disease and chronic ill-
ness. Wilson and Ampey-Thornhill examined the 
relationship between gender, dietary social sup-
port (emotional), and compliance to a low- 
sodium diet [ 109 ]. Healthy African-American 
adolescents ( N =  184) participated in an intensive 
5-day low-sodium diet (50 mEq/2 h) as part of an 
HTN prevention program. Girls who were 
 compliant (urinary sodium excretion [UnaV] < 
50 mEq/24 h) reported higher levels of dietary 
support from family members than boys who 
were compliant (UnaV < 50 mEq/24 h). In con-
trast, boys who were compliant reported lower 
levels of dietary support from family members 
than boys who were noncompliant. 

D.K. Wilson and S.M. Coulon
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 In a study by Nader et al. [ 110 ], Caucasian, 
African-American, and Mexican-American fami-
lies were randomly assigned to a 3-months low- 
sodium, low-fat dietary program or to a 
no-treatment group. The treatment group showed 
a greater increase in social support specifi c to diet 
than the no-treatment group. In summary, these 
studies provide evidence that familial support 
may be important for increasing adolescents’ 
compliance with healthy dietary programs that 
could ultimately decrease the risk of HTN and 
cardiovascular complications. 

 Another way that parents, teachers, and peers 
may infl uence adolescents’ compliance with 
healthy eating habits is through role modeling. 
Cohen, Felix, and Brownell randomly assigned 
adolescents to either peer-led or parent-led pro-
motions of a low-sodium, low-fat dietary inter-
vention [ 111 ]. At the end of the intervention, 
both groups showed equal effectiveness in chang-
ing nutritional habits. The peer-led intervention, 
however, was more effective in reducing BP. 

 Previous research also suggests that the incor-
poration of behavioral skills training and devel-
opmentally appropriate dietary interventions may 
be most effective in promoting long-term changes 
in sodium and/or potassium intake (e.g., increased 
fruit and vegetable intake). For example, in a 
study conducted by Gortmaker et al., 1,295 sixth- 
and seventh-grade students from public schools 
in Massachusetts participated in a school-based 
intervention over 2 years to reduce the prevalence 
of obesity [ 112 ]. The intervention was based on 
social cognitive theory (SCT) and behavioral 
choice theory. Treatment sessions were incorpo-
rated into the existing curricula, used classroom 
teachers, and included the students increasing 
their fruit and vegetable intake. Schools across 
four study sites were randomized to either the 
SCT treatment that focused on behavioral skills 
or a control condition. After 3 years, these inter-
vention schoolchildren exhibited signifi cant 
changes in improved knowledge, intentions, self- 
effi cacy, dietary behavior, and perceived social 
reinforcement for healthy food choices. 

 Some studies have provided insight into the 
importance of targeting eating patterns for 
improving food choices related to 

high- potassium/low-sodium foods such as fruit 
and vegetable intake [ 113 ]. In 943 third to fi fth 
graders, fruit juices accounted for 6.1 % of the 
total food selections for boys and 6.6 % for girls. 
Vegetables accounted for 15.7 % of total selec-
tion for boys and 16.2 % for girls. Fruit was more 
likely consumed for snacks than for meals, and 
vegetables were eaten at the same rate for snacks, 
at lunch, and at supper. Consequently targeting 
an increase in fresh fruits and vegetables in all 
meals may be one effective approach to improv-
ing electrolyte intake in children. 

 Several studies have demonstrated sex differ-
ences in compliance to sodium restriction and 
dietary potassium supplementation. Sinaiko et al. 
reported urinary electrolyte excretion data over 
the course of a 3-year intervention in fi fth through 
eighth graders [ 12 ]. Boys were less likely to com-
ply with a sodium restriction of 70 mmol/d than 
girls. Subsequently, BP effects were only signifi -
cant for girls. In a study by Wilson et al. [ 114 ], 
boys were more likely than girls to comply with a 
3-week dietary intervention of increasing potas-
sium to 80 mmol/d intake. These studies suggest 
that boys, in particular, may be more likely to 
comply with high-potassium diets that emphasize 
adding foods to the diet, compared to low-sodium 
diets that focus on eliminating foods from the 
diet. Further research is needed to more fully 
explore the long-term effectiveness of dietary 
electrolyte interventions in boys versus girls and 
among youth in general.  

    Conclusions and Implications 
for Future Research 

 In summary, the profi le of elevated cardiovascu-
lar risk includes BP parameters such as high 
casual BP, elevated CVR, and    ambulatory BP 
non-dipping status. While much of the research 
to date has focused on adult populations, national 
efforts are continuing to move in the direction of 
prevention at the childhood level [ 16 ]. 

 Reducing sodium and increasing potassium 
intake effective approaches for reducing the risk 
and development of HTN, yet much work remains 
to be done among children and adolescent 
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populations. Research by our group suggests that 
compliance to high- potassium dietary interven-
tions may be easier than low-sodium diets. This 
chapter provides the basis for promoting effec-
tive nutritional-electrolyte- focused interventions. 
However, other important factors must be consid-
ered, including those related to obesity and sed-
entary lifestyles. Minority populations, 
African-Americans, are at high risk for develop-
ing HTN in early adulthood, and efforts should 
focus on preventing HTN in these communities. 
Continued efforts will be needed to assure pre-
vention of obesity in underserved and minority 
youth. Abnormal SNS activity may be linked to 
the elevated BP parameters reviewed in this 
chapter. The role of dietary intake on BP markers 
suggests that further attention should be paid to 
promoting positive dietary lifestyle skills in 
youth. Promoting healthy diets that target 
decreasing sodium and increasing potassium may 
help to decrease SNS activation. The precise 
physiological mechanisms that underlie the 
observations reported in this chapter should be 
another focus of future investigations.     
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        Introduction 

 Blood pressure (BP) differences between various 
ethnic groups are well described in the adult 
population [ 1 ]. Large, cross-sectional studies 
have demonstrated that, per capita, minority 
ethnic groups have both a higher prevalence of 
hypertension (HTN) and more signifi cant end-
organ damage and outcomes [ 2 ,  3 ]. Although a 

growing body of evidence indicates that differ-
ences in blood pressure parameters appear during 
adolescence [ 4 – 6 ], the cause of these differences 
and when they develop in childhood is yet to be 
fully determined.  

    Adults 

 Worldwide, Blacks not only have the highest 
prevalence of hypertension but also have more 
severe HTN, more hypertensive target organ 
damage, and perhaps an earlier onset of HTN. 
These fi ndings are certainly true of Blacks in the 
United States. The National Health and Nutrition 
Examination Survey (NHANES) has consistently 
demonstrated that non-Hispanic Blacks in the 
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United States have a higher prevalence of essential 
hypertension, particularly severe hypertension 
(>180/100 mmHg) which is over eight times 
more prevalent in Blacks than in other ethnic 
groups [ 2 ]. The American Heart Association 
2009 report notes that Blacks in America continue 
to be at increasing risk for essential hypertension 
[ 7 ]. Worse, the CDC continues to dispense a poor 
report card on the control of hypertension in the 
United States, with fewer than half of patients 
adequately treated to target blood pressures [ 8 ]. 
Although poorly controlled HTN is rampant 
across all segments of society, the most recent 
MMWR reports that Blacks (57.0 %) and 
Hispanics (63.1 %) are signifi cantly more likely 
to have uncontrolled HTN than their White 
(51.5 %) counterparts ( p  < 0.001).  

    Do Racial Differences in Blood 
Pressure Begin in Children 

 Though agreed upon as established in adults, the 
emergence of ethnic differences in blood pressure 
during childhood is more controversial. None of 
the pediatric guidelines, including the 2004 
National High Blood Pressure Education 
Program’s Fourth Report, offer separate normative 
values for children of varying ethnic backgrounds 
[ 9 ]. Though height, age, and gender all are 
accounted for in the determination of pediatric 
normative BP values, ethnicity is not included. 

 Rosner and colleagues have analyzed the 
Pediatric Task Force data used to generate the 
pediatric normative BP values on several occa-
sions to assess whether ethnicity is a factor infl u-
encing BP [ 10 ]. Their initial analysis [ 7 ] included 
47,196 children aged 5–17, including 29,730 
White and 17,466 Black subjects. The only racial 
differences found were elevated BP in obese 
White males versus obese Black males and nor-
mal weight Black males versus normal weight 
White males. The authors concluded that due to 
the substantial height and weight variations 
between racial groups, body size rather than race 
was the primary factor underlying observed BP 
differences. They determined at that time that 
separate norms by ethnicity were unwarranted. 

 In 2009, Rosner’s group reanalyzed a larger 
dataset from the Pediatric Task Force, adding both 
children under age 5 years and Hispanics to the 
dataset. The resulting analysis included BP data 
from 58,698 children 1–17 years old [ 6 ]. This sec-
ondary analysis concluded that while BMI did 
strongly infl uence BP, there are defi nite racial dif-
ferences in BP that could not be fully explained by 
anthropometrics alone. These effects included 
particularly high BP in Hispanic boys of all sizes. 

 Even before these analyses of the Pediatric Task 
Force data, Daniels in 1996 showed signifi cant dif-
ferences in BP between 9- and 10-year- old Black 
girls compared to Whites [ 11 ]. The NHLBI Growth 
and Health Study (NGHS) evaluated 1,213 Black 
and 1,166 White girls and found the Black girls had 
higher BP (102/58 vs. 100/56). Interestingly, though 
matched for age, the differences in blood pressure 
were found to be related to sexual maturity, which 
began earlier in the Black girls [ 4 ]. In a subsequent 
analysis, this same cohort was followed through age 
14 with annual measurements of height, weight, BP, 
and sexual maturity rating. The average BP in the 
Black girls remained ~2 mmHg higher than their 
White counterparts (See Fig.  16.1 ) [ 4 ]. Although 
race was found to be a signifi cant predictor of 
increased BP, additional signifi cant factors included 
age, sexual maturation, height, and BMI. At all 
stages of sexual development, Black girls demon-
strated higher BP.

   Muntner used cross-sectional third National 
Health and Nutrition Examination Survey 
(NHANES III) data, gathered between 1988–
1994 and 1999–2000, to assess trends in BP 
among US children and teens aged 8–17 years 
[ 12 ]. He reports that in 1999–2000, non-Hispanic 
Black youth had higher SBP than non-Hispanic 
White youth. The differences were more pro-
nounced between ethnically diverse boys 
(2.9 mmHg) than for girls (1.6 mmHg). 

 Munter’s analysis is not the only study that sug-
gests that ethnic differences in BP might differ 
between boys and girls. In the United Kingdom, 
Harding and colleagues followed a multiethnic 
population of 6,643 teens in the Determinants of 
Adolescent Social Well-Being and Health (DASH) 
study [ 13 ,  14 ]. Although children self-reporting as 
of Black African origin (distinguished in their 
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cohort from Black Caribbean subjects) were more 
overweight and more socioeconomically disad-
vantaged, Harding reports no initial difference in 
BP in early adolescence[ 14 ]. At age 12, systolic 
BP did not differ by ethnicity for either boys or 
girls. Subsequent longitudinal assessment of the 
cohort through age 16 revealed emergence of SBP 
differences in boys [ 15 ]. The increase in BP was 
more pronounced in Black African boys compared 
to Whites, resulting in 2.9 mmHg greater systolic 
pressures. In the girls, however, ethnic differences 
in BP did not develop despite the increasing BP in 
Black girls and relatively fl at BP trends in the 
White girls. Diastolic pressure differences were 
even more pronounced, particularly in the boys. 
Although the DBP increased over time in White 
boys (65.5–67.0 mmHg), the increase was even 
greater among Black boys (65.3–68.3 mmHg, 
 p  < 0.05 compared to White subjects). 

 As a small minority group in the United States 
compared to Blacks and Hispanics, Asian chil-
dren are often underrepresented in studies of 
childhood blood pressure. Few studies have spe-
cifi cally compared blood pressures between 
Asian children and children of other ethnicities. 
One study from 1986 found Asian girls to have 

elevated SBP and boys elevated DBP compared 
to other children [ 16 ]. Most studies including 
Asian children have found either no signifi cant 
differences in BP in Asian children compared to 
White counterparts or have found a lower risk of 
HTN compared to other ethnic groups. 

 Houston-based blood pressure screening has 
been ongoing since 1978. Early cohorts were 
included in the Pediatric Task Force data [ 17 ]. 
More recently school-based screening studies 
have continued to gather information on blood 
pressure and now include over 20,000 children 
aged 10–19 years. Overall prevalence of HTN in 
these children is 1.6 % in Asians, 2.5 % in Whites, 
2.7 % in Blacks, and 3.1 % in Hispanics. Absolute 
systolic blood pressure, as measured by BP 
index, is signifi cantly higher in Hispanics than in 
all other ethnic groups.  

    Hispanics and Ethnic Differences 
in BP 

 Most discussions of racial or ethnic differences in 
blood pressure have focused on non-Hispanic 
Blacks and Whites. Although a historically 

  Fig. 16.1    Mean systolic blood pressure (mmHg) by age, sexual maturation stage, and race (From Daniels (1998) 
Hypertension 31:101 [ 4 ] with permission)       
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underrepresented group in epidemiologic studies, 
Hispanics accounted for 56 % of population 
growth in the United States between 2000 and 
2010. In 2011, Hispanics in the United States 
were a median of only 27.6 years old compared 
to 42.3 years in non-Hispanic Whites [ 18 ]. 
Because Hispanic-Americans are substantially 
younger than other racial and ethnic groups, adult 
surveys often underestimate the burden of hyper-
tension in Hispanics, who as a population have 
yet to reach the typical older age of HTN onset. 
Recent NHANES adult data show Black males to 
have the highest prevalence of HTN at 37.8 %, 
while Hispanics and Whites have similar rates of 
22.1 % and 26 %, respectively. Additionally, 
HTN prevalence has increased from 1998 to 2008 
in adults for all racial groups except for Hispanics 
[ 2 ,  19 ]. Despite similar rates of HTN, effective 
control of HTN in Hispanics, particularly young 
Hispanics, is often the lowest out of all ethnic 
groups. Recent national studies have shown that 
Hispanics aged 20–39 have the lowest knowledge 
of, therapy for, and control of their HTN [ 2 ,  20 ]. 
Due to the emerging demographic of younger age 
in the Hispanic population, it is only through the 
examination of children and young adults that the 
true prevalence of HTN in Hispanics can be 
uncovered. These analyses will provide insight 
into the forthcoming HTN trends in America as 
this population ages. 

 Earlier studies such as one by Barón in 1986 
showed that Mexican-Americans had compara-
ble BP to both Blacks and Whites despite Black 
females being signifi cantly heavier than other 
groups [ 21 ]. With the rising proportion of 
Hispanics in the young population, recent studies 
in children have shown that Hispanic youths have 
an increased prevalence of HTN compared to 
non-Hispanic White youths that differs by gender 
and is strongly tied to obesity. National surveys 
of 8–17-year-olds from 1963 to 2002 have con-
cluded that an ethnic gap in high BP appeared in 
1999 where both non-Hispanic Blacks and 
Mexican-Americans had the highest prevalence 
of HTN compared to non-Hispanic Whites [ 22 ]. 
In 2006, Jago and colleagues showed that both 
Blacks and Hispanics had increased rates of ele-
vated BP. Among boys, the highest rate of 

elevated BP was seen in Blacks, while Hispanic 
girls had higher rates of elevated BP compared to 
both Blacks and Whites, after controlling for 
other covariates [ 23 ]. The largest, most nation-
ally representative study of BP in children did 
fi nd signifi cantly higher prevalence of elevated 
SBP and DBP in normal and overweight Hispanic 
compared to White boys. Any differences of BP 
by race in girls were explained fully by BMI [ 6 ]. 

 Our data from the UT-Houston screening pro-
gram over the last 12 years has shown the highest 
rate of HTN among adolescent, obese, Hispanic 
boys at 10.5 % [ 24 ]. This trend is consistent with 
our concurrent fi nding that Hispanic boys of all 
ages have the highest rate of obesity at 27.8 % 
compared to either Black (20.2 %) or White boys 
(16.2 %). These higher rates of obesity might 
largely explain the emerging trend of increased 
HTN in Hispanics. 

 Houston is not the only locality to demon-
strate the increasing burden of obesity on 
Hispanic youth. National surveys performed in 
children during 2008 have shown that the largest 
increase of obesity was in Mexican-American 
boys to 26.8 % obese and in non-Hispanic Black 
girls to 29.2 % [ 25 ,  26 ].A more recent analysis 
from 2012 has shown that, unfortunately, Black 
boys have now “caught up” and have even over-
taken Hispanic boys in obesity rates (21.2 % 
Hispanic vs. 24.3 % non-Hispanic Black) [ 27 ]. 
Both of these groups have signifi cantly higher 
proportion of obesity compared to Whites 
(14.0 %). Although the link between childhood 
obesity and elevated blood pressure is clear [ 28 – 31 ], 
other factors may also play a role in the develop-
ment of early HTN.  

    Origins of Ethnic and Racial 
Differences 

 As in adults, the predominant diagnosis in teens 
with elevated blood pressure is essential hyper-
tension. While deemed essential hypertension, 
there are several social and physiological factors 
that likely infl uence the severity and unequal 
racial distribution of high blood pressure such as 
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obesity, socioeconomic level, geographic loca-
tion, and genetic traits. 

 Certainly there are socioeconomic differences 
between ethnicities in the United States which 
might confound the relationship between blood 
pressure and race/ethnicity. Since minorities are 
more likely to have many indices of lower socio-
economic status (SES), some of the apparent 
association between BP and ethnicity might 
instead be explained by SES. The US Department 
of Health and Human Services reported that from 
1988 to 1994 the prevalence of HTN was 
26–27 % for poor or near poor men while only 
22 % in men from more affl uent background [ 7 ]. 
People at lower SES are more likely to have 
unhealthy diets and less likely to possess 
advanced education or be able to afford access to 
preventative health care. 

 Obesity in the United States is related to both 
SES and geographic location. Over half of the 
Black population in the United States resides in 
the southeastern states [ 7 ,  32 ]. Local differences 
in diet and lifestyle in these 13 southern states 
may explain some of the BP differences between 
Blacks and Whites. Kiefe found that both Blacks 
and Whites from Birmingham had a much higher 
incidence of HTN than those from Chicago or 
Oakland, although within Birmingham, Blacks 
continued to have higher BP than Whites [ 33 ]. 
McGrath looked at individual and neighborhood 
race and SES effects on ambulatory BP to show 
that race only explains higher DBP in Black ver-
sus White adolescents, while SBP was explained 
by neighborhood SES [ 34 ]. Conversely, higher 
sleep BP values are not seen just in African- 
Americans but also in recent African immigrants 
suggesting a biological, not societal, factor infl u-
encing elevated nocturnal BP in Blacks [ 35 ]. 

 Diet is another important factor in blood 
 pressure regulation that varies across both SES 
and ethnic groups. The Treatment of Mild 
Hypertension Study (TOMHS) [ 36 ] assessed 
baseline dietary sodium intake by measuring uri-
nary excretion of Na +  and Na + :K +  ratio. The study 
reported that discrepant levels between Blacks 
and Whites correlated with differences in SES 
[ 37 ]. Specifi cally, higher urinary Na excretion 
was found in Blacks at lower SES and education, 

but not Whites [ 38 ]. Prather et al. further demon-
strated the importance of diet by showing that 
after randomization to a DASH diet, Blacks had 
signifi cantly increased nocturnal SBP dipping 
compared to those on a control diet. While Blacks 
had severely diminished SBP dipping at baseline 
compared to Whites, no ethnic differences in 
SBP dipping were found following the DASH 
diet intervention [ 39 ]. Using a transition from 
low-salt to high-salt diet in Black adolescents, 
Wilson showed signifi cantly less BP dipping in 
subjects who were sensitive to salt. Fifty percent 
of the salt-sensitive subjects were non- dippers 
(<10 % decrease in wake to sleep BP) compared 
to only 5.4 % of the salt-resistant subjects for dia-
stolic BP and 18.9 % of the salt- resistant subjects 
for mean BP [ 40 ]. 

 Another theory regarding difference in adoles-
cent and adult blood pressures relates to birth 
weight and early postnatal growth. Low birth 
weight for gestational age has been associated 
with eventual higher blood pressure in several 
studies. Huxley performed a systematic review 
and meta-analysis of the role of low birth weight 
and eventual adult HTN and showed that adult 
blood pressure fell with increasing birth weight; 
the size of the effect was approximately 2 mmHg/
kg [ 41 ]. Additionally, subjects with the highest 
blood pressure were those with the highest 
“catch-up” growth or those subjects of low birth 
weight but high rates of subsequent growth. 
Lending weight to that theory, Cruickshank eval-
uated this hypothesis using a subset of data from 
the Bogalusa Heart Study [ 42 ]. In a carefully 
controlled analysis of 148 children, they found 
that birth weights were a mean of 443 and 282 g 
lower among Black boys and girls, respectively, 
than their White counterparts. Despite their 
smaller start, Black children had greater early 
postnatal growth. By age 4–5, the weights and 
heights of the boys were equal, but Black girls 
had actually overtaken the White girls in both 
weight and height. By their teen years, the White 
boys were both taller and heavier than the Black 
boys, yet despite their smaller size, the Black 
boys had BP that was 3.4/2 mmHg higher. At 
least in that analysis, differences in adolescent 
BP were mostly explained by the initial smaller 
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weights of the minority infants and further 
explained by their more rapid early postnatal 
growth that surpassed that of White babies. These 
early size differences between races were more 
important in predicting adolescent BP than con-
current stature. Confl icting longitudinal data 
from Falkner failed to demonstrate a convincing 
relationship between low birth weight and ado-
lescent BP [ 43 ]. 

 Much effort has gone into establishing the 
mechanism of essential hypertension. One mecha-
nism seems to involve a pathologic response to 
physiological stress. Early studies revealed that 
while both Black and White subjects demonstrated 
an increased sodium excretion in response to com-
petitive mental stressors, natriuresis was blunted in 
Black subjects [ 44 ]. This altered response results 
in a pronounced stress-induced sodium retention. 

 More recently, Harshfi eld has confi rmed the 
marked reduction in this response in Black teens 
compared to White subjects [ 45 ,  46 ]. When 118 
Black youth were physiologically challenged, they 
had a greater increase in BP and a more delayed 
return of BP to pre-stress levels. The blunted 
excretion of sodium and resultant BP elevations 
might explain not only Black patients’ improved 
responses to diuretics but also some of the increase 
in BP loads experienced by Blacks when assessed 
with 24-h ambulatory blood pressure monitoring.  

    Ambulatory Blood Pressure 
Monitoring 

 Ambulatory blood pressure monitoring (ABPM) 
has been proven to be a more precise measure of 
BP than casual measures. ABPM can detect 
masked or white-coat hypertension and corre-
lates more strongly to evidence of target organ 
damage than clinical BP measurements [ 47 – 51 ]. 
Moreover, ABPM is an essential, cost-effective 
tool in the evaluation of diurnal variations in BP 
and has been recommended as an adjuvant to 
diagnosis of hypertension in selected pediatric 
populations [ 9 ,  52 ]. There is emerging evidence 
that, like other measurements of BP, ambulatory 
BP patterns differ between ethnicities. A meta- 
analysis in adults has shown elevated ambulatory 

SBP and DBP during both days and nights in 
Blacks compared to Whites [ 53 ]. 

 Most studies in children have also found 
 evidence that ABP varies by race. A particularly 
common fi nding is reduced dipping, a blunted 
nocturnal decline in BP from wake to sleep, in 
Blacks compared to Whites. One of the earliest 
studies by Harshfi eld examined Black and White 
children from Memphis, TN, and Augusta, GA, 
and found that Black children had reduced noc-
turnal decline in both SBP and DBP that remained 
signifi cant after controlling for height [ 54 ]. 
Although age was not a signifi cant factor in mul-
tivariate analysis, the Black children were slightly 
older in the Memphis population, which could 
account for higher mean BPs but should not have 
affected the dipping profi les. In an extension 
study of the same cohort from Augusta, whose 
ages were comparable between races, follow-up 
ABPM showed that ABP values were consistent 
during a 2-year follow-up. Nocturnal decline in 
SBP was blunted for Blacks compared to Whites 
at the follow-up visits. Specifi cally, nocturnal 
decline was <10 mmHg on both occasions in 
32 % of Blacks compared with only 14 % of 
Whites [ 55 ]. 

 Belsha examined 54 normotensive subjects 
and 45 untreated, mildly hypertensive subjects 
aged 6–17 years. This study found nocturnal SBP 
fall to be reduced in Blacks compared to Whites 
[ 56 ]. In a study that spanned childhood through 
young adulthood, Wang measured a 24-h ABP up 
to 12 times per subject over a 15-year period in 
312 Blacks and 351 Whites aged 7–30 years old. 
BP increased with age for all races, but Black 
subjects had consistently higher daytime SBP 
and DBP at all ages. For nocturnal SBP and DBP, 
the difference between Black and White means 
began to increasingly widen after the age of 10. 
While family history of hypertension explained 
much of the racial differences in daytime SBP, it 
did not explain why Blacks had overwhelmingly 
higher average SBP and DBP at night compared 
to Whites [ 5 ]. 

 Age and body size are perpetual confounders 
in the fi eld of pediatric hypertension. While 
older, taller, and heavier children have higher BP, 
height and weight patterns distribute unevenly 
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across racial groups and genders. One of the fi rst 
studies showing racial BP variations by Harshfi eld 
in 1989 showed increased daytime SBP in both 
male and female Blacks and increased nocturnal 
SBP and DBP in Black males. Mean nocturnal 
SBP was 105 mmHg for White girls and 
105 mmHg for Black girls but signifi cantly 
higher for Black boys at 112 mmHg compared to 
106 mmHg for White boys. Though concerning, 
these results are confounded by age since the 
Black population in this study was signifi cantly 
older than the White population [ 57 ]. 

 In addition to differences in body size, ethnic 
groups demonstrate unequal maturation as 
assessed by bone age. Russell reported skeletal 
maturation to be more advanced in Blacks com-
pared to Whites [ 58 ]. These Black children were 
also more obese compared to White children. 
Pludowski performed a similar analysis of bone 
age in hypertensive children and BMI matched 
controls. Hypertensive children had signifi cantly 
advanced bone age compared to chronologic age 
[ 59 ]. These differences between bone age and 
chronologic age were more pronounced with 
increasing blood pressure stages. 

 Aguilar studied ABPM results in 43 clinically 
normotensive, obese children aged 7–17 years 
and showed that multiple ABP measures corre-
lated to BMI z-score but not to race [ 60 ]. 
Although this study showed no signifi cant ethnic 
differences, it is likely that with only 43 subjects, 
this study was underpowered to detect a racial 
difference. Kapuku noted differences in 24-h, 
day, and night SBP while also showing height, 
weight, and BSA differences in race as well. 
While their fi nal analysis controlled for body size 
and BP effects on cardiac outcomes, it is not 
known whether the racial differences in body size 
fully account for the SBP differences [ 61 ]. Li did 
repeated ABPMs up to 12 times on Black and 
White Americans starting at 14 years old. Boys 
had steeper increases in BP with age compared to 
girls and Blacks had higher blood pressure vari-
ability than Whites. BMI and waist circumfer-
ence were related both to blood pressure 
variability and to race. These factors confound 
the apparent association such that after control-
ling for either BMI or waist circumference, race 

was no longer a signifi cant predictor of BP vari-
ability [ 26 ]. 

 It is important to note that most of these studies 
of ABP in children compare actual SBP and DBP 
mmHg without standardizing or classifying hyper-
tensive status. Current ABP normative thresholds 
are based on a cohort of exclusively White, 
European children that did not include any ethnic 
variation [ 62 ,  63 ]. Despite the ethnic and racial dif-
ferences in BP and target organ damages described 
in this chapter, minority children were completely 
unrepresented in establishing ABP normative 
thresholds. ABP values in varied racial groups are 
thus presently unknown and the application of cur-
rent normative thresholds to a multiethnic setting is 
likely faulty. An alternative method, used by Brady, 
was to employ clinical BP thresholds from the 2004 
National High Blood Pressure Education Program’s 
Fourth Report (FR) to standardize ABP values col-
lected in a multiethnic population [ 9 ,  64 ]. Brady 
controlled for gender, age, and height by dividing 
ABP means by FR 95 % percentile values and 
found elevated daytime values in Blacks for both 
SBP and DBP as well as elevated 24-h systolic 
loads. While the use of FR normative data is most 
appropriate for daytime value comparison, their use 
could provide some ability to standardize samples 
that vary by gender, age, and height. The true values 
that should be applied in the assessment of ABP 
thresholds are the levels that predict hypertensive 
target organ damage. Though these exact thresholds 
are unknown, it is clear that children with HTN 
based on current thresholds do develop target organ 
damage [ 65 ].  

    Ethnic Differences in BP-Related 
Target Organ Damage in Children 

 While it is well known that Black adults in the 
United States have the most severe hypertension, 
target organ damage (EOD), and cardiovascular 
events [ 2 ], data on the effect of hypertension on 
target organ damage are less clear in minority 
children. There is some data suggesting that 
childhood hypertension is in fact related to pre-
mature death, at least in some ethnic populations 
such as Native Americans [ 66 ]. The most 
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common EOD found in children with HTN is left 
ventricular hypertrophy (LVH) [ 9 ,  65 ,  67 – 69 ]. 

 Twenty-fi ve years ago, Burke showed an asso-
ciation between systolic blood pressure, body 
surface area, and left ventricular size among sub-
jects 7–22 years old. The study did not uncover 
racial differences in cardiac anatomy [ 70 ]. 
Schieken followed twin adolescents and assessed 
LV mass, BP, height, and weight at fi ve visits 
from ages 11 to 17 years. Not only did Black 
boys have a greater LV mass at their initial visit, 
but the positive correlations between LV mass 
and weight, SBP, and heart rate were amplifi ed in 
Blacks compared to Whites [ 71 ]. In a study 
showing that lean body mass, fat mass, and BP all 
affect left ventricular mass, Daniels found sig-
nifi cant race and gender interactions. While lean 
body mass was the most important factor contrib-
uting to LV mass, DBP was associated with LV 
mass in Whites but not Blacks[ 72 ]. Dekkers stud-
ied 687 subjects between ages 7 and 27 with up to 
10 repeated echocardiograms [ 73 ]. After control-
ling for differences in stature, the study reported 
that boys and Blacks had higher LV mass than 
girls and Whites, respectively, and that these dif-
ferences appeared by early adolescence. 

 Other studies too have demonstrated both ethnic 
and gender differences in LV mass indexed to height 
2.7 (in order to standardize LV mass based on body 
size). Harshfi eld showed that the higher nocturnal 
SBP in Black adolescents was also associated with 
greater LV mass index on two separate visits [ 55 ]. 
Kapuku et al. employed a multi-visit, longitudinal 
study to specifi cally assess the ability of baseline 
ABPM and cardiac measures to predict future car-
diovascular modeling in normotensive children 
aged 1–19 years with known family history of car-
diovascular disease [ 61 ]. This study found that 
Black youths had higher baseline LVM index, rest-
ing SBP, and relative wall thickness that could be 
related to fi ndings at subsequent visits of increased 
BP, left ventricular mass, and lower mid-wall frac-
tional shortening in Blacks compared to Whites. 
Recently, Falkner and colleagues have shown in a 
cohort of Black adolescents that both obesity and 
HTN are signifi cantly associated with increased left 
ventricular mass index [ 74 ,  75 ]. In a study of 45 
Black and 139 non-Black children, Brady found no 

difference in blood pressures but increased obesity 
and LVH rates in Black children under age 13 com-
pared to non-Blacks. In children over age 13, BP 
differences were found between the two races, 
though obesity and LVH rates were similar. This 
result suggests that obesity, and not race or BP ele-
vation, could play a bigger role in the development 
of LVH [ 64 ]. Though LVH is thought to be a pre-
cursor to more signifi cant cardiovascular events, 
treatment to control BP in hypertensive children has 
been shown to regress LV mass [ 76 ].  

    Response to Therapy 

 Data exist primarily in adults which indicate that 
some ethnic groups, Blacks primarily, might 
demonstrate unique responses to antihyperten-
sive therapy compared to Whites [ 77 ,  78 ]. Recent 
major public health efforts have resulted in a sig-
nifi cant increase in the proportion of hyperten-
sive patients who are aware of their diagnosis and 
who are prescribed therapy [ 1 – 3 ]. Despite these 
efforts, Blacks and Hispanics still fall far behind 
Whites in control of BP to adequate targets [ 8 ]. 
The residual HTN in treated patients might par-
tially explain the worse cardiovascular outcomes 
in Blacks compared to other ethnic groups. 

 Some data suggest that due to underlying 
causes of EH, Blacks might respond better to 
diuretics than to other fi rst-line agents often used 
to lower BP. The ALLHAT study demonstrated 
improved CV outcomes, including development 
of heart failure and stroke, in Blacks treated with 
chlorthalidone compared to amlodipine or lisino-
pril [ 78 ]. Specifi cally, improved outcomes with 
chlorthalidone were more pronounced for some 
outcomes in Blacks than in non-Blacks. There are 
no head-to-head comparisons of antihypertensive 
treatment in children of different ethnic or racial 
backgrounds, though Li did a meta- analysis to 
assess the effect of race on treatment response 
[ 79 ]. Though none of the individual studies was 
designed to specifi cally assess racial differences in 
BP response, the meta-analysis combined six trials 
of ACE inhibition. Although Whites responded, 
across all trials Blacks failed to demonstrate a sig-
nifi cant response. Memon further showed that 
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Blacks receiving fosinopril required a higher dose 
to achieve adequate SBP control [ 80 ]. Similarly, 
Hazan studied the blood pressure- lowering effect 
of olmesartan in several cohorts of children. She 
found that the predominately White cohort had 
signifi cantly better responses compared to the 
cohort of Black children [ 81 ].  

    Conclusion 

 As has been shown consistently in adult popula-
tions, studies suggest that blood pressure values 
are not equal across racial and ethnic groups in 
childhood. Blacks, and likely Hispanics too, 
demonstrate higher blood pressure than their 
White counterparts even when controlling for 
obesity and advanced sexual maturation   . 
Although the many confounding differences 
between racial and ethnic groups make direct 
comparison of BP diffi cult, minority children 
also seem to develop earlier BP target organ dam-
age in both the heart and kidneys. Though many 
newer pharmacologic agents now have pediatric 
labeling and indications, evidence suggests that 
even in childhood minorities might have differ-
ences in response to treatment. The mechanisms 
of the differences are not completely clear, and 
further examination is ongoing into the underly-
ing causes of racial and ethnic disparity in blood 
pressure. Despite differences in blood pressure 
fi ndings across racial and ethnic groups, current 
National High Blood Pressure Education 
Program guidelines do not take these factors into 
account in either the diagnosis or management of 
elevated blood pressure in youths. As additional 
data are gathered, future guidelines might con-
sider whether racial and ethnic differences are 
signifi cant enough to warrant disparate 
approaches in minority children.     
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       Introduction 

 Obesity in children and adolescents continues to 
occur with increasing frequency and is now the 
most common nutritional problem noted in devel-
oped countries. It has been associated with 

clinical outcomes that have been typically felt to 
be more likely to be diseases of adults. With the 
increased levels of obesity, a number of compli-
cations may arise, and hypertension is one of 
them. Some of the other complications seen in 
this setting include type 2 diabetes mellitus 
(DM), dyslipidemias, obstructive sleep apnea, 
left ventricular hypertrophy (LVH), and orthope-
dic problems. Traditionally, it was felt that 
 secondary hypertension affected children and 
essential hypertension affected adults only. With 
the change in epidemiology, it has become ever 
more evident that increased levels of obesity have 
driven the increased rates of hypertension. 
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  Abstract 

   Obesity in children and adolescents continues to occur with increasing 
frequency and has been associated with the development of clinical conse-
quences of obesity such as hypertension. This chapter will begin with a 
review of the defi nitions of hypertension and prehypertension in children 
and adolescents, followed by discussion of the epidemiology of obesity 
hypertension. After examining the complex relationship between obesity 
and hypertension and potential mechanisms contributing to the development 
of obesity hypertension, clinical approaches to the management of hyperten-
sion in the setting of obesity are discussed. The clinical management is 
multifaceted as one must consider that treating obesity may in fact lead to 
improved blood pressure. Yet, treating obesity takes time and motivation, 
and while awaiting the effects of changes in lifestyle on blood pressure, use 
of antihypertensive medications may be indicated in some children.  
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 In this chapter, the focus on obesity hyperten-
sion will include a review of some of the epide-
miologic studies that demonstrate the changes in 
frequency of hypertensive children and adoles-
cents. Mechanisms that link hypertension to obe-
sity will be reviewed, and a clinical approach to 
the child or adolescent with obesity-associated 
hypertension will be proposed as well. Prevention 
would seem to be an optimal strategy to stem this 
problem, yet that may be the most diffi cult to 
accomplish. 

 Earlier editions of this textbook included com-
prehensive reviews of this topic by Rocchini 
which offer extensive background information 
that remains pertinent today [ 1 ,  2 ].  

   Background and Defi nitions 

 Hypertension may be defi ned a number of ways. 
Clinically it can be defi ned as the sustained level 
of BP that over time leads to a variety of effects on 
target organs such as the heart (left ventricular 
hypertrophy), the brain and central nervous sys-
tem, and the kidneys. Since these effects take years 
to develop, a statistical approach to defi ning hyper-
tension in the young has been adopted based on 
the normative distribution of BP in healthy chil-
dren and stratifi ed by age, gender, and stature. 
According to this approach, BPs that fall above the 
95th percentile for age, gender, and stature on at 
least three occasions would classify a patient as 
hypertensive [ 3 ]. In addition to defi ning hyperten-
sion as BP being >95th percentile, the National 
High BP Education Program has proposed a stag-
ing of hypertension: stage 1 HTN, BP 95th–99th 
percentile plus 5 mmHg, and stage 2 HTN, >99th 
percentile plus 5 mmHg [ 3 ]. Prehypertension (pre-
HTN) has been defi ned as BP values falling 
between the 90th and 95th percentiles on a consis-
tent basis or >120/80 for adolescents. 

 Presently there is no direct evidence linking 
the stratifi cations of prehypertension and stage 1 
or stage 2 hypertension with specifi c outcomes in 
the pediatric age group. However, from a diag-
nostic perspective, the likelihood of identifying a 
secondary cause is directly related to the level of 
BP and inversely related to the age of the child 

[ 4 ]. Hence, it is felt that pediatric patients with 
stage 2 hypertension (higher relative readings for 
age, gender, and stature) are more likely to have 
secondary forms of hypertension and that the 
hypertension associated with obesity is more 
likely to be stage 1. Conversely, a recent study by 
Kapur et al. reviewing a cohort of 246 patients 
referred to four pediatric nephrology centers 
involved in the Midwest Pediatric Nephrology 
Consortium concluded that obesity and stage 1 
hypertension should not preclude an evaluation 
for secondary causes [ 5 ]. 

 Prehypertension is also seen in obese children 
and adolescents. This is a stage at which one 
might feel that preventive strategies could be 
most likely to help. Effective interventions when 
one is prehypertensive might allow for alleviation 
of manageable risk before the patient becomes 
overtly hypertensive. The use of ambulatory BP 
monitoring (ABPM) is being performed more 
frequently in children, and it will likely be incor-
porated into practice more regularly. Using ABPM 
methodology may allow for even better character-
ization of BP patterns in children and adolescents. 
Babinska et al. studied a group of 109 obese 
patients ranging in age from 7 to 18 years, and 
they found that only 24 % of that group had ambu-
latory normotension. As they further characterized 
the group, 25 % had ambulatory prehypertension, 
3 % had hypertension, and almost half (48 %) 
were classifi ed as having severe ambulatory 
hypertension. They concluded that BMI is associ-
ated with the severity of ambulatory hypertension 
as well as an increase in daytime BP [ 6 ]. 

 In recent years, there has been more attention 
paid to assessing body mass index (BMI) in chil-
dren and adolescents. A child is considered over-
weight when BMI is > 85th percentile and obese 
when BMI is > 95th percentile. The term “meta-
bolic syndrome” (MetS) refers to a cluster of risk 
factors for the development of cardiovascular dis-
ease that include alterations in serum lipid levels, 
insulin resistance, central obesity, impaired glu-
cose tolerance, and hypertension. There is no 
consensus as to what defi nes MetS for children 
and adolescents, yet several fi ndings are consid-
ered comorbidities in the context of obesity. 
There have been some modifi cations made in a 

D.L. Batisky



255

defi nition of the National Cholesterol Education 
Program Adult Treatment Panel III criteria. 
These criteria when applied to children and ado-
lescents would require at least three of the fol-
lowing for the diagnosis of MetS: serum 
triglycerides > 95th percentile, high-density lipo-
protein (HDL) < 5th percentile, systolic BP (SBP) 
or diastolic BP (DBP) > 95th percentile, and 
impaired glucose tolerance. For further discus-
sion of hypertension in the MetS, please see 
Chap.   19    .  

   Epidemiology 

 Surveys examining large groups of children from 
the middle part of the last century forward have 
shown clearly that the prevalence of overweight 
status and obesity have been increasing. Globally, 
obesity has reached epidemic proportions, and by 
2008, it has been estimated that 40 million chil-
dren less than 5 years of age are overweight [ 7 ]. 
Among physicians taking care of children and 
adolescents with elevated BP, there is a feeling 
that the link between obesity and BP has led to 
more children being identifi ed with high BP and 
diagnosed with HTN, yet the epidemiologic data 
are somewhat confl icting [ 8 – 16 ]. There is little 
direct evidence that BP has increased in the past 
few decades despite this concomitant epidemic 
of obesity, but it may just be too early to tell. A 
defi nite conclusion is diffi cult for a number of 
reasons, including that the studies assessing the 
epidemiology of weight trends have not been the 
same studies assessing BP trends. There is not 
only a lack of standardized methodology in these 
studies for assessing BP in children but also a 
lack of a consistent defi nition of elevated BP in 
children across these studies. 

 In addition to the changes in prevalence, there 
is noted an alarming rate of progression and 
tracking of elevated BP from childhood into 
adulthood. Falkner reports a rate of progression 
from prehypertension to hypertension of 7 % per 
year, and in that study initial BMI and changes in 
BMI over time had a signifi cant effect on BP 
[ 17 ]. Additionally, Redwine and colleagues noted 
the increased risk for developing hypertension 

during adolescence, with a rate of 1.1 % per year 
[ 18 ]. In a systematic review and meta-regression 
analysis, Chen and Wang showed that the evi-
dence of BP tracking from childhood to adult-
hood is strong and that early intervention to 
reduce future cardiovascular risk is important 
[ 19 ]. A recent review of the NHANES survey 
data examined trends in the prevalence of selected 
risk factors for cardiovascular disease, including 
hypertension, within categories of overweight/
obesity. The NHANES is a cross-sectional strati-
fi ed, multistage probability sample survey of the 
US civilian, noninstitutionalized population. In 
the survey done between 1999 and 2008, over 
3,000 participants were aged 12–19 years. In that 
sample, there was a prevalence of 14 % for pre-
hypertension/hypertension [ 20 ]. 

 So, it is quite clear over the past four to fi ve 
decades that overweight status and obesity are 
more common and with that comes substantial 
additional cardiovascular risk.  

   The Relationship Between Obesity 
and Hypertension 

 A number of studies done over the past two 
decades have reported on the association between 
obesity and hypertension. These have been con-
ducted in a variety of racial and ethnic groups, 
and they have shown that higher BPs and/or 
higher prevalence of hypertension are found in 
children that are obese, compared with those that 
are lean [ 21 – 26 ]. A comprehensive study by 
Rosner et al. pooled data from eight large 
American epidemiological studies that included 
over 47,000 children. It described BP differences 
between black and white children relative to body 
size, and the risk of elevated BP was signifi cantly 
higher in children in the upper compared to the 
lower deciles of BMI, irrespective of race, gen-
der, and age. Odds ratios for hypertension in that 
study ranged from 2.5 to 3.7 [ 27 ]. 

 While obesity is a very important predictor of 
hypertension for a patient at any age, it is also 
crucial to remember that the risk for hypertension 
and related cardiovascular factors is multidimen-
sional. The Cardiovascular Risk in Young Finns 
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Study, a longitudinal study of over 2,000 
 individuals followed for 21–27 years, found that 
the independent childhood risk factors for adult 
hypertension were the individual’s own systolic 
and diastolic BP values, parental hypertension, 
childhood overweight/obesity, low parental 
occupational status, and a high genetic risk score. 
This study underscores that there is a need for a 
multidimensional approach to caring for patients 
with this condition [ 28 ]. 

 The early clinical course of obesity-associated 
hypertension can be characterized by a prepon-
derance of systolic hypertension without dia-
stolic hypertension. In a large school-based 
screening program in the Houston area by Sorof 
et al., the prevalence of isolated systolic hyper-
tension was 50 % as compared to 30 % in 
 nonobese subjects [ 26 ]. While it seems simple to 
classify a patient by weight status as “obese” or 
“nonobese” in determining the risk of hyperten-
sion, it is important to note that there is not a 
threshold effect, but rather the risk of hyperten-
sion in children increases across the spectrum of 
BMI values. Rosner et al. found a linear increase 
in the prevalence of diastolic hypertension in 
children of all race, gender, and age combina-
tions with BMI increases across the normal 
range, and Sorof et al. found increasing preva-
lence of systolic hypertension as BMI increased 
from the 5th percentile to the 95th percentile. It is 
also important to realize that BP is a continuous 
variable that is positively associated with cardio-
vascular risk across the entire range of BP values. 
It has been observed that children with high nor-
mal BP during adolescence have a higher ten-
dency to develop hypertension as adults [ 29 ]. 

 Chandramohan et al. [ 30 ] recently reported on 
an interesting fi nding in obese children in the 
NHANES cohort from 1988 to 1994. In a retro-
spective analysis of 4,667 children ages 6–17 
years, comprised of 51 % boys, 74 % whites, 
16 % blacks, and 10 % Hispanics, 12 % were 
obese, 26 % had a high waist circumference 
(WC), 26 % had a wide pulse pressure (PP), and 
9 % had high BP. Prevalence of wide PP was high 
among obese children. A signifi cantly higher 
mean PP was observed in boys, blacks, obese, 
and those with high WC and high BP. The 

adjusted odds ratio (OR) for wide PP was higher 
in boys, blacks, and those with high WC. These 
fi ndings warrant further study to understand the 
importance of PP as a cardiovascular risk factor 
in all children and especially in obese children. 

 One must also keep in mind that there are no 
normative standards for BP that account for 
weight or BMI in children, and overweight status 
and elevated BP combine synergistically to 
increase cardiovascular risk. Adjusting BP norms 
in the setting of overweight status would inap-
propriately control for the pathologic infl uence of 
the weight effect on BP  [ 7 ]. In order to address 
this issue, Rosner et al. reanalyzed the currently 
used pediatric normative BP values, restricting 
the normative population to include only the chil-
dren with normal weight. Unsurprisingly, the BP 
levels that they reported are slightly lower than 
those published in the Fourth Report [ 31 ]. 

 Accurately measuring BP in children is also a 
challenge. A key element of BP determination is 
having appropriately sized cuff, as a cuff that is 
too small may provide a falsely elevated reading. 
It is important to fi nd a cuff that has the appropri-
ate length and width for the obese younger 
patient. The most important factor for measuring 
BP in the young obese patient is choosing the 
correct cuff-width:arm-circumference ratio. 
An appropriate size cuff should have a bladder 
width that is about 40 % of the arm circumfer-
ence, midway between the olecranon and acro-
mion processes [ 32 – 34 ]. The infl uence of the 
childhood obesity epidemic on BP measurement 
is refl ected in a study by Prineas et al. They com-
pared two cohorts of children aged 7–17 years 
using data from the National Health and Nutrition 
Examination Survey III (1998–1994) and the 
National Health and Nutrition Examination 
Survey 1999–2004. Over 5,000 children were in 
the fi rst cohort, and almost 8,000 were in the sec-
ond. They found statistically signifi cant increases 
in mid-arm circumference across the two sur-
veys, and there were increased numbers of chil-
dren needing large adult BP cuffs to obtain 
accurate BP measurements. Given that the mid- 
arm circumferences of children are increasing, 
their fi ndings clearly have implications for 
 accurate BP measurement [ 35 ].  
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   Mechanisms of Hypertension in 
Obesity 

 A number of mechanisms have been studied and 
proposed to link obesity and hypertension. While 
the exact pathophysiologic mechanism that links 
obesity and hypertension is still unknown, it is 
likely to be complicated, multifactorial, and vari-
able. Several mechanisms are likely called into 
play to intertwine the pathophysiology of obesity 
with that of hypertension. Some of the more 
likely mechanisms are listed in Table  17.1 .

   Clearly there are a number of hormonal 
 mechanisms that contribute to the end result of 
elevated BP. The majority of data on the patho-
physiology of obesity-associated hypertension 
are derived from studies of adults and animals, 
but the mechanisms have also been studied in 
children to a limited extent. Most studies done in 
children have focused on primarily three main 
pathophysiologic mechanisms: disturbances of 
autonomic dysfunction, insulin resistance, and 
abnormalities of vascular structure and function. 
In patients with obesity-associated hypertension, 
there is likely a combination of factors that lead 
to hypertension [ 7 ]. 

 The association between obesity and hyper-
tension may be partly mediated by overactivity of 
the sympathetic nervous system (SNS). In this 
state of sympathetic overactivity, there may be 
cardiovascular manifestations such as increased 
heart rate and BP variability, neurohumoral man-
ifestations such as increased levels of plasma cat-
echolamines, and neural manifestations such as 
increased peripheral sympathetic nerve traffi c. 
Consistent with the SNS overactivity hypothesis, 
the Bogalusa Heart Study reported that in a bira-
cial group of children, resting heart rate was posi-
tively correlated with BP and subcapsular 
skinfold thickness [ 36 ], and a hyperdynamic car-
diovascular state was positively associated with 
several measures of obesity [ 37 ]. In the Houston 
school-based screening for obesity and hyperten-
sion reported by Sorof, it was also noted that 
obese hypertensive adolescents had the highest 
resting heart rate and nonobese normotensive 
adolescents had the lowest heart rate. When the 

analysis was restricted to only those who were 
hypertensive, a higher heart rate was observed in 
the obese compared with nonobese adolescents  
[ 19 ]. Rocchini et al. found that weight loss, with 
or without exercise, resulted in a signifi cant 
reduction in heart rate in obese adolescents [ 38 ]. 

 It has also been reported that obese children 
have increased heart rate variability and BP vari-
ability when compared with nonobese children 
[ 26 ,  31 ]. The increased heart rate variability in 
obese children may be due to an altered balance 
between parasympathetic and sympathetic activ-
ity and not due exclusively to increased sympa-
thetic activity. Using time- and frequency-domain 
heart rate variability analysis, 24-h BP and heart 
rate monitoring in obese normotensive children 
has shown an increase in heart rate and in BP 
associated with decreased parasympathetic heart 
rate control [ 40 ]. Furthermore, physical training 
in obese children appears to alter autonomic 
function by reducing the ratio of sympathetic to 
parasympathetic activity [ 41 ]. These data suggest 
that autonomic function has an important mediat-
ing role in the pathogenesis of obesity hyperten-
sion in children as well as in adults. 

 Insulin resistance is also likely involved in the 
pathogenesis of obesity-related hypertension in 
children. Several studies have reported positive 
associations between fasting insulin levels and 
resting BP in obese children and young adults [ 7 , 
 42 – 47 ]. Nonetheless, this association does not 
necessarily indicate causation. Lughetti et al. 
[ 48 ] studied 350 obese children who were cate-
gorized as hypertensive or normotensive. 
Although insulin was signifi cantly higher in 
hypertensive than in normotensive children, the 
difference was not clinically relevant. 
Furthermore, insulin explained only a small 

   Table 17.1    Mechanisms of hypertension in the over-
weight/obese patient   

 Insulin resistance 
 Sympathetic nervous system activation 
 Renin-angiotensin-aldosterone system alterations 
 Leptin resistance 
 Vascular reactivity alterations 
 Hypothalamic-pituitary-adrenal axis alterations 
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amount of systolic and diastolic BP variance, 
which disappeared after accounting for the con-
founding effects of age, weight, or other anthro-
pometric dimensions. 

 Weight loss in obese adolescents has also been 
shown to result in reductions in serum insulin 
levels and BP [ 38 ,  49 ] and to render previously 
salt-sensitive individuals insensitive to the hyper-
tensive effects of salt loading [ 38 ]. Based on 
these data, it has been suggested that the insulin 
resistance associated with obesity may prevent 
insulin-induced glucose uptake but leave the 
renal sodium retention effects of insulin rela-
tively preserved, thereby resulting in chronic vol-
ume overload and maintenance of BP elevation. 
However, Csabi et al. [ 50 ] found no relationship 
between insulin levels and reduced sodium excre-
tion in obese children. Thus, a causal role of insu-
lin resistance in the pathogenesis of obesity 
hypertension remains uncertain. 

 Altered vascular structure and function may 
also contribute to the pathogenesis of obesity 
hypertension. Ultrasound of the carotid artery has 
demonstrated increased intimal-medial thickness 
in diabetic children [ 51 ,  52 ] and children with 
familial hypercholesterolemia [ 53 – 55 ] compared 
with normal controls. In addition, decreased vas-
cular compliance has been reported in diabetic 
children [ 56 ] and children with familial hyper-
cholesterolemia [ 57 ]. Similar vasculopathy has 
been found in obese children, in whom less 
severe metabolic disturbances such as glucose 
intolerance and dyslipidemia are common. 
Tounian et al. [ 58 ] reported lower arterial compli-
ance, lower distensibility, and lower endothelium- 
dependent and endothelium-independent 
function in severely obese compared with control 
children. Similarly, Rocchini et al. demonstrated 
decreased maximal forearm blood fl ow and 
increased minimum forearm vascular resistance 
in obese adolescents, [ 59 ] which was improved 
after weight loss [ 60 ]. 

 Insulin resistance and hyperinsulinemia are 
activators of the renal sympathetic nervous sys-
tem, causing vasoconstriction and reduced renal 
blood fl ow. The reduced renal blood fl ow then 
becomes a trigger for the release of renin. With 
the release of renin and subsequent activation 

of the renin-angiotensin-aldosterone system 
(RAAS), there is salt and water retention which 
leads to BP elevation. Additionally, accumulation 
of perinephric fat contributes to reduced renal 
blood fl ow by compression of the renal paren-
chyma. This can also contribute to sodium reab-
sorption and higher BP. This can occur in the 
absence of renal scarring or chronic kidney dis-
ease (CKD). 

 Another hormone that is produced by adipose 
tissue is leptin. Higher levels of leptin are associ-
ated with elevated BP, and that relationship is 
mediated by BMI and effects on the sympathetic 
nervous system [ 61 ]. Obese individuals have also 
been shown to produce less adiponectin, which is 
an antiatherogenic, cardioprotective hormone 
that is secreted by adipocytes. Levels of this hor-
mone are inversely correlated with BP in obese 
children and adolescents [ 62 ]. Vascular endothe-
lial dysfunction occurs in the setting of obesity 
related to the production of proinfl ammatory 
cytokines and oxidative stress. These mecha-
nisms impair local vasodilatory responses and 
increase peripheral resistance. 

 Many children and adolescents with obesity 
have sleep-disordered breathing such as sleep 
apnea, and they are also at higher risk for devel-
oping hypertension, especially at night. Multiple 
other mechanisms may occur via sympathetic 
activation and can contribute to higher BP, includ-
ing the proinfl ammatory state created by cyto-
kines such as IL-6, resulting in an acute-phase 
response. The SNS also plays a role in energy 
balance and the metabolic syndrome. Fasting 
suppresses and meal ingestion induces sympa-
thetic activity [ 63 ]. Weight loss can reduce sym-
pathetic overactivity in obese patients and that 
may partially explain the lower BP noted in 
response to dieting [ 64 ]. Central fat distribution 
is associated with disturbances in the 
hypothalamic- pituitary-adrenal axis, and an axis 
that is disrupted may be implicated in the 
 development of the metabolic syndrome [ 65 ]. 

 Although these data have provided insight 
into the potential mechanisms of obesity hyper-
tension in children, truly mechanistic studies to 
illustrate the pathophysiology of the early stages 
of the disease process have yet to be performed. 
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To some extent, the vulnerability of the pediatric 
population from a research standpoint has been a 
barrier to performing more invasive studies such 
as neurography to measure peripheral sympa-
thetic nerve traffi c or interventional studies such 
as hyperinsulinemic euglycemic clamping. Yet, 
the acuity of the problem would argue for an 
expanded role for mechanistic studies in children 
to identify therapeutic interventions that may 
interrupt the disease process before the establish-
ment of potentially irreversible sequelae.  

   Clinical Approach and Management 

 When one considers treatment of hypertension in 
any patient, one must consider potential etiolo-
gies, as it is often most effective to manage an 
illness or condition by treating the underlying 
disorder. That is often not so easy to do in the 
area of hypertension associated with obesity as 
there may be a number of interacting features. 
There are generally two general approaches to 
treatment. One broad area is that of non- 
pharmacologic management, referred to as 
Therapeutic Lifestyle Changes (TLC) in the 
Fourth Report ,  and the other is pharmacologic 
management. In the area of obesity-associated 
hypertension, treatment of obesity may have ben-
efi cial effects on BP, and yet direct treatment of 
high BP may be undertaken while efforts to treat 
the obesity are ongoing. Table  17.2  displays ele-
ments of a comprehensive treatment plan to con-
sider. It is generally accepted that patients with 
pre-HTN without evidence of target organ dis-
ease should be initially counseled in ways to 
affect therapeutic lifestyle changes. In patients 
with diagnosed HTN, either stage 1 or stage 2, 
lifestyle changes should at least be used as 
adjuncts to pharmacologic therapy.

     Lifestyle Changes: Weight Loss 
and Exercise 

 The Fourth Report lists diet, exercise, and weight 
loss as potential lifestyle changes. Since weight 
loss, involvement in aerobic exercise, and 

modifi cations of the diet have been shown to 
reduce BP in children and adolescents, it seems 
reasonable to believe that these approaches 
should be considered the primary treatment of 
hypertension when the hypertension is related to 
obesity. There have been both observational and 
interventional studies showing benefi cial effects 
of weight loss in pediatric patients, yet there have 
been limited controlled trials. One of the fi rst 
such studies by Brownell et al. [ 66 ] reported BP 
reductions of up to 16/9 mmHg in obese children 
who achieved signifi cant weight reduction after 
16 months of dietary counseling. In a retrospec-
tive study based on a 10-year period of observa-
tion, Clarke et al. [ 67 ] reported that children 
whose ponderosity increased over that period had 
a relative increase in BP by 18 percentiles com-
pared with their peers, whereas children whose 
ponderosity decreased had a relative reduction in 
BP by 13 percentiles. 

 Rocchini and colleagues studied three inter-
ventions in a randomized, controlled trial over a 
20-week period: diet alone, diet along with exer-
cise, and a control group with no intervention at 
all. Changes in systolic BP from baseline in the 
diet plus exercise group, diet alone group, and 
control group were −16 mmHg, −10 mmHg, and 
+4 mmHg, respectively. This study provides the 
most defi nitive evidence that weight loss, particu-
larly in conjunction with exercise, can be benefi -
cial in the management of obesity hypertension 
in children. However, the long-term benefi ts of 
weight loss on BP remain to be defi ned because it 
is unknown whether the decline of BP observed 
during acute weight loss is maintained. 

 Figueroa-Colon et al. [ 68 ] found that BP was 
signifi cantly reduced compared with baseline at 

   Table 17.2    Treatment considerations in the overweight/
obese patient with hypertension   

 Non-pharmacologic elements  Pharmacologic elements 

 Weight loss  Medications for blood 
pressure lowering 

 Diet 
 Exercise  Medications for obesity 
 Avoidance of tobacco 
 Avoidance of alcohol 
 Stress avoidance 
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all points of a study comparing two hypocaloric 
dietary modifi cations in obese children. Wabitsch 
et al. [ 49 ] reported a BP reduction of 9/5 mmHg 
associated with a weight reduction of 8.5 kg after 
a 6-week dietary intervention in obese adolescent 
girls. Similarly, Gallistl et al. [ 69 ] reported an 
8/7 mmHg BP reduction associated with weight 
loss of 3.9 kg after a 3-week diet and exercise 
program in obese children. 

 Although these studies suggest that BP reduc-
tions are induced by weight loss in obese chil-
dren, each is limited by the absence of a matched 
control group to show that the BP reduction was 
 directly  attributable to weight loss. 

 Weight loss not only reduces BP but it may 
also improve some of the other cardiovascular 
risk factors that cluster with the obesity, such as 
dyslipidemia and insulin resistance. While this is 
a benefi t to the patient and it makes sense, losing 
weight is generally a challenge for most patients. 
When HTN is affecting the obese child or ado-
lescent, one cannot overlook that obesity is a part 
of the complex equation necessary for optimal 
management of the patient. Another important 
issue to consider when dealing with the obese 
child or adolescent is that obesity is often a fam-
ily problem, and treatment will require buy-in 
from the family to be successful. The types of 
exercise felt to be most benefi cial are aerobic 
forms such as running, brisk walking, swim-
ming, or cycling, as opposed to static forms of 
exercise such as weight lifting. Some children 
may be participating in group activities in school 
physical education classes or in team sports, but 
they may need to increase the intensity of their 
involvement of the frequency at which they do 
these activities. While increasing these activi-
ties, attention should also be paid to reducing the 
amount of screen time a child has, such as time 
in front of a television or computer. 

 Clearly, these interventions are the safest and 
least prone to having side effects or adverse 
effects, yet they remain challenging for families 
to pursue, and there is minimal evidence as well 
that these interventions are effi cacious [ [ 3 ]]. It is 
also important to consider giving children and 
families some very concrete guidelines, rather 
than providing the general advice to “increase 

activity.” Torrance and colleagues would suggest 
that children do 40 min of moderate to vigorous 
aerobic exercise 3–5 days per week [ 70 ]. This 
could be a goal to achieve, yet it would certainly 
require a high degree of motivation on the part of 
not only the patient but also the patient’s family. 
Finally, while exercise training has also been 
shown to reduce BP for a limited period of time, 
on the order of 3–6 months, once the exercise 
ends, it seems that BP returns to pretreatment lev-
els [ 71 ,  72 ].  

   Lifestyle Changes: Dietary 
Interventions 

 It is very important to consider dietary strategies 
in this setting of obesity-associated HTN. If 
obesity is a cause or at least the primary con-
tributor to HTN for the child, then one must 
tackle obesity as the underlying problem. 
Within the spectrum of therapeutic lifestyle 
changes (non-pharmacologic management 
strategies), dietary interventions have been 
studied most often. 

 A number of nutrients have been examined 
such as sodium, potassium, calcium, folate, and 
caffeine, and sodium has probably been the most 
extensively studied. While not every individual 
will be salt sensitive, modest sodium reduction 
would be benefi cial, given the typical diet of 
most children and adolescents in the United 
States. 

 While dietary advice is recommended as fi rst- 
line therapy, there really is little evidence that it 
works. In a recent [ 73 ] 2-year trial of potassium 
and calcium dietary supplementation in Chinese 
children who had salt-sensitive hypertension, 
improvement in systolic BP was observed. 
Relative to obesity in general, there are many 
studies showing that diet, exercise, and behavior 
modifi cation can lead to improvement for chil-
dren; however, there is also a high rate of 
recidivism. 

 When looking more specifi cally at children 
with HTN, one can see that a few studies have 
looked at diet as a modifi able element of a child’s 
life that can result in improvement. Moore et al. 
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looked at a group of children enrolled in the 
Framingham Heart Study, and they showed some 
benefi cial effects on BP of a diet rich in fruits, 
vegetables, and dairy products [ 74 ]. 

 The DASH diet, which stands for Dietary 
Approaches to Stop Hypertension (www.dashdiet.
org), has been proven to lower BP primarily in adults 
and also in children and adolescents. The DASH 
diet goes beyond a low-sodium diet and provides 
guidance for a diet rich in fruits and vegetables as 
well as low-fat or nonfat dairy products. This diet is 
one that is low in sodium and enriched with potas-
sium and calcium, and it also incorporates a higher 
intake of micronutrients such as folate and mea-
sures to reduce dietary fat intake. The reduction in 
dietary fat intake is important, given the likelihood 
for diets higher in fat content to promote weight 
gain as well as alterations in lipid levels. 

 A study by Gunther and colleagues in children 
and adolescents with diabetes mellitus and hyper-
tension explored the associations of the DASH 
diet in this population. It showed that children 
with type 1 DM following DASH guidelines had 
a markedly decreased chance of having hyperten-
sion, but this was not observed in children with 
type 2 DM. In that study, the majority of subjects 
with type 2 DM were obese [ 75 ]. 

 Couch and colleagues performed a study that 
compared an intensive 3-month intervention to a 
more routine type of nutritional intervention in 
adolescents referred to a tertiary care center 
hypertension clinic and diagnosed with either 
prehypertension or hypertension. Two groups of 
children were studied over a 3-month period. 
One group received the DASH intervention, 
which consisted of extensive counseling as well 
as very close follow-up. This included a 1-h face-
to- face counseling session between a dietician, 
the subject, and parent, a manual to take from the 
study center, eight weekly and two biweekly 
phone calls by a trained interventionist, and four 
biweekly mailings. The routine care (RC) group 
received a more standard dietary intervention, 
with the 1-h counseling session done in the clinic 
setting and provision of a take-home booklet that 
basically discussed reduction of sodium intake, 
weight control by limiting high-fat foods, reduc-
tion of portion size, and eating nutrient-dense 

forms of food. From baseline to posttreatment, 
the relative change in systolic BP among the sub-
jects in the DASH intervention was −7.9 % as 
compared to −1.5 % in the RC group ( p  < 0.01), 
but there was no signifi cant change for diastolic 
BP. Other fi ndings, while not statistically signifi -
cant, did show potential for benefi cial effects, 
such as 50 % of the DASH group achieving BP 
normalization posttreatment compared with 
36 % in the RC group. By a 3-month follow-up, 
61 % in the DASH group had normal BP, while 
only 44 % in the RC group did ( p  = 0.36). In addi-
tion to benefi cial effects on BP, the DASH inter-
vention group also had signifi cant changes in 
dietary intake of fruits, vegetables, and dairy 
products [ 76 ].  

   Lifestyle Changes: Other Elements 
to Consider 

 While there may be no data in children and ado-
lescents regarding avoidance of tobacco, alcohol, 
and stress on BP control, it seems prudent to 
counsel pediatric and adolescent patients about 
these practices.  

   Management of Obesity 

 Most interventions for pediatric obesity have 
focused on behavioral approaches to diet and 
physical activity to address the main components 
of energy balance. Although these approaches 
have been shown to have both short- and long- 
term benefi cial effects on BMI in selected 
patients [ 77 ], such success has not been uniform. 
This management approach is very labor inten-
sive and is often not covered by medical insurance 
[ 78 ]. Other dietary approaches which have been 
tried include the very low-calorie diet [ 79 ] and 
the protein-modifi ed fast [ 80 ]. Although these 
dietary approaches can be effective in selected 
patients, they have also been associated with 
important adverse effects. Surgical approaches 
have been used in morbidly obese adolescents 
but are clearly not appropriate for a large number 
of patients.  
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   Pharmacologic Considerations: 
Antiobesity Drugs 

 The role of pharmacologic management in the man-
agement of pediatric obesity has been controversial. 
The history of pharmacologic treatment of obesity 
in adults is replete with problems, and there have 
been few well-controlled studies to show that the 
available drugs are well tolerated and effective for 
use in obese children. Many of the drug treatments 
that have been tried in adults have resulted in sig-
nifi cant complications, such as those seen with 
amphetamines and fenfl uramine/dexfenfl uramine 
(which is now off the market due to adverse effects). 
This history has reinforced the debate regarding 
whether medications should be used to treat obesity 
except under the most extreme circumstances. On 
the one hand, obesity is a chronic problem requiring 
long-term management and potentially long-term 
exposure to the adverse effects of medications, an 
issue of particular concern in growing and develop-
ing children. On the other hand, evidence for the 
benefi ts of weight loss on BP in children may tilt the 
risk-benefi t balance in favor of a more aggressive 
management approach for the prevention of future 
cardiovascular disease. 

 In the United States, the Food and Drug 
Administration (FDA) has approved very few 
drugs for pharmacologic therapy of obesity [ 81 ], 
with orlistat being the only agent with FDA 
approval for use in the pediatric age group. 
Sibutramine, an inhibitor of the reuptake of sero-
tonin and norepinephrine, did have pediatric 
approval but has recently been withdrawn from 
the US market at the direction of the FDA. 

 Orlistat is a gastrointestinal lipase inhibitor that 
may hold promise for safe and effective pharma-
cologic treatment for childhood obesity. A 1-year 
placebo-controlled trial in which orlistat was used 
along with a hypocaloric diet, exercise, and behav-
ior therapy showed a signifi cant decrease in BMI 
among obese American adolescents [ 82 ]. 

 Very recently, the Food and Drug Administration 
(FDA) approved the use of two new drugs as 
adjuncts to a reduced-calorie diet and increased 
physical activity for chronic weight management 
in adult patients with an initial body mass index 
(BMI) of 30 kg/m 2  or greater (obese), or 27 kg/m 2  

or greater (overweight) in the presence of at least 
one weight-related comorbidity, such as hyperten-
sion, type 2 diabetes mellitus, or high cholesterol 
(dyslipidemia). Qsymia (phentermine and topira-
mate extended-release) is the fi rst FDA-approved 
once daily combination therapy and the fi rst new 
medication available in over a decade for the treat-
ment of obesity. Belviq (lorcaserin) is a selective 
agonist of the serotonin (5-hydroxytryptamine) 2C 
(5-HT 2C) receptor. Both of them reduce appetite 
and may induce a negative energy balance. These 
medications have not yet been studied in children 
or adolescents [ 83 ].  

   Pharmacologic Considerations: 
Antihypertensive Medications 

 Pharmacologic therapy of hypertension in the 
setting of obesity needs to be considered as 
well. While one should not abandon lifestyle 
changes to use pharmacologic therapy, it is 
important to think of medication as adjunctive 
therapy while continuing to encourage weight 
reduction and other lifestyle changes discussed 
above. Depending upon when the child is noted 
to have hypertension, continued linear growth 
can have a favorable effect on BP, and if the rate 
of rise in height outpaces the rate of rise in 
weight, it is not only possible for the child to 
“outgrow” the need for medication to control 
BP but also therapy may be stepped down over 
time. Compelling indications for initiating phar-
macotherapy include symptomatic hyperten-
sion, secondary hypertension with identifi ed 
specifi c causes, and evidence of target organ 
damage such as left ventricular hypertrophy 
(LVH) on echocardiography. 

 All pharmacologic agents provide potential 
benefi ts for treating elevated BP, and yet every 
medication has the potential for side effects, and 
in the setting of obesity, there is a need to con-
sider some of the potential drawbacks of certain 
classes of antihypertensives. Detailed reviews of 
the classes of antihypertensive medications can 
be found in Chapter 36, but it is important to con-
sider the potential benefi ts and drawbacks of 
these classes in the context of obesity. 
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 Diuretics serve to decrease intravascular 
volume and cardiac output, yet they may also 
increase sympathetic nervous system (SNS) 
and RAAS activity. They also may have dose-
related worsening of insulin resistance and 
dyslipidemia, which can be concerning in 
patients with obesity. Beta-blockers antago-
nize the enhanced SNS activity of obesity-
related hypertension, and yet they may also 
increase the risk of weight gain and diabetes, 
and they may contribute to interference with 
carbohydrate and lipid metabolism. These 
classes of agents may need to be used judi-
ciously in obese hypertensives because of 
these potential adverse effects. 

 Calcium-channel blockers offer advantages 
of decreased peripheral vascular resistance 
and intravascular volume, with no excess risk 
of diabetes, but a potential drawback is neuro-
endocrine activation. Angiotensin-converting 
enzyme (ACE) inhibitors and angiotensin 
receptor blockers (ARBs) offer a number of 
advantages for obese patients, as they decrease 
peripheral vascular resistance without excess 
risk of inducing diabetes, with no dyslipid-
emic effects, and potential for regression of 
left ventricular hypertrophy (LVH). Alpha-
blockers are felt to be safe and effective, with 
some advantages for patients with dyslipid-
emia and glucose intolerance, but there are 
limited data in not only obese patients but also 
children and adolescents. Centrally acting 
agents are known to decrease SNS activity, but 
they may also impair glucose tolerance and 
contribute to weight gain [ 84 ]. 

 There has been an evolution in the under-
standing of the treatment of hypertension in 
children and adolescents over the past decade. 
This has been fueled in part by the increased 
attention paid to the clinical problem, given the 
increasing numbers of children and adoles-
cents being diagnosed with this condition. 
There has also been a growing number of 
 clinical trials performed and completed that 
demonstrate the BP-lowering effects of antihy-
pertensives and the side effect profi les of these 
medications and that has led to FDA- labeling 

of many antihypertensive medications for use 
in children and adolescents. However, none of 
these trials has provided defi nitive data on the 
optimal fi rst-line agent for this patient popula-
tion. Many of the subjects who participated in 
these trials were overweight or obese, and yet 
there have not been trials specifi cally targeting 
the obese childhood or adolescent population 
with hypertension. In a recent review of anti-
hypertensive medication use, Welch at al. 
showed that despite recent legislative initia-
tives, there are still medications without ade-
quate pediatric labeling, and so there remains a 
gap between drugs that are approved, indi-
cated, and labeled for use and the actual medi-
cation usage [ 85 ]. Clinical experience and 
other approaches discussed here will continue 
to guide treatment of hypertension in younger 
obese patients [ 86 ].   

   Conclusions 

 Treating the obese child or adolescent with 
hypertension requires a multidimensional 
approach to provide optimal care and best out-
comes. Both non-pharmacologic and pharma-
cologic strategies will need to be employed to 
address issues of BP, optimal diet, exercise, 
and weight reduction to achieve the desired 
outcomes. In addition, one must recognize that 
this is an issue that affects not only the indi-
vidual patient being treated but also the rest of 
that patient’s family. In many ways, it is 
encouraging to initiate some dialogue with the 
family about treatment strategies that will 
have collateral benefits for other members of 
the family. Getting siblings involved with 
activities that promote a healthy lifestyle can 
be beneficial not only for the patient, so that 
she does not feel “singled out,” but also for the 
other siblings to take part in activities that do 
not lead to their feeling “left out.” A key ele-
ment to address with the family is that it takes 
a high degree of motivation to initiate changes 
and an even higher degree of motivation for 
these changes to take effect and persist.     
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  Abstract 

   The pressure response to sodium is heterogeneous among individuals with 
normal blood pressure and in hypertensives. Nevertheless, sodium restriction 
is typically recommended for everyone with hypertension. As reviewed here, 
categorization of an individual as salt sensitive has important prognostic and 
therapeutic implications. Determination of salt sensitivity is typically accom-
plished by assessment of the pressure response to administration of an oral or 
intravenous sodium load. We discuss an alternative way to administer a 
sodium load through stress exposure. Animal and human studies have dem-
onstrated signifi cant sodium retention during and after stress which in effect 
generates positive sodium balance and thus delivers a sodium load. Individuals 
demonstrating this response develop a volume-dependent elevation of the 
blood pressure. Similar to fi ndings in salt-sensitive populations, target organ 
changes have also been associated with impaired sodium handling during 
stress. This pattern of sodium retention in response to stress has been 
improved or reversed after treatment with antihypertensive medications that 
block the renin-angiotensin-aldosterone system. The variability of the pres-
sure response to dietary sodium intake and to stress should be considered in 
our strategies to prevent and control hypertension.  
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          Relationship Between Salt Intake 
and Blood Pressure 

 A positive association between sodium intake and 
blood pressure (BP) levels has been demonstrated 
in many animal and human studies [ 1 – 3 ]. One of 
the key animal studies compared BP in 12 chim-
panzees that were fed a diet that progressively 
increased in sodium content over several weeks 
with ten chimps fed their regular, low- sodium, 
diet [ 4 ]. Animals fed the high-salt diet demon-
strated increasing BP which returned to baseline 
when the sodium intake returned to normal [ 4 ]. 
Human population studies have shown that indi-
viduals fed a higher-salt diet demonstrate higher 
blood pressures than those consuming a modest 
intake [ 1 ]. This point was confi rmed in the 
INTERSALT cross-sectional study conducted in 
the 1980s of 10,000 adults in 32 countries [ 5 ]. 
These investigators demonstrated a positive inde-
pendent relationship between 24-h urine sodium 
excretion and systolic BP. A high-sodium intake 
correlated with a rise in BP over time. 

 Similarly, in children a relationship between 
salt intake and BP was appreciated by He and 
MacGregor who evaluated cross-sectional data 
on 1,658 children and adolescents, 4–18 years of 
age, from the National Diet and Nutrition Survey 
conducted in 1997 in the United Kingdom [ 6 ]. 
In these free-living children, an increase in salt 
intake of 1 g (400-mg sodium) per day was asso-
ciated with an increase in systolic BP and pulse 
pressure by 0.4 and 0.6 mmHg, respectively. 
Recent examination of 2003–2008 NHANES data 
again confi rmed a positive association between 
blood pressure and sodium intake [ 7 ]. Analysis of 
data on 6,235 US children and adolescents 8–18 
years of age demonstrated a progressive rise in 
systolic BP with increasing sodium intake quartile 
with accentuation of this association in overweight/
obese subjects. When individuals in the highest 
sodium intake quartile were compared to those in 
the lowest quartile, the odds ratio for high BP was 
1.98 for the overall group but was 3.51 for over-
weight/obese subjects. Lastly, a relationship 
between sodium and BP has also been implied by 
the reduction in BP with salt restriction. He and 
MacGregor performed a meta-analysis of ten 

controlled pediatric trials and found signifi cant 
lowering of systolic BP with a median reduction 
in salt intake of 42 % [ 2 ].  

    Key Role of Pressure Natriuresis 

 Abnormal sodium handling is a critical factor 
in the genesis of hypertension in populations 
characterized by a volume-dependent form of 
hypertension. In these individuals, the normal 
increase in sodium excretion in response to a rise 
in BP fails to occur. This key mechanism referred 
to as “pressure natriuresis” was elucidated in land-
mark studies in the 1970s by Guyton [ 8 ]. Guyton 
demonstrated that a rise in BP leads to a refl ex 
increase in sodium excretion allowing a return of 
the pressure to baseline. Some individuals show 
an exaggerated pressure response to salt loading 
and volume depletion. In these salt-sensitive 
individuals, the slope of the renal function curve 
is blunted as shown in Fig.  18.1  [ 9 ]. In contrast, 
the curve is shifted to the right in salt-resistant 
hypertension without a change in slope.

       Mechanisms Generating Salt 
Sensitivity 

 Several different mechanisms can result in the 
phenotype of salt sensitivity. Reduced sodium 
fi ltration is seen with a decrease in glomerular 
fi ltration rate (GFR) and contributes to HTN in 
individuals with chronic kidney disease. 
However, this mechanism is not a likely factor 
for most individuals with essential hypertension 
as GFR is typically normal or near normal. 
Impaired sodium handling by the renal tubule has 
been frequently implicated in the pathogenesis 
of salt sensitivity but the specifi c segment(s) 
and abnormality(ies) enhancing reabsorption of 
sodium have yet to be established. Investigation 
of monogenetic disorders such as Liddle’s syn-
drome (see Chap.   6    ) has led to an appreciation 
of the effect of defects in the functioning of the 
epithelial sodium channel or a heightened 
response to mineralocorticoids in the distal tubule. 
Although such monogenetic conditions are rare, 
subtle abnormalities in distal tubule sodium 
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  Fig. 18.1    Relationship between pressure and sodium intake (and output) in normals compared with salt-sensitive 
and salt-resistant individuals (Reprinted with permission [ 9 ])       

reabsorption may prove to be involved in the 
pathogenesis of essential hypertension. 

 Additionally, attention has been directed at 
the importance of sodium handling in the proxi-
mal tubule, a site of action for angiotensin II and 
the sympathetic nervous system [ 10 ]. Using lith-
ium excretion as a marker, Chiolero et al. were 
able to link failure to reduce proximal tubule 
sodium reabsorption in response to a high-
sodium intake with salt sensitivity in animals and 
humans [ 11 ]. Finally, Johnson et al. have sug-
gested another important pathway to salt sensi-
tivity is related to subtle microvascular injury 
leading to tubulointerstitial infl ammation and 
fi brosis and eventually impaired renal tubular 
sodium handling [ 12 ]. Hyperuricemia has been 
implicated in initiating this process. Whatever 
the route to the phenotype, salt sensitivity is a 
complex phenomenon and likely dependent in 
most cases on the interaction of genetics, the 
environment, and physiological conditions.  

    Is Determination of Salt Sensitivity 
Important? 

 Classifi cation of individuals as salt sensitive iden-
tifi es them as being at greater risk for hyperten-
sive target organ changes and cardiovascular 

morbidity than salt-resistant individuals. Bihorac 
et al. found increased frequency of hypertensive 
retinopathy, left ventricular hypertrophy, microal-
buminuria, and higher serum creatinines in salt- 
sensitive hypertensive subjects as compared to 
salt-resistant hypertensives [ 13 ]. A greater risk 
for cardiovascular events has also been linked 
with salt sensitivity [ 14 ]. Furthermore, studies 
support the contention that long-term survival is 
infl uenced by salt sensitivity. Weinberger ana-
lyzed long-term data on normotensive and hyper-
tensive adults previously evaluated and classifi ed 
as salt sensitive or salt resistant [ 15 ]. Salt-sensitive 
hypertensives had the poorest survival of all 
groups. Interestingly, individuals who were nor-
motensive but salt sensitive demonstrated similar 
survival to hypertensive subjects over time and 
signifi cantly reduced survival compared to normo-
tensive salt-resistant adults. 

 Additionally, from a practical standpoint the 
response to antihypertensive medications can be 
infl uenced by salt sensitivity. Weir et al. demon-
strated that variation in salt intake infl uenced the 
response to an angiotensin-converting enzyme 
inhibitor versus a calcium channel blocker [ 16 ]. 
Similar fi ndings have been noted with other medi-
cations and non-pharmacologic interventions 
such as the DASH (Dietary Approaches to Stop 
Hypertension) diet and weight loss protocols 
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[ 17 – 20 ]. For example, the DASH diet was most 
effective in lowering BP when sodium intake was 
also restricted [ 17 ]. Thus, failure to consider salt 
sensitivity may compromise management of 
patients and cloud evaluation of the effectiveness 
of new antihypertensive medications across dif-
fering populations.  

    Salt-Sensitive Populations 

 As alluded to above, salt sensitivity is not uni-
versal. This phenomenon was demonstrated by 
Weinberger et al. who evaluated BP response 
to salt loading followed by volume depletion in 
378 normotensive and 198 hypertensive human 
subjects [ 21 ]. Subjects were “loaded” with salt 
by infusion of 2 liters of 0.9 % normal saline 
intravenously over 2 h and fed a high-salt diet. 
The following day, volume depletion was 
induced with a restricted dietary sodium intake 
of 10 mEq in conjunction with furosemide 
40 mg intravenously every 6 h for 3 doses. Salt 
sensitivity was defi ned by ≥10-mmHg differ-
ence in blood pressures obtained at completion of 
salt loading and volume depletion. Those demon-
strating ≤5-mmHg change in pressure between 
the two periods (loading versus depletion) were 
considered salt resistant. Twenty-six percent and 
51 % of normotensive and hypertensive subjects, 
respectively, were classifi ed as salt sensitive. A 
Gaussian distribution of BP response to salt 
loading and depletion was demonstrated for 
both hypertensive and normotensive subjects. 
Similarly, these authors demonstrated a normal 
distribution of salt sensitivity in normotensive 
adults fed a modestly restricted diet (<80 mEq of 
sodium/day) for 3 months [ 22 ]. For both normo-
tensive and hypertensive groups, salt-sensitive 
individuals were more likely to be older than 
those who were salt resistant [ 21 ,  22 ]. 

 Although older age is associated with salt 
sensitivity, enhanced BP response to salt intake 
has been demonstrated in adolescents and young 
adults. In young adults, ages 18–23 years, Faulkner 
and Kushner demonstrated salt sensitivity by oral 
administration of 10 g of sodium chloride daily 
for 14 days [ 23 ]. With salt sensitivity defi ned by 

a > 5 % rise in mean arterial pressure, 31 % were 
identifi ed as salt sensitive overall (41 % of normo-
tensives and 23 % of hypertensives). Long-term 
studies by this group demonstrated an association 
between the BP response to oral sodium loading 
and change in BP over 5 years [ 24 ]. Further stud-
ies in pediatric and young adult populations have 
demonstrated that obesity, hyperinsulinemia, 
African-American race, family history of hyper-
tension, and low birth weight are risk factors for 
salt sensitivity [ 23 – 28 ].  

    Identifi cation of Salt-Sensitive 
Individuals 

 The heterogeneity of the response to sodium 
loading indicates a difference in sodium handling 
by the kidney in salt-sensitive versus salt- resistant 
individuals. At a given BP level, salt-sensitive 
individuals demonstrate reduced sodium excre-
tion compared to those who are salt resistant. 
This tendency of salt-sensitive subjects to retain 
sodium was demonstrated in young adults by 
Faulkner and Kushner [ 23 ]. These investigators 
observed a negative correlation between sodium 
excretion and change in mean BP after oral 
sodium loading in the salt-sensitive subjects 
(r = −0.28,  p  < 0.01). Similar fi ndings have been 
reported by other investigators [ 21 ,  29 ,  30 ]. 

 The complexity and subject burden of the pro-
tocols required to assess salt sensitivity described 
above have limited the clinical utility of establish-
ing salt sensitivity [ 31 ,  32 ]. Identifi cation of the 
salt-sensitive individual is most typically accom-
plished by demonstrating an increase in BP in 
response to sodium loading by the enteral or par-
enteral routes. A potential alternative method to 
demonstrate salt sensitivity involves taking 
advantage of the anti-natriuretic response to sym-
pathetic nervous system (SNS) arousal to identify 
individuals who retain rather than excrete sodium 
during stress, referred to as stress-induced sodium 
retention or impaired stress-induced pressure 
natriuresis [ 33 ,  34 ]. The approach is based on 
rotating the axes of the pressure natriuresis curve 
discussed earlier, with sodium retention during 
stress (x-axis) leading to an increase in blood 
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pressure (y-axis). As shown in Fig.  18.2 , the 
sodium load “delivered” by the kidneys increases 
with stress accompanied by a volume- mediated 
rise in blood pressure.

   The primary evidence for this approach comes 
from two convergent lines of research in the 
animal literature. One is the investigation by 
psychologists of the mechanisms through which 
stress contributes to hypertension via its effects 
on renal sodium handling. Pioneered by 
Friedman, Koepke, and others, the focus of these 
studies was on the link between stress and hyper-
tension [ 35 – 37 ]. The second is the efforts of 
DiBona and others to defi ne the mechanisms 
through which SNS activation of the renal nerves 
can contribute to the development of hyperten-
sion in at-risk animals [ 38 – 40 ]. The intent of this 
line of research was characterization of the link 
between the SNS and the kidney. These studies 
demonstrated that hypertensive strains of rats 
retained sodium during stress. Further studies by 
additional investigators suggest that the anti-
natriuretic actions of stress-induced efferent renal 
sympathetic activity are the result of both direct 
actions on the kidney as well as resultant increases 
in angiotensin II [ 41 – 43 ]. 

 Building on animal studies, a seminal study 
by Light in 1983 in young adult men translated 
this line of research into humans [ 44 ]. These 
investigators observed that sodium retention 

occurred more commonly in those with border-
line hypertension or a parental history of hyperten-
sion (defi ned as high risk) as compared to those 
with a negative family history and normal blood 
pressures. In a subsequent study, Light and Turner 
reported that sodium retention was associated 
with higher cardiac output and stroke volume 
during stress as compared to sodium excretion 
during stress [ 45 ]. Reduced natriuresis with stress 
was noted in blacks and in those with a family 
history of hypertension. 

 These fi ndings were replicated in studies in 
normotensive African-American adolescents con-
ducted by our group [ 46 – 48 ]. After consuming a 
controlled sodium diet for 3 days prior to testing, 
African-American youth (ages 15–18 years) were 
subjected to a 5-h protocol that included 1 h of 
stress [ 47 ]. Thirty-two percent of the subjects 
demonstrated impaired pressure natriuresis with 
retention of sodium leading to a volume-mediated 
rise in BP [ 47 ]. The other subjects had a resis-
tance-mediated rise in their pressure that resulted 
in natriuresis and a return of the BP to normal. The 
pressure response and sodium excretion during 
stress for the two groups are depicted in Fig.  18.3 . 
Studies investigating stress- induced sodium reten-
tion are summarized in Table  18.1 .

        Factors Related to Stress-Induced 
Sodium Retention in Humans 

 It is well recognized that obesity is reaching 
epidemic proportions in children and adoles-
cents. Our group has performed a series of stud-
ies examining the impact of greater adiposity 
on sodium retention during stress. Barbeau 
compared sodium handling during stress in lean 
versus overweight/obese black youth [ 49 ]. The 
overweight/obese group displayed a signifi -
cantly smaller stress-related increase in sodium 
excretion despite a similar increase in BP. A 
subsequent study by Wilson was performed on 
a cohort of 127 youths that included both black 
and white subjects [ 50 ]. Percent body fat inde-
pendently accounted for 4.6 % of the variance 
of the stress-induced change in sodium excretion 
and 11.2 % of the variance of the level of 

  Fig. 18.2    Relationship between urine sodium retention 
and blood pressure during stress       
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  Fig. 18.3    Stress-induced changes in systolic blood pressure 
( SBP ) shown in panel ( a ) and sodium excretion ( mEq/h ) 
shown in panel ( b ), based on direction of the stress-induced 
changes in sodium excretion. Data expressed as least square 

means. Data compared for baseline, stress condition, and 
recovery periods (Adapted and used with permission 
Harshfi eld GA et al. [ 47 ])       

   Table 18.1    Studies of impaired stress-induced sodium retention   

 Study  Subjects  Diet  Stressor  Duration  Results 

 Light 
et al. [ 44 ] 

 White males, borderline 
HTN or FH +  

 High Na+/
fl uid load 

 Competitive 
video games 

 60 min  Sodium retention in 
high-risk subjects 

 Light and 
Turner [ 45 ] 

 28 males: 14 black and 
14 white 

 High Na + /
fl uid load 

 Competitive 
video games 

 60 min  Sodium retention in 43 % 
blacks and 14 % whites 

 Harshfi eld 
et. al. [ 46 ] 

 121 normals w/FH + , 
14–27 years old 

 Ad lib  Combined tasks  180 min  27 % show sodium retention 

 Harshfi eld 
et. al. [ 47 ] 

 118 black, 15–18 years 
old 

 3 days, Na +  
controlled 

 Competitive 
video games 

 60 min  34 % sodium retention 

 Harshfi eld 
et. al. [ 51 ] 

 292 black and white 
aged 15–18 

 3 days, Na +  
controlled 

 Competitive 
video games 

 60 min  Body mass index related to 
sodium retention in males 

 Barbeau 
et. al. [ 49 ] 

 84 normal black 15–18 
years old 

 3 days Na +  
controlled 

 Competitive 
video games 

 60 min  Percent body fat related to 
sodium retention 

 Wilson 
et al. [ 50 ] 

 127 black and white, 
15–18 years old 

 3 days Na +  
controlled 

 Competitive 
video games 

 60 min  Percent body fat and Ang II 
related to sodium retention 

 Harshfi eld 
et al. [ 48 ] 

 84 black and 105 white, 
15–18 years old 

 3 days Na +  
controlled 

 Competitive 
video games 

 60 min  Greater sodium retention in 
blacks vs. whites 

  Adapted and used with permission from Harshfi eld GA et al. [ 33 ] 
  HTN  hypertension,  Ang II  angiotensin II,  FH  family history  

sodium excretion during stress. In our third 
study of 151 boys and 141 girls, we reported 
that body mass index was inversely related to 
sodium excretion during the stress period in boys 
[ 51 ]. The magnitude of the correlation became 
greater when only boys with a BMI >25 kg/m 2  
were considered. 

 The propensity for salt sensitivity in African- 
Americans and older subjects has been well rec-
ognized. In concordance with racial differences 
noted in conventional sodium loading studies, 

Light and Turner reported that sodium retention 
during stress occurred more frequently in black 
adults compared to white adults [ 44 ]. Similarly 
in adolescents our group found that sodium excre-
tion in response to stress was signifi cantly lower 
in blacks compared to whites (see Fig.  18.4 ). 
The stress-induced increase in urinary sodium 
excretion was only 2 +/− 6 mEq/h in African-
American adolescents compared to 7 +/− 10 mEq/h 
in white adolescents [ 46 ]. With regard to the effect 
of age, recent data (see Fig.  18.5 ) from our 
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group has demonstrated that the magnitude of 
stress- induced sodium retention increases with 
age [unpublished data].

    We have also linked sodium retention during 
stress to preclinical measures of target organ dam-
age [ 33 ]. Specifi cally, we reported that African-
American adolescents who retained sodium during 
stress have a 10 % greater albumin excretion rate 
than those that excrete sodium during stress [ 52 ]. 

Furthermore, we reported that sodium retention 
is associated with cardiac remodeling [ 46 ], 
degradation of endothelial function [ 53 ], and dia-
stolic dysfunction [ 54 ].  

    Genetic Predisposition 

 Data on sodium sensitivity in individuals with a 
family history of hypertension have been con-
fl icting. Two studies reported that stress-induced 
sodium retention was greater in individuals with 
a positive family history [ 44 ,  46 ], while two stud-
ies did not fi nd differences between subjects 
with or without a family history of hypertension 
[ 55 ,  56 ]. We published two additional studies sup-
porting a genetic contribution to stress-induced 
sodium retention. A study in twins from our group 
[ 33 ] reported signifi cant heritability for sodium 
excretion during stress, which was greater in 
blacks (58 %) than in whites (42 %). Furthermore, 
these heritabilities could be attributed to genes 
that were only expressed under stress. The stress-
specifi c genetic infl uences were twice as large in 
blacks (47 %) as compared to whites (23 %). 
Approximately 40 % of the individual differ-
ences in the sodium excretion in response to 
stress could be explained by genetic factors in 
both blacks and whites. A second genetic study by 
our group identifi ed the potential signifi cance of 
the G protein-coupled receptor kinase 4 (GRK4) 
in sodium handling and hypertension [ 57 ]. 
We reported that the 65-L allele of the GRK4 

  Fig. 18.4    Racial differences in sodium excretion with 
stress exposure.  Bars  signify change in sodium excretion 
( Delta U   Na   V ) expressed in mEq/hr before and after stress       

  Fig. 18.5    Differences in stress-induced sodium retention in adults compared to adolescents. Urine sodium excretion 
during stress was compared to baseline to determine amount of retention, expressed as mEq/h       
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gene was associated with reduced sodium excre-
tion during stress in blacks. Overall, these studies 
support a role for a genetic contribution to sodium 
retention. However, the specifi c genes involved 
in this complex response pattern (or trait) remain 
to be established.  

    Mechanisms Generating 
Stress- Induced Sodium Retention 

 Studies in animals have supported the importance 
of the renin-angiotensin-aldosterone system 
(RAAS) and the SNS in the genesis of impaired 
sodium handling during stress. Working with 
Dahl rats, Koepke et al. demonstrated urine Na 
retention when sodium loading was followed by 
behavioral stress [ 58 ]. Administration of pro-
pranolol followed by the same procedure resulted 
in a higher sodium excretion. Treatment with 
other beta-blockers characterized by less central 
nervous system penetration under the same proto-
col showed impaired sodium excretion. Of note 
Light et al. were not able to replicate this effect of 
beta-blockers in humans [ 35 ]. A role for the SNS 
was also supported by work in Sprague-Dawley 
rats subjected to air stress [ 41 ]. In these studies 
anti-natriuresis was shown to be associated 
with renal sympathetic nerve activity and was 

abolished by renal denervation or by pretreatment 
with an angiotensin II antagonist. 

 Drawing on the above animal studies, mechanis-
tic studies in humans have focused on the role of the 
RAAS (as summarized in Table  18.2 ). Treatment 
for a month with an angiotensin- converting enzyme 
inhibitor (ACEi) improved sodium excretion in 
hypertensive adults as compared to those treated 
with placebo [ 59 ]. Activation of the SNS was 
suggested by an increase in urinary norepineph-
rine excretion after stress. Similarly, other inves-
tigators have demonstrated that treatment with an 
ACEi lessened sodium retention [ 56 ,  60 ]. In an 
unpublished pilot study, we found a signifi cant 
improvement in Na excretion after pretreatment 
with an angiotensin receptor antagonist in young 
adult subjects previously demonstrated to retain 
sodium during stress.

       Perspectives 

 Identifi cation of salt-sensitive individuals carries 
important therapeutic and prognostic implications. 
Unfortunately defi nitions and methodologies 
utilized to characterize salt sensitivity have varied 
between studies making comparison of data 
challenging. From a practical standpoint there is 
no reasonable way to identify the salt- sensitive 

   Table 18.2    Mechanisms related to impaired stress-induced sodium retention   

 Fauvel et al. 
[ 59 ] 

 10 HTN on ACE 
inhibitor 10 on 
placebo 

 Ad lib  Mental stress  60 min  ACE-improved  
sodium retention 

 Rollnik et al. 
[ 60 ] 

 21 HTN, 27 normal 
adult white males 

 5 days, 10 mEq 
Na + , hospitalized 

 Mental stress, with 
monetary incentive 

 60 min  ACE-improved sodium 
retention 

 Schneider 
et al. [ 56 ] 

 66 normals (33 FH + ), 
36 mild HTN, 18–40 
years old 

 Ad lib  Mental stress w/
feedback intensity 
controlled 

 30 min  ACE-improved sodium 
retention 

 Harshfi eld 
et al. [ 51 ] 

 292 black and white, 
15–18 years old 

 3 days, Na +  
controlled 

 Competitive video 
games 

 60 min  Sodium retention related 
to Ang II in males 

 Wilson 
et al. [ 50 ] 

 127 black and white, 
15–18 years old 

 3 days, Na +  
controlled 

 Competitive video 
games 

 60 min  Percent body fat and 
Ang II related to 
sodium retention 

 GE et al. 
[ 34 ] 

 31 black, 20 white 
19 ± 3 years old 

 Ad lib  Combined tasks  180 min     Sodium retention 
heritable 

 Zhu et al. 
[ 57 ] 

 664 twins  Ad lib  Combined tasks  180 min  GRK4 gene modulates 
retention 

  Adapted and used with permission from Harshfi eld GA et al. [ 33 ] 
  ACE  angiotensin-converting enzyme inhibitor,  Ang II  angiotensin II,  FH   +   family history positive for HTN,  HTN  
hypertension  
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individual with administration of a sodium load 
outside of a research setting. In the offi ce setting, 
salt sensitivity may be implied if BP improves 
with salt restriction. However, this approach is 
complicated by confounding factors, particularly 
uncertainty about the reliability of adherence. 
Administration of a salt load by stress-induced 
sodium retention is an alternative tactic to con-
ventional sodium loading. Thus far, utility has 
been limited to the research arena. This link 
between stress and sodium retention is particu-
larly intriguing in light of recent renewed inter-
est in the role of the renal sympathetic nerves in 
generating hypertension. Esler and his col-
leagues have conducted studies demonstrating 
successful and enduring treatment of refractory 
hypertension with renal sympathetic nerve ablation 
[ 61 ,  62 ]. 

 The reversal of stress-induced sodium retention 
with renal denervation in animals and with block-
ing of the RAAS in humans suggests that interplay 
between these systems results in sodium retention 
during stress. Our proposed model for stress-
induced sodium retention addresses this interaction 
as shown in Fig.  18.6 . Appreciation of the capacity 
of stress to result in sodium loading suggests new 
directions for treatment of salt- sensitive hyperten-
sion beyond dietary manipulations. Demonstration 
of impaired sodium handling during stress would 
identify salt- sensitive patients and enable a tailored 
approach to BP control. Efforts to develop an 
offi ce procedure for identifi cation of stress-induced 
sodium retention should be pursued.
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        Introduction 

 Of the many consequences of childhood obesity, 
the early development of type 2 diabetes (T2DM) 
is perhaps the most worrisome, given the long- 
term cardiovascular and renal sequelae of this 
condition. The metabolic syndrome (MS), a clus-
ter of risk factors for cardiovascular disease and 
T2DM with common etiology related to insulin 
resistance, also has substantial adverse cardio-
vascular manifestations and commonly occurs in 
obese children and adolescents. This chapter will 
focus on manifestations of hypertension (HTN) in 
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  Abstract 

   The childhood obesity epidemic has been accompanied by an increase 
in the number of young patients with complications of obesity such as the 
metabolic syndrome or even full-blown type 2 diabetes. Such patients are 
frequently hypertensive and may present with clinically signifi cant evi-
dence of hypertensive target-organ damage. There are important consider-
ations in the approach to treating hypertension in patients with the metabolic 
syndrome or type 2 diabetes, including cardiovascular effects of oral hypo-
glycemic agents and diabetogenic effects of certain antihypertensive medi-
cations. A comprehensive approach, including non- pharmacologic 
measures, hypoglycemic and antihypertensive medications, and perhaps 
even bariatric surgery in selected patients, is indicated in order to reduce 
future cardiovascular risk.  
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children with T2DM or the MS, with a signifi cant 
focus on treatment considerations, particularly as 
they pertain to use of hypoglycemic and antihy-
pertensive medications.  

    Classifi cation of Blood Pressure 
in the Young 

 Traditional cardiovascular end points used to 
defi ne levels of HTN in adults such as myocardial 
infarction and stroke rarely occur during the 
childhood and adolescent years. Therefore, the 
defi nition of HTN in the young is statistical, 
derived from analysis of a large database of blood 
pressure (BP) readings obtained in healthy chil-
dren and adolescents by screening studies such as 
the National Health and Nutrition Examination 
Survey (NHANES). Normal BP in children and 
adolescents is defi ned as systolic and diastolic 
BP readings below the 90th percentile for age, 
gender, and height, while HTN is defi ned as sys-
tolic or diastolic BPs persistently greater than the 
95th percentile [ 1 ]. There are published tables 
that list the normative BP values for adolescents 
≤17 years of age; these are available elsewhere in 
this text. For adolescents ≥18 years of age, the 
adult BP classifi cation scheme issued by the Joint 
National Commission [ 2 ] should be used. A com-
parison of the pediatric and adult BP classifi ca-
tion schemes is presented in Table  19.1 .
   Common to both the pediatric and adult BP 
classifi cation schemes is the concept of “prehy-
pertension.” This term refers to BP levels that 
would previously have been classifi ed as “high 
normal” in older pediatric practice guidelines. 
While the term “prehypertension” has proven to 

be controversial, the concept is intended to alert 
patients and physicians alike that prehyperten-
sion indicates the potential for later development 
of HTN and, thus, a need to make lifestyle 
changes that might prevent this from occurring. 
This concept is particularly important for obese 
children and adolescents. In children <12 years 
of age, prehypertension refers to BP levels ≥90th 
percentile and <95th percentile; in both adoles-
cents and adults, a BP value of >120/80 desig-
nates prehypertension.  

    Hypertension in the Metabolic 
Syndrome 

 The metabolic syndrome (MS) is a constellation 
of metabolic risk factors for developing athero-
sclerotic cardiovascular disease and diabetes 
mellitus and includes central obesity, dyslipid-
emia, abnormal glucose metabolism, and elevated 
BP. The prevalence of the metabolic syndrome in 
adults has been reported overall in North America 
as 21.8 % and increases with increasing age – 
6.7 % for those 20–29 years old, 43.5 % for 60–69 
years old, and 42 % for ≥70 years old [ 3 ]. Given 
the major increase in the prevalence of adult obe-
sity in both the United States [ 4 ] and worldwide 
[ 5 ], the number of persons likely to be affected 
by the MS is staggering. 

 While it is clear that components of the MS 
also can be identifi ed in children and adolescents, 
a consensus defi nition for the MS has been diffi -
cult to reach for the pediatric population.    Applying 
modifi ed National Cholesterol Education Program 
(NCEP) or Adult Treatment Panel III (ATP III) 
criteria to children and adolescents, three or more 

    Table 19.1    Classifi cation of hypertension in children, adolescents, and adults   

 Blood pressure 
classifi cation  Children and adolescents ≤17 years of age 

 Older adolescents (≥18 years of age) 
and adults 

 Normal  SBP and DBP <90th percentile  SBP <120 mmHg and DBP <80 mmHg 
 Prehypertension  SBP or DBP 90–95th percentile; or if BP is 

>120/80 even if <90th percentile 
 SBP 120–139 mmHg or DBP 80–89 mmHg 

 Stage 1 hypertension  SBP or DBP ≥95–99th percentile plus 5 mmHg  SBP 140–159 mmHg or DBP 90–99 mmHg 
 Stage 2 hypertension  >99th percentile plus 5 mmHg  SBP ≥160 mmHg or DBP ≥100 mmHg 

  Adapted from Refs. [ 1 ] and [ 2 ] 
  DBP  diastolic blood pressure,  SBP  systolic blood pressure  
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of the following constitute the MS: serum triglyc-
erides (TG) >95th percentile, HDL cholesterol 
<5th percentile, systolic or diastolic blood pres-
sure (BP) >95th percentile, and impaired glucose 
tolerance [ 6 ]. Using these modifi ed criteria, Weiss 
et al. [ 6 ] found that 39 % of those who were mod-
erately obese and 50 % of those who were severely 
obese had the MS and the prevalence increased 
with increasing degrees of insulin resistance when 
adjusting for race and degree of obesity. Using 
more stringent criteria, Cook et al. reported that the 
prevalence of MS in the NHANES III cohort was 
29 % in obese subjects (BMI ≥ 95th percentile), 
6.8 % in overweight subjects (BMI 85th–95th 
percentiles), and 0.1 % in normal weight subjects 
(BMI < 85th percentile)[ 7 ]. Importantly, the crite-
ria utilized by Cook et al. to defi ne the MS 
included BP ≥ 90th percentile, a lower level than 
in the analysis of Weiss et al. 

 The International Diabetes Federation (IDF) 
Task Force on Epidemiology and Prevention of 
Diabetes proposed a consensus defi nition for the 
MS in childhood that utilizes age-based criteria 
(Table  19.2 ) [ 8 ,  9 ].    Obesity is a central, essential 
component of their defi nition, with other comor-
bidities such as HTN. Waist circumference has 

been shown to be an independent predictor of 
insulin resistance, lipid levels, and blood pressure 
[ 10 ]. It is important to note that the IDF chose to 
compensate for variation in child development 
and ethnicity, age-related changes in waist cir-
cumference, and other factors. They chose not to 
defi ne the specifi cs of the MS in children less than 
10 years of age beyond obesity, suggesting that the 
diagnosis of MS not specifi cally be made. In the 
10–16-year-old group, an absolute BP level was 
chosen, refl ective of the adult MS criteria with the 
same cutoff points used for systolic and diastolic 
hypertension, rather than a BP percentile to denote 
elevated BP. This defi nition of the pediatric MS 
will require validation in large- scale studies [ 11 ] 
and should best be considered a starting point that 
may be changed as further data and information 
emerge. Recent data have suggested that further 
development of the MS criteria is indicated for the 
prepubertal age range; for example, in one recent 
study from Europe, features including dyslipid-
emia and hypertension were similarly prevalent in 
prepubertal as compared to pubertal and postpu-
bertal obese children [ 11 ,  12 ].

   Further challenges exist concerning the stability 
of the MS as a diagnosis in children, likely related 
to the dynamic state of physiological changes 
during puberty. This is particularly pertinent 
given the known changes in insulin sensitivity 
seen in normal puberty with a physiological 
decrease in insulin sensitivity during mid-puberty 
mirrored by a compensatory rise in insulin secre-
tion. The MS, as defi ned by various groups, 
including the IDF and AHA, was found to be an 
unstable diagnosis in approximately half of ado-
lescents from a prospective cohort of 1,098 chil-
dren with MS at baseline losing this diagnostic 
label on follow-up over 3 years [ 13 ]. Of course, it 
was also true that new diagnoses of MS in other 
subjects were made over the same follow- up 
period; capturing stability of the MS in adoles-
cents is, thus, diffi cult. Ultimately, whether the 
use of the MS construct stands up to the true defi -
nition of a “   syndrome”, or not, is in our opinion 
of secondary importance to the primacy of its 
clinical usefulness as a pattern of increased car-
diovascular risk seen broadly across the obese 
population. As a framework for the development 

   Table 19.2    Proposed IDF defi nition of MS in children 
and adolescents   

 Ages 6 to <10 years 
    Obesity ≥90th percentile as assessed by waist 

circumference  
    Metabolic syndrome cannot be diagnosed, but 

further measurements should be made if family 
history of metabolic syndrome, type 2 diabetes 
mellitus, dyslipidemia, cardiovascular disease, 
hypertension, or obesity  

 Ages 10 to <16 years 
 Obesity ≥90th percentile (or adult cutoff if lower) as 
assessed by waist circumference 
 Triglycerides ≥1.7 mmol/L 
 HDL cholesterol <1.03 mmol/L 
 Blood pressure ≥130 mmHg systolic or ≥85 mmHg 
diastolic 
 Glucose ≥5.6 mmol/L (oral glucose tolerance test 
recommended) or known type 2 diabetes mellitus 

 Age >16 years 
  Use existing IDF criteria for adults 

   IDF  International Diabetes Federation , MS  metabolic 
syndrome  
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of an intervention plan for the individual patient, 
it has clinical utility. 

 Given that elevated BP is one of the criteria for 
diagnosis of the MS, it follows that the majority of 
persons with the MS exhibit some degree of BP 
elevation. Data show that HTN is strongly associ-
ated with fasting hyperinsulinemia [ 14 ] and with 
the cluster of dyslipidemia, insulin resistance, and 
obesity in children aged 11–15 years [ 15 ]. 
However, the association between HTN and indi-
vidual components of the MS in children may be 
less strong. Longitudinal studies do show, though, 
that elevated systolic BP in childhood strongly 
predicts the development of adult MS [ 16 ]. The 
MS has been identifi ed as a strong independent 
predictor of cardiovascular events in hyperten-
sive persons, amplifying the cardiovascular risk 
associated with HTN [ 17 ]. The process of athero-
sclerosis starts at an early age and is already 
linked to obesity and other components of the 
MS in childhood [ 18 ]. Accurate identifi cation 
and appropriate treatment of children and adoles-
cents with the MS is thus critical for prevention 
of future cardiovascular disease.  

    Hypertension in Type 2 Diabetes 

 Hypertension is common among adults with type 
2 diabetes (T2DM). Data from the NHANES 
1999–2004 survey indicate that overall, over 
70 % of prevalent adults with T2DM have coex-
isting hypertension and that the frequency of 
hypertension in this group has been increasing 
over the past decade [ 19 ]. Indeed, a signifi cant 
proportion of adults with newly diagnosed T2DM 
are already hypertensive at the time of diagnosis 
[ 20 ]. Hypertension in adult T2DM is often poorly 
controlled, with only about 30 % of patients 
achieving the recommended target BP of <130/80 
[ 19 ]. Consequently, adults with T2DM have a 
high rate of stroke and other severe cardiovascu-
lar disease manifestations, and premature death 
from cardiovascular causes is common [ 21 ]. 

 Until recently, given that T2DM in children 
was rare, data were scarce on the prevalence of 
hypertension in children and adolescents with 
T2DM. However, with the emergence of T2DM 

in the adolescent population, particularly in 
North America, where incident cases of diabetes 
in some ethnicities and age groups are now as 
likely to be T2DM as they are T1DM [ 22 ,  23 ], 
better data are emerging. In a 2006 analysis of 
data from the SEARCH for diabetes in youth 
study in the United States, among approximately 
2,100 children aged 3–19 years old with diabetes, 
the prevalence of BP above the 90th percentile or 
treatment with antihypertensive medications was 
22 % among those with T1DM versus 73 % among 
those with T2DM. However, there were fewer than 
100 subjects with T2DM in the study sample [ 24 ]. 
Subsequent data from SEARCH showed that in a 
cohort of 410 youth with T2DM of mean duration 
of 18 months, 23.7 % were hypertensive, with 
similar rates in the children under 12 as compared 
with those older than 12 years [ 25 ]. Disturbingly, 
only one-third of patients and their families were 
aware that they were hypertensive. In multivariate 
analysis, only higher BMI was independently 
associated with HTN, suggesting that weight, 
independent of glycemic control, is important in 
the development of HTN in children. Data from 
an Australian study[ 26 ] showed that, similar to 
the SEARCH data from the United States, 36 % of 
youths with T2DM (mean duration of 1.3 years) 
were hypertensive and 28 % had evidence of 
microalbuminuria – complication rates much 
higher than seen in children with T1DM, despite 
a much shorter duration of disease. Similar rates 
of hypertension were also reported in the broader 
Asia Pacifi c pediatric T2DM population, and in 
that study the same association between BMI and 
HTN in established T2DM as that seen in 
SEARCH was found [ 27 ]. 

 Finally, and most recently, data have emerged 
from the largest study of youth with T2DM to 
date, a randomized multicenter clinical trial called 
Treatment Options for Type 2 Diabetes in 
Adolescents and Youth (TODAY) [ 28 ]. This study 
was set up to examine the effects on glycemic 
control of metformin alone, metformin combined 
with a lifestyle intervention program, and metfor-
min combined with rosiglitazone. Of 704 youth 
with T2DM with a mean duration of diabetes of 
less than 8 months, 26.3 % had a BP ≥90th per-
centile and 13.6 % had a BP ≥95th percentile. 
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No differences were seen in these rates by ethnicity; 
however, boys with T2DM had higher rates of 
hypertension than girls. In 2012, results became 
available after the minimum 2-year treatment 
period had concluded for all participants [ 29 ]. 
Using BP ≥95th percentile as the cutoff, a further 
22 % of the study patients developed hypertension 
over the study period, and by the end of the 2-year 
follow-up period, more than 1/3 of participants in 
all treatment groups were hypertensive. No sig-
nifi cant difference was found in the rates of 
hypertension appearance in any of the three study 
treatment groups (Table  19.3 ).

   These aforementioned studies primarily use 
BPs obtained in clinic rather than ambulatory mea-
sures of HTN. However, in a study of obese minor-
ity adolescents with and without T2DM that 
incorporated ambulatory blood pressure monitor-
ing (ABPM) [ 30 ], we found ambulatory hyperten-
sion in 39 % of those with T2DM, compared to 
only 8 % of those without T2DM. Nearly all 
ABPM variables, including mean wake and sleep 
BP, and wake and sleep BP loads [ 31 ] were signifi -
cantly higher in the T2DM group. Blunted noctur-
nal dipping, however, was common in both groups, 
affecting 58 % of those with T2DM and 42 % of 
those without T2DM, suggesting that blunted 
dipping may be an early manifestation of elevated 
cardiovascular risk in obese youth whether or not 
T2DM has developed. Alarmingly, 40 % of the 
adolescents in this study had microalbuminuria 
[ 30 ], suggesting that as in adults and as mentioned 
above, consistent with nonambulatory BP results, 
there is early development of cardiovascular dis-
ease in pediatric patients with T2DM. 

 With the increasing prevalence of T2DM in 
children and adolescents, particularly among 
specifi c minority groups [ 32 ,  33 ], large-scale 
studies can likely now be conducted to assess 
the importance of hypertension as a risk factor 

in adolescents with T2DM prospectively. The 
TODAY study is the fi rst prospective study to 
include relevant BP data in an intervention trial; 
however, the study was designed to assess the 
effect of interventions not directed at HTN, but 
rather at glycemic control [ 29 ]. It does not seem 
surprising that rates of new cases of HTN were 
high in the study, given the high failure rate of 
each arm on HbA1c criteria. Incorporation of 
ambulatory BP monitoring and consensus defi ni-
tions of hypertension into such studies will be 
needed to produce the most accurate assessment 
of early cardiovascular disease in T2DM. 

 In summary, emerging data suggest that the 
prevalence of HTN and other complications of 
diabetes are becoming more common and appear 
earlier in the course of T2DM as compared to 
T1DM. As high albumin excretion rates are seen 
in the MS in children, it seems likely that subclini-
cal renal damage may occur before overt T2DM 
appears. Given the typically lower reported rates 
of hypertension in childhood T1DM, providers 
will need specifi c education about the importance 
of BP control and the risk of nephropathy in 
childhood T2DM.  

    Pathophysiology 

 A detailed discussion of the mechanisms under-
lying the development of hypertension in patients 
with the MS or T2DM is beyond the scope of this 
chapter, but a few key points deserve emphasis. 
Since there is considerable overlap with obesity-
related hypertension, the interested reader should 
see Chap.   17    , “Childhood Obesity and Blood 
Pressure.” Additionally, reading discussions of the 
pathophysiology of obesity-related hypertension 
in adults [ 21 ,  34 – 36 ] would also be pertinent to 
pediatric patients with either the MS or T2DM. 

   Table 19.3    Prevalence of HTN a  at baseline and new cases of HTN from the TODAY study   

 Overall  Metformin alone  Metformin + rosiglitazone  Metformin + lifestyle intervention 

 Cases at baseline (%)  11.6  12.1  11.6  11.1 
 New cases during study (%)  22.2  24.6  22.7  19.2 

  Adapted from Ref. [ 29 ] 
  a Defi ned as BP ≥ 95th percentile, SBP ≥ 130 mmHg, or DBP ≥ 80 mmHg  

19 Hypertension in Children with the Metabolic Syndrome or Type 2 Diabetes

http://dx.doi.org/10.1007/978-1-62703-490-6_17


284

 Insulin resistance is clearly the major patho-
physiological mechanism involved in the devel-
opment of hypertension in both the MS and 
T2DM. Landsberg wrote, “…insulin resistance in 
the obese is a mechanism evolved for limiting fur-
ther weight gain. Like any compensatory mecha-
nism, however, there is a price to pay. In this 
situation, that price is the hyperinsulinemia and 
sympathetic activation which, via effects on the 
blood vessels, the heart and the kidneys, exerts a 
pro-hypertensive effect that, in susceptible indi-
viduals, causes hypertension” [ 37 ]. There are 
several lines of evidence linking hyperinsulinemia 
with increased sympathetic nervous system (SNS) 
activation and hypertension, including the fi nding 
of elevated levels of plasma catecholamines, and 
abrogation of hypertension after adrenergic 
blockade [ 38 ,  39 ]. While there are likely multiple 
mechanisms involved in activation of the SNS in 
the MS and T2DM [ 40 ], hyperinsulinemia is one 
of the most important. 

 There are many other mechanisms by which 
hyperinsulinemia may contribute to the develop-
ment of hypertension. First and foremost, among 
these is altered renal handling of sodium, which 
leads to hypertension through an expansion of 
plasma volume. Insulin increases renal sodium 
reabsorption, possibly in the distal nephron, 
although this is not completely certain [ 41 ]. It is 
likely that increased renal sympathetic nerve 
activity is responsible, at least in part, for this 
effect [ 42 ]. Elevated circulating levels of aldoste-
rone, which have been demonstrated in salt-sen-
sitive obese adolescents, may also be involved 
[ 43 ]. Importantly, these effects of hyperinsu-
linemia on renal sodium handling can be reversed 
with weight loss [ 43 ]. 

 Another mechanism by which hyperinsu-
linemia may elevate blood pressure is through 
effects on vascular structure and function. 
Although insulin when infused directly into 
local vascular beds acts as a vasodilator [ 44 ], in 
hypertensive subjects this effect is probably off-
set by vasoconstriction, mediated by increased 
sympathetic nervous activity [ 44 ,  45 ]. In addi-
tion, impaired vasodilation in response to insu-
lin infusion has been demonstrated in obese 
adults [ 46 ]. Alternatively, insulin may act to 

stimulate vascular smooth muscle proliferation 
in resistance vessels via activation of the local 
renin-angiotensin-aldosterone (RAAS) [ 47 ], 
thereby leading to increased peripheral vascular 
resistance due to vascular medial hypertrophy. 
In this way, hyperinsulinemia would lead to 
hypertension by increasing systemic vascular 
resistance. This mechanism is supported by 
recent studies demonstrating altered vascular 
structure and function in obese youth with and 
without T2DM [ 48 ]. 

 New data have also emerged on activation of 
the RAAS in obesity-related hypertension. Many 
components of the RAAS have been shown to be 
increased in obesity hypertension in adults [ 34 ], 
but the data in children have not been consistent. 
We demonstrated that in obese adolescents with or 
without T2DM, plasma renin activity (PRA) was 
positively correlated with BMI, but negatively 
correlated with 24-h ambulatory BP [ 49 ]. These 
results contrast with our prior work, which dem-
onstrated a positive correlation between PRA and 
ambulatory BP [ 50 ]. Nevertheless, activation of 
the RAAS is likely present in many, if not all, 
patients with obesity-related hypertension and, as 
will be discussed later, may be targeted as one 
component of treatment of these patients.  

    Therapy 

 Since elevated BP is one of the defi ning criteria 
of the MS, and since many patients, including 
adolescents, may already be hypertensive at the 
time of diagnosis of T2DM, treatment of ele-
vated BP will be required in many, if not most, 
children and adolescents diagnosed with either 
the MS or T2DM. Given the common patho-
physiology of hypertension in both the MS and 
T2DM, treatment of both conditions will be 
discussed collectively in the remaining sections 
of this chapter. 

    Role of Non-pharmacologic Therapy 

 (Also see Chap.   35    , “Nonpharmacologic Treatment 
of Pediatric Hypertension.”) 
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 Weight loss, aerobic exercise, and dietary 
modifi cations have all been shown to reduce BP 
successfully in children and adolescents and are 
therefore recommended as primary treatment in 
children with obesity-related HTN [ 1 ]. Studies in 
obese adolescents have demonstrated that weight 
loss not only decreases BP but, importantly for 
those with the MS or T2DM, also improves other 
cardiovascular risk factors such as dyslipidemia 
and insulin resistance [ 51 – 53 ]. In studies in 
which an approximate 10 % reduction in body 
mass index was achieved, short-term reductions 
in BP were in the range of 8–12 mmHg. 
Unfortunately, weight loss is diffi cult and fre-
quently unsuccessful. Additionally, even inten-
sive efforts at weight loss in childhood may be 
followed by recidivism and an increased preva-
lence of adverse consequences of obesity in 
adulthood [ 54 ]. However, identifying a medical 
complication of obesity such as the MS or T2DM 
may potentially provide the necessary motivation 
for patients and families to make the appropriate 
lifestyle changes. 

 Similarly, exercise training over 3–6 months 
has been shown to result in a reduction of 
6–12 mmHg for systolic BP and 3–5 mmHg for 
diastolic BP [ 55 ]. However, cessation of regular 
exercise is generally promptly followed by a rise 
in BP to pre-exercise levels. Aerobic exercise 
activities such as running, walking, or cycling are 
usually preferred to static forms of exercise in the 
management of HTN. Many children may already 
be participating in one or more appropriate activi-
ties and may only need to increase the frequency 
and/or intensity of these activities to produce a 
reduction in their BP. At the very least, the amount 
of time spent in sedentary activities such as televi-
sion viewing should be restricted to <2 h/day [ 56 ]. 
Increasing physical activity may not only reduce 
BP but can help with weight loss and/or mainte-
nance and has been demonstrated to be more effec-
tive than treatment with metformin in preventing 
the development of T2DM [ 57 ]. 

 For best BP reduction and weight control 
results, exercise should be combined with dietary 
changes. Such an approach has been shown to 
improve markers of insulin resistance in obese 
adolescents [ 58 ]. The combination of dietary 

changes and exercise training may also improve 
vascular function in addition to reducing BP [ 59 ]. 

 Dietary modifi cation in the management of 
HTN in children and adolescents has received 
much attention. Nutrients that have been exam-
ined include sodium, potassium, and calcium, as 
well as folate, caffeine, and other substances. 
Manipulation of sodium intake has received 
extensive study [ 60 ]. Many authors have noted 
that the typical dietary sodium intake of children 
and adolescents, at least in the United States, far 
exceeds any nutritional requirements for sodium, 
even for growing children. Trials of dietary 
sodium restriction in hypertensive children and 
adolescents have produced mixed results, with 
some studies showing no benefi t and others 
showing a modest reduction in BP in obese but 
not in lean adolescents [ 43 ,  60 ]. Thus, dietary 
sodium restriction may have a role in treatment 
of children and adolescents with the MS or 
T2DM, a substantial proportion of whom are 
likely to be salt sensitive. 

 Both potassium and calcium have been shown 
to have antihypertensive effects in hypertensive 
children and adolescents. A recent 2-year trial of 
potassium and calcium supplementation in hyper-
tensive, salt-sensitive Chinese children demon-
strated that this combination signifi cantly reduced 
systolic BP [ 61 ]. Therefore, a diet that is low in 
sodium and enriched in potassium and calcium 
may be more effective in reducing BP than a diet 
that restricts sodium alone. 

 An example of such a diet is the so-called 
Dietary Approaches to Stop Hypertension    (DASH) 
diet, which has been shown to have an antihyper-
tensive effect in adults with HTN, even in those 
receiving antihypertensive medication [ 62 ,  63 ]. 
The basic elements of the DASH eating plan are 
straightforward to apply to the treatment of hyper-
tensive children, especially if accompanied by 
counseling from a pediatric dietitian. A study in 
a population of mostly obese adolescents with 
either prehypertension or stage I HTN confi rmed 
that a DASH-type eating plan was effective in 
reducing BP [ 64 ]. The DASH diet also incorpo-
rates higher intake of micronutrients such as folate, 
which may have an antihypertensive effect, as well 
as measures designed to reduce dietary fat intake, 
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an important strategy given the frequent presence 
of both HTN and dyslipidemia in children and 
adolescents with the MS or T2DM.  

    Cardiovascular Effects of Oral 
Antidiabetic Agents 

 It has become apparent over recent years that many 
of the agents used to improve insulin sensitivity in 
persons with the MS or T2DM also have important 
cardiovascular effects. Although treatment with 
these agents will not obviate the need for antihy-
pertensive medications in many patients, their 
potential impact on BP deserve consideration. 

 Metformin, which is widely used in patients 
with T2DM, is a biguanide antihyperglycemic 
drug that lowers hepatic glucose production, low-
ers plasma-free fatty acid levels, and improves 
insulin sensitivity, primarily by increasing periph-
eral glucose uptake in skeletal muscle and adipose 
tissue [ 65 ,  66 ]. Studies in rats with streptozotocin- 
induced diabetes have demonstrated that metfor-
min reduces BP and restores aortic endothelial 
function [ 67 ]. Human studies, however, have not 
uniformly demonstrated a signifi cant effect of 
metformin on BP. For example, metformin had 
no effect on BP in an obese adult cohort in China 
without T2DM, though it did improve BMI [ 68 ]. 
Metformin has also been associated with weight 
loss in adolescents when accompanied by adher-
ence to a lifestyle intervention [ 69 ]. 

 Manzella et al. randomized 128 patients with 
T2DM to either metformin or placebo and exam-
ined the effect of metformin on BP and the SNS. 
While metformin treatment resulted in a signifi -
cant improvement in cardiac sympathovagal bal-
ance as assessed by heart rate variability, no 
changes were noted in mean arterial BP [ 70 ]. 
In another study, metformin was given for 12 
weeks to obese subjects with T2DM previously 
managed either with dietary therapy alone or sul-
fonylurea monotherapy. Although metformin, 
either as monotherapy or in combination with a 
sulfonylurea, improved glycemic control, there 
was no signifi cant effect on BP [ 71 ]. Finally, 

Stakos et al. randomized participants with insulin 
resistance and normal glucose tolerance to receive 
glipizide 5 mg/day, metformin 500 mg/day, or 
placebo for 2 years. Patients in the metformin and 
placebo groups had a mild but signifi cant decrease 
in systolic and diastolic BP, while the glipizide 
group had a mild but nonsignifi cant decrease in 
BP [ 72 ]. Clearly, metformin alone will be insuf-
fi cient treatment for hypertension in the MS or 
T2DM, but it may have some benefi cial cardio-
vascular effects. Data from the TODAY study, 
referenced earlier, indicate that approximately 
1/3 of patients were hypertensive by the end of 
the trial, despite all participants being treated 
with metformin [ 29 ]. 

 Rosiglitazone, a thiazolidinedione, binds to 
the peroxisome proliferators-activated receptor-
gamma (PPAR-γ), a transcription factor that reg-
ulates the expression of genes involved in glucose 
production, transport, and utilization in the liver, 
adipose tissue, and muscle [ 66 ]. Rosiglitazone has 
been shown to improve vascular function and 
ameliorate BP in hypertensive transgenic mice 
[ 73 ]. Negro et al. compared the effects of rosigli-
tazone and metformin vs. metformin alone on BP 
and metabolic parameters of diabetic patients [ 74 ]. 
After 1 year of treatment with both rosiglitazone 
and metformin, a signifi cant reduction of systolic 
and diastolic BP was demonstrated by ambulatory 
BP monitoring. In a similar study, rosiglitazone 
treatment produced a signifi cant reduction in 
ambulatory BP that was correlated with improve-
ments in insulin sensitivity [ 75 ].    Rosiglitazone has 
also been studied in combination with metformin 
with or without the addition of glimeperide, a 
second-generation sulfonylurea, in hypertensive 
type 2 diabetic patients [ 76 ] that were randomized 
to treatment with either metformin + glimeperide 
or to metformin + rosiglitazone. Mean BP was not 
signifi cantly improved at any time in the group 
that received glimeperide + metformin; however, 
BP signifi cantly improved at 12 months in those 
who received rosiglitazone + metformin. The anti-
hypertensive effect of rosiglitazone appeared to be 
mainly related to decreased insulin resistance and 
improvement in endothelial function. 
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 Pioglitazone, another thiazolidinedione, was 
studied in patients with T2DM who had abnor-
mal nocturnal BP on ambulatory BP monitoring. 
Subjects were randomized to either metfor-
min + placebo or to metformin + pioglitazone. 
After 8 weeks of treatment, the metformin + pio-
glitazone group had reduced nocturnal BP values 
which were independent of changes in meta-
bolic parameters [ 77 ].

While robust data on the BP effects of thia-
zolidinediones in children are lacking, the 
TODAY study suggests that, in youth with 
T2DM, the addition of rosiglitazone to metfor-
min does not confer a greater benefi t with regard 
to HTN risk, when compared with metformin 
alone [ 29 ]. These minimal benefi cial effects on 
cardiovascular risk may not outweigh the known 
adverse effect profi le of this class of agents. 

 Although not approved for use in children in 
the United States, the incretin-based therapies 
such as the glucagon-like peptide (GLP-1) ana-
logues and dipeptidyl peptidase IV inhibitors 
may ultimately prove benefi cial. GLP-1 is 
secreted by the L cells of the intestine and aug-
ments glucose-dependent insulin secretion, 
suppresses glucagon, induces satiety, and slows 
gastric emptying. GLP-1 appears to have effects 
on BP as well. Evidence exists that GLP-1 and 
its analogues induce vasodilation, and clinical 
studies of GLP-1 analogues with long duration 
of action have examined their effects on BP in 
humans [ 78 ]. One study of exenatide, a GLP-1 
analogue, in adults with T2DM showed benefi -
cial effects on systolic BP when compared with 
insulin or placebo [ 79 ], but these results may be 
confounded by weight loss, a known, likely 
benefi cial, side effect of incretin-based thera-
pies. The effects of inhibition of dipeptidyl pep-
tidase IV (DPPIV), the enzyme responsible for 
the rapid degradation of GLP-1, on BP are even 
less clear. While early trials using DPPIV 
inhibitors in adults with the MS were not 
designed to examine the effect on BP [ 80 ], their 
effects on HTN may be dynamic and depend on 
interaction with the RAAS [ 81 ]. The relevance 
of DPPIV inhibitors to pediatric hypertension is 
unclear, as available studies are preliminary, 

and none have been conducted in children or 
adolescents. 

 Acarbose is a glucose oxidase inhibitor that 
delays the absorption of glucose, resulting in a 
reduction of postprandial blood glucose levels. 
The STOP-NIDDM (Study to Prevent Non-
Insulin- Dependent Diabetes Mellitus) trial exam-
ined the effect of acarbose on the progression of 
patients with impaired glucose tolerance (IGT) to 
diabetes, HTN, and cardiovascular disease [ 82 ]. 
After a mean follow-up of 3.3 years, treatment 
with acarbose resulted in a 25 % relative risk 
reduction in the development of T2DM, a 34 % 
risk reduction in development of new cases of 
HTN, and a 49 % risk reduction in the develop-
ment of cardiovascular events. Another study by 
Rachmani et al. examined the effect of 24 weeks 
of acarbose treatment on insulin resistance in 
obese hypertensive patients with normal glucose 
tolerance [ 83 ]. Insulin resistance improved in the 
acarbose group; however, BP declined equally in 
the two groups. 

 Although mainly limited to studies conducted 
in adults, these data suggest that some of the 
agents used to improve insulin sensitivity in 
patients with the MS and/or T2DM may have 
additional benefi ts in lowering BP, but results 
from the largest of these studies, TODAY, are 
unconvincing with regard to HTN. It is also per-
tinent to point out that metformin remains the 
only FDA-approved oral medication for manag-
ing T2DM in youth. No large pediatric studies 
have been performed using insulin-sensitizing 
therapy that directly addresses BP as the primary 
end point. Rather, they use, unsurprisingly, gly-
cemic targets such as glycosylated hemoglobin 
as the outcome variable of interest and are thus 
designed and powered accordingly, with BP as a 
secondary variable. Further studies designed and 
conducted with BP as a primary outcome might 
provide a clearer picture of the effects of these 
agents on cardiovascular risk in youth. However, 
available data suggest that it is unlikely that treat-
ment with these agents alone would be suffi cient 
to control HTN, making combination treatment 
with antihypertensive drugs necessary in many 
affected children and adolescents.  
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    Antihypertensive Drug Therapy 

    Indications for Antihypertensive Drug 
Therapy 
 Even with successful weight loss, exercise, 
dietary changes, and use of the oral hypoglyce-
mic agents discussed above, antihypertensive 
medications will be needed in many patients with 
the MS or T2DM in order to achieve goal BP. 
Despite the potential theoretical benefi ts of initia-
tion of drug therapy early in life, it is important to 
recognize that the long-term consequences of 
untreated HTN in a child or adolescent remain 
unknown. Similarly, there is a lack of data on the 
benefi ts of therapy in the pediatric age group, as 
well as possible long-term effects of antihyper-
tensive medications on growth and development, 
which add further uncertainty to the decision to 
initiate drug treatment. However, the knowledge 
that accelerated cardiovascular disease occurs 
commonly in adult patients with the MS or 
T2DM adds impetus for starting drug therapy 
early in young patients with these diagnoses. 

 As recommended by the National High Blood 
Pressure Education Program [ 1 ], defi nite indica-
tions for initiating pharmacologic therapy in a 
child or adolescent include the following:
•    Stage 2 hypertension (see Table  19.1 )  
•   Symptomatic hypertension  
•   Secondary hypertension  
•   Hypertensive target-organ damage  
•   Diabetes (types 1 and 2)  
•   Persistent hypertension despite non- 

pharmacologic measures    
 Thus far, although it might seem reasonable to 

add the presumptive diagnosis of the MS as an 
additional indication for initiating drug therapy, 
no consensus organization has yet endorsed such 
an approach, probably because of the uncertain-
ties surrounding the defi nition of the MS in pedi-
atrics discussed earlier. At the very least, children 
and adolescents with the MS and BP above the 
prehypertensive range who do not adhere to or 
respond to a reasonable (6–12-month) trial of 
non-pharmacologic measures should probably be 
prescribed antihypertensive medications, given 
the high risk of progression of the MS to frank 
diabetes, and given the increased risk of develop-
ment of atherosclerosis in these patients.  

    Choice of Antihypertensive Medication 
 The general topic of drug therapy in childhood 
hypertension is covered in detail in Chap.   36    , 
“Pharmacologic Treatment of Pediatric 
Hypertension,” so the following discussion is 
limited to specifi c aspects pertinent to the MS 
and T2DM. One of the key general principles of 
treatment of hypertension is consideration of 
comorbidities that may preferentially favor one 
class of drug over another. The best example of 
this principle can be found in the JNC-7 Report 
[ 2 ], which highlighted a list of “compelling indi-
cations” that, based upon the results of large- scale 
clinical trials, favored the use of specifi c drug 
classes. Included in the JNC-7 list of compelling 
indications is diabetes, and drug classes listed as 
indicated included ACE inhibitors, angiotensin 
receptor antagonists, diuretics, beta- blockers, and 
calcium channel blockers. Choosing between 
these in a patient with T2DM may depend upon 
the presence or absence of microalbuminuria, in 
which case an agent affecting the renin-angiotensin-
aldosterone (RAAS) would be favored [ 84 ]. 
Unfortunately, a similar evidence base is lacking 
for pediatric patients, as studies including pediat-
ric and adolescent patients with these co- morbid 
conditions have not been conducted. 

 Probably the most important issue to consider 
in the selection of an antihypertensive agent in the 
pediatric patient with the MS or T2DM is the 
effect of that drug class or specifi c agent on insulin 
sensitivity. Alpha-adrenergic blockers, for exam-
ple, are well known to improve insulin sensitivity 
and have been advocated for use in treatment of 
HTN in patients with impaired glucose tolerance 
and/or frank diabetes [ 85 ,  86 ]. Alpha- blockers 
lower triglyceride and free fatty acid levels and 
have no effect on total, high-density, or low-density 
cholesterol [ 86 ], important considerations given 
the common fi nding of dyslipidemia in the MS 
and T2DM. The benefi ts of alpha blockade have 
also been demonstrated in a study of the com-
bined alpha- and beta-blocker carvedilol, which 
effectively reduced BP without worsening 
selected metabolic parameters in adults with the 
MS [ 87 ]. 

 Calcium channel blockers have also been 
demonstrated to have benefi cial effects on insulin 
sensitivity in patients with essential HTN [ 88 ,  89 ], 
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so, by extension, would be appropriate for use in 
persons with the MS. Even more encouraging is 
blockade of the RAAS with angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor 
blockers (ARBs). These agents have been shown 
to have either neutral or benefi cial effects on 
glucose metabolism and have the potential to 
prevent the development of diabetes in individu-
als with the MS [ 90 ,  91 ]. Additionally, since the 
RAAS is likely activated in patients with obe-
sity-related hypertension (which would include 
the MS and T2DM) [ 21 ,  34 – 36 ], there is a spe-
cifi c pathophysiological basis for using these 
agents. Some of the newer ARBs appear to acti-
vate PPAR-γ, producing the benefi cial effects of 
the thiazolidinediones without the weight gain 
and other potential adverse effects associated 
with those agents [ 92 ]. Therefore, many authors 
recommend ACE inhibitors and ARBs as the 
fi rst-line agents for treatment of HTN in patients 
with the MS [ 93 ]. 

 In contrast, diuretics and beta-adrenergic block-
ers are usually thought to have “diabetogenic” 
potential [ 94 ] and should probably be avoided as 
initial agents in treating HTN in patients with coex-
isting MS [ 95 ]. This position is supported by 
reanalysis of data from the ALLHAT study [ 96 ], 
which demonstrated a greater incidence of new-
onset diabetes in the group treated with chlorthali-
done as compared to those treated with amlodipine 
or lisinopril [ 97 ]. However, these results may have 
been the result of use of chlorthalidone in combi-
nation with the beta-blocker atenolol, which was 
the most commonly prescribed second-line agent 
in ALLHAT. The combination of a thiazide 
diuretic and a beta- blocker is thought to be par-
ticularly diabetogenic [ 98 ]. 

 However, other authors have argued that the 
adverse effects of diuretics and beta-blockers 
have been overstated and that these classes of 
agents can be used judiciously in such patients, 
particularly as second-line agents, given the 
imperative to control BP and prevent the develop-
ment of more signifi cant cardiovascular disease 
[ 93 ]. Data to support this approach was recently 
published in a study that compared the short-term 
metabolic effects of thiazide diuretics with those 
of the potassium-sparing diuretic amiloride and 

the β-1 selective adrenergic blocker nebivolol [ 99 ]. 
Patients who received amiloride or nebivolol had 
normal responses to an oral glucose tolerance test, 
whereas those treated with a thiazide had impaired 
glucose tolerance. Similar results have been 
reported for the β-1 selective adrenergic blocker 
metoprolol [ 100 ]. Thus, it may be reasonable to 
include selected non-thiazide diuretics and β-1 
selective adrenergic blockers as part of the treat-
ment regimen in patients with diabetes. 

 The most recent pertinent clinical trial data 
addressing the choice of antihypertensive agents in 
diabetic patients comes from the ACCOMPLISH 
(Avoiding Cardiovascular Events Through 
COMbination Therapy in Patients Living With 
Systolic Hypertension) trial [ 101 ]. Adult patients 
with diabetes who were randomized to the ACE 
inhibitor benazepril plus amlodipine had a lower 
rate of cardiovascular events (death from cardio-
vascular causes, nonfatal myocardial infarction, 
nonfatal stroke, hospitalization for angina, resusci-
tation after sudden cardiac arrest, and coronary 
revascularization) than those randomized to bena-
zepril plus hydrochlorothiazide. As previously 
noted, the cardiovascular end points that were 
studied in ACCOMPLISH (and other large-scale 
trials in adults) occur rarely, if at all, in the pediat-
ric age group. However, in the absence of studies 
conducted in children and adolescents, these adult 
trials do provide insights into treatment that can be 
adapted into the care of our younger population.  

    Therapeutic Goals 
 In adults with complicated HTN such as that seen 
in T2DM, a lower treatment goal (130/80) is 
recommended than in those with uncomplicated 
HTN (140/90) [ 2 ], a recommendation based on 
the results of large-scale clinical trials involving 
thousands of patients. Lacking large-scale trials 
in pediatric hypertension, the National High 
Blood Pressure Education Program (NHBPEP) 
has developed a similar recommendation for chil-
dren, based upon expert opinion – for children 
with uncomplicated primary HTN and no hyper-
tensive target-organ damage, goal BP should be 
<95th percentile for age, gender, and height, 
whereas for children with secondary HTN, dia-
betes, or hypertensive target-organ damage, goal 
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BP should be <90th percentile for age, gender, 
and height [ 1 ]. Recent pediatric guidelines issued 
by the European Society of Hypertension suggest 
lower BP goals than those in the Fourth Report 
[ 1 ] and also recommend frequent use of ambula-
tory BP monitoring to guide therapy [ 102 ]. 

 There are no data to guide the treatment of 
patients with MS but not established T2DM. 
Given the chances that these patients will ulti-
mately develop T2DM, we would recommend 
treating to the 90th percentile in children and 
young adolescents with the MS. In older hyper-
tensive adolescents aged ≥18 years with the MS 
or T2DM, JNC-7 guidelines should be followed.  

   Role of Bariatric Surgery 
 In adult patients with severe obesity, bariatric 
surgery has emerged as possibly the most effec-
tive approach to weight loss. Bariatric surgery 
has also been shown to have benefi cial effects on 
the cardiovascular complications of obesity, par-
ticularly in patients with T2DM [ 103 ]. It may be 
more effective in youth than in adults in reversing 
the metabolic complications of obesity, and these 
may precede signifi cant weight loss [ 104 ]. Further 
data are required, but in an uncontrolled study, 
HTN resolved in 14 severely obese adolescents 
who underwent bariatric surgery [ 105 ]. However, 
there are many questions about the role of bariat-
ric surgery in the management of obesity in the 
young [ 106 ] that will need to be addressed before 
this approach could be routinely recommended as 
part of the management of HTN in an obese child 
or adolescent with the MS or T2DM.    

    Summary 

 The high prevalence of obesity in children and 
adolescents is now known to be accompanied by 
numerous complications, including the MS and 
T2DM. Although there is still some uncertainty 
regarding the optimal defi nition of the MS in the 
young, its core components, most notably HTN, 
are readily detectable in MS and T2DM. HTN in 
obese children with or without T2DM is charac-
terized by abnormalities on ambulatory BP moni-
toring and may be diagnosed earlier using this 

technique. Therapy of such children should 
begin with intensive lifestyle modifi cations, and 
aggressive treatment targeted at glucose control 
should follow; however, effects on BP are likely 
to be modest in the absence of weight loss. 
Antihypertensive drugs are frequently necessary, 
and consideration should be given to the agent’s 
effect on insulin sensitivity. In addition to better 
studies of drug therapies, there is clearly a need 
for increased efforts to prevent childhood obe-
sity so that these complications can be avoided 
altogether.     

   References 

         1.      National High Blood Pressure Education Program 
Working Group on High Blood Pressure in Children 
and Adolescents. The fourth report on the diagnosis, 
evaluation, and treatment of high blood pressure in 
children and adolescents. Pediatrics. 2004; 114 2 
Suppl 4th Report:555–76.  

       2.    Chobanian AV, Bakris GL, Black HR, Cushman 
WC, Green LA, Izzo Jr JL, et al. The seventh report 
of the joint national committee on prevention, detec-
tion, evaluation, and treatment of high blood pres-
sure: the JNC 7 report. JAMA. 2003;289:2560–72.  

    3.    Ford ES, Giles WH, Dietz WH. Prevalence of the 
metabolic syndrome among US adults: fi ndings 
from the third national health and nutrition examina-
tion survey. JAMA. 2002;287:356–9.  

    4.    Ogden CL, Carroll MD, Kit BK, Flegal KM. 
Prevalence of obesity in the United States, 2009–2010. 
NCHS Data Brief. 2012;82:1–8.  

    5.    Kelly T, Yang W, Chen CS, Reynolds K, He J. 
Global burden of obesity in 2005 and projections to 
2030. Int J Obes (Lond). 2008;32:1431–7.  

     6.    Weiss R, Dziura J, Burgert TS, Tamborlane WV, 
Taksali SE, Yeckel CW, et al. Obesity and the meta-
bolic syndrome in children and adolescents. N Engl 
J Med. 2004;350:2362–74.  

    7.    Cook S, Weitzman M, Auinger P, Nguyen M, Dietz 
WH. Prevalence of a metabolic syndrome phenotype 
in adolescents: fi ndings from the third National 
Health and Nutrition Examination Survey, 1988–
1994. Arch Pediatr Adolesc Med. 2003;157:821–7.  

    8.    Zimmet P, Alberti G, Kaufman F, Tajima N, Silink M, 
Arslanian S, et al. The metabolic syndrome in children 
and adolescents. Lancet. 2007;369:2059–61.  

    9.    Zimmet P, Alberti KG, Kaufman F, Tajima N, Silink 
M, Arslanian S, et al. The metabolic syndrome in 
children and adolescents – an IDF consensus report. 
Pediatr Diabetes. 2007;8:299–306.  

    10.    Lee S, Bacha F, Arslanian SA. Waist circumference, 
blood pressure, and lipid components of the meta-
bolic syndrome. J Pediatr. 2006;149:809–16.  

C.E. Taplin and J.T. Flynn



291

     11.    Steinberger J, Daniels SR, Eckel RH, Hayman L, 
Lustig RH, McCrindle B, et al. Progress and 
challenges in metabolic syndrome in children and 
adolescents: a scientifi c statement from the 
American heart association atherosclerosis, hyper-
tension, and obesity in the young committee of the 
council on cardiovascular disease in the young; 
council on cardiovascular nursing; and council on 
nutrition, physical activity, and metabolism. 
Circulation. 2009;119:628–47.  

    12.    Olza J, Gil-Campos M, Leis R, Bueno G, Aguilera 
CM, Valle M, et al. Presence of the metabolic syn-
drome in obese children at prepubertal age. Ann 
Nutr Metab. 2011;58:343–50.  

    13.    Goodman E, Daniels SR, Meigs JB, Dolan LM. 
Instability in the diagnosis of metabolic syndrome in 
adolescents. Circulation. 2007;115:2316–22.  

    14.    Sinaiko AR, Gomez-Marin O, Prineas RJ. Relation 
of fasting insulin to blood pressure and lipids in 
adolescents and parents. Hypertension. 1997;30:
1554–9.  

    15.    Sinaiko AR, Steinberger J, Moran A, Prineas RJ, 
Jacobs Jr DR. Relation of insulin resistance to blood 
pressure in childhood. J Hypertens. 2002;20:509–17.  

    16.    Sun SS, Grave GD, Siervogel RM, Pickoff AA, 
Arslanian SS, Daniels SR. Systolic blood pressure in 
childhood predicts hypertension and metabolic syn-
drome later in life. Pediatrics. 2007;119:237–46.  

    17.    Schillaci G, Pirro M, Vaudo G, Gemelli F, Marchesi 
S, Porcellati C, et al. Prognostic value of the meta-
bolic syndrome in essential hypertension. J Am Coll 
Cardiol. 2004;43:1817–22.  

    18.    Berenson GS, Srinivasan SR, Bao W, Newman III 
WP, Tracy RE, Wattigney WA. Association between 
multiple cardiovascular risk factors and atheroscle-
rosis in children and young adults. The Bogalusa 
heart study. N Engl J Med. 1998;338:1650–6.  

     19.    Suh DC, Kim CM, Choi IS, Plauschinat CA, Barone 
JA. Trends in blood pressure control and treatment 
among type 2 diabetes with comorbid hypertension 
in the United States: 1988–2004. J Hypertens. 2009;
27:1908–16.  

    20.   Hypertension in Diabetes Study Group. Hypertension 
in Diabetes Study (HDS): I. Prevalence of hyperten-
sion in newly presenting type 2 diabetic patients and 
the association with risk factors for cardiovascular 
and diabetic complications. J Hypertens. 1993; 
11:309–17.  

      21.    Mugo MN, Link DS, Stump CS, Sowers JR. Insulin 
resistance and diabetes in hypertension. In: Lip 
GYH, Hall JE, editors. Comprehensive hyperten-
sion. Philadelphia: Mosby, Inc; 2007. p. 681–92.  

    22.    Lawrence JM, Mayer-Davis EJ, Reynolds K, Beyer 
J, Pettitt DJ, D’Agostino Jr RB, et al. Diabetes in 
Hispanic American youth: prevalence, incidence, 
demographics, and clinical characteristics: the 
SEARCH for diabetes in youth study. Diabetes Care. 
2009;32 Suppl 2:S123–32.  

    23.    Liese AD, D’Agostino Jr RB, Hamman RF, Kilgo 
PD, Lawrence JM, Liu LL, et al. The burden of dia-

betes mellitus among US youth: prevalence estimates 
from the SEARCH for diabetes in youth study. 
Pediatrics. 2006;118:1510–8.  

    24.    Rodriguez BL, Fujimoto WY, Mayer-Davis EJ, 
Imperatore G, Williams DE, Bell RA, et al. 
Prevalence of cardiovascular disease risk factors in 
U.S. children and adolescents with diabetes: the 
SEARCH for diabetes in youth study. Diabetes Care. 
2006;29:1891–6.  

    25.    Rodriguez BL, Dabelea D, Liese AD, Fujimoto W, 
Waitzfelder B, Liu L, et al. Prevalence and correlates 
of elevated blood pressure in youth with diabetes 
mellitus: the SEARCH for diabetes in youth study. 
J Pediatr. 2010;157:245–51.  

    26.    Eppens MC, Craig ME, Cusumano J, Hing S, Chan 
AK, Howard NJ, et al. Prevalence of diabetes com-
plications in adolescents with type 2 compared with 
type 1 diabetes. Diabetes Care. 2006;29:1300–6.  

    27.    Eppens MC, Craig ME, Jones TW, Silink M, Ong S, 
Ping YJ. Type 2 diabetes in youth from the Western 
Pacifi c region: glycaemic control, diabetes care and 
complications. Curr Med Res Opin. 2006;22:1013–20.  

    28.    Copeland KC, Zeitler P, Geffner M, Guandalini C, 
Higgins J, Hirst K, et al. Characteristics of adoles-
cents and youth with recent-onset type 2 diabetes: 
the TODAY cohort at baseline. J Clin Endocrinol 
Metab. 2011;96:159–67.  

        29.    Zeitler P, Hirst K, Pyle L, Linder B, Copeland K, 
Arslanian S, et al. A clinical trial to maintain glyce-
mic control in youth with type 2 diabetes. N Engl J 
Med. 2012;366:2247–56.  

     30.    Ettinger LM, Freeman K, DiMartino-Nardi JR, 
Flynn JT. Microalbuminuria and abnormal ambula-
tory blood pressure in adolescents with type 2 diabe-
tes mellitus. J Pediatr. 2005;147:67–73.  

    31.    Urbina E, Alpert B, Flynn J, Hayman L, Harshfi eld 
GA, Jacobson M, et al. Ambulatory blood pressure 
monitoring in children and adolescents: recommen-
dations for standard assessment: a scientifi c state-
ment from the American Heart Association 
Atherosclerosis, Hypertension, and Obesity in Youth 
Committee of the council on cardiovascular disease 
in the young and the council for high blood pressure 
research. Hypertension. 2008;52:433–51.  

    32.    Dabelea D, Bell RA, D’Agostino Jr RB, Imperatore 
G, Johansen JM, Linder B, et al. Incidence of diabe-
tes in youth in the United States. JAMA. 2007;297:
2716–24.  

    33.    Shaw J. Epidemiology of childhood type 2 diabetes 
and obesity. Pediatr Diabetes. 2007;8 Suppl 9:7–15.  

      34.    Aghamohammadzadeh R, Heagerty AM. Obesity- 
related hypertension: epidemiology, pathophysiol-
ogy, treatments, and the contribution of perivascular 
adipose tissue. Ann Med. 2012;44 Suppl 1:S74–84.  

   35.    Redon J, Cifkova R, Laurent S, Nilsson P, Narkiewicz 
K, Erdine S, et al. Mechanisms of hypertension in 
the cardiometabolic syndrome. J Hypertens. 2009;
27:441–51.  

     36.    Hall JE. The kidney, hypertension, and obesity. 
Hypertension. 2003;41(3 Pt 2):625–33.  

19 Hypertension in Children with the Metabolic Syndrome or Type 2 Diabetes



292

    37.    Landsberg L. Insulin-mediated sympathetic stimula-
tion: role in the pathogenesis of obesity-related 
hypertension (or, how insulin affects blood pressure, 
and why). J Hypertens. 2001;19(3 Pt 2):523–8.  

    38.    Rocchini AP. Obesity hypertension. Am J Hypertens. 
2002;15(2 Pt 2):50S–2.  

    39.    Tentolouris N, Liatis S, Katsilambros N. Sympathetic 
system activity in obesity and metabolic syndrome. 
Ann N Y Acad Sci. 2006;1083:129–52.  

    40.    Straznicky NE, Eikelis N, Lambert EA, Esler MD. 
Mediators of sympathetic activation in metabolic syn-
drome obesity. Curr Hypertens Rep. 2008;10:440–7.  

    41.    Gupta AK, Clark RV, Kirchner KA. Effects of insu-
lin on renal sodium excretion. Hypertension. 
1992;19(1 Suppl):I78–82.  

    42.    Esler M, Rumantir M, Wiesner G, Kaye D, Hastings J, 
Lambert G. Sympathetic nervous system and insulin 
resistance: from obesity to diabetes. Am J Hypertens. 
2001;14(11 Pt 2):304S–9.  

      43.    Rocchini AP, Key J, Bondie D, Chico R, Moorehead 
C, Katch V, et al. The effect of weight loss on the 
sensitivity of blood pressure to sodium in obese ado-
lescents. N Engl J Med. 1989;321:580–5.  

     44.    Anderson EA, Hoffman RP, Balon TW, Sinkey CA, 
Mark AL. Hyperinsulinemia produces both sympa-
thetic neural activation and vasodilation in normal 
humans. J Clin Invest. 1991;87:2246–52.  

    45.    Reaven GM, Lithell H, Landsberg L. Hypertension 
and associated metabolic abnormalities–the role of 
insulin resistance and the sympathoadrenal system. 
N Engl J Med. 1996;334:374–81.  

    46.    Laakso M, Edelman SV, Brechtel G, Baron AD. 
Decreased effect of insulin to stimulate skeletal mus-
cle blood fl ow in obese man. A novel mechanism for 
insulin resistance. J Clin Invest. 1990;85:1844–52.  

    47.    Kamide K, Hori MT, Zhu JH, Takagawa Y, Barrett 
JD, Eggena P, et al. Insulin and insulin-like growth 
factor-I promotes angiotensinogen production and 
growth in vascular smooth muscle cells. J Hypertens. 
2000;18:1051–6.  

    48.    Urbina EM, Kimball TR, McCoy CE, Khoury PR, 
Daniels SR, Dolan LM. Youth with obesity and 
obesity- related type 2 diabetes mellitus demonstrate 
abnormalities in carotid structure and function. 
Circulation. 2009;119:2913–9.  

    49.    Shatat IF, Flynn JT. Relationships between renin, 
aldosterone, and 24-hour ambulatory blood pressure 
in obese adolescents. Pediatr Res. 2011;69:336–40.  

    50.    Flynn JT, Alderman MH. Characteristics of children 
with primary hypertension seen at a referral center. 
Pediatr Nephrol. 2005;20:961–6.  

    51.    Reinehr T, Andler W. Changes in the atherogenic 
risk factor profi le according to degree of weight loss. 
Arch Dis Child. 2004;89:419–22.  

   52.    Rocchini AP, Katch V, Anderson J, Hinderliter J, 
Becque D, Martin M, et al. Blood pressure in obese 
adolescents: effect of weight loss. Pediatrics. 
1988;82:16–23.  

    53.    Williams CL, Hayman LL, Daniels SR, Robinson 
TN, Steinberger J, Paridon S, et al. Cardiovascular 

health in childhood: a statement for health profes-
sionals from the Committee on Atherosclerosis, 
Hypertension, and Obesity in the Young (AHOY) of 
the Council on Cardiovascular Disease in the Young, 
American Heart Association. Circulation. 2002;
106:143–60.  

    54.    Togashi K, Masuda H, Rankinen T, Tanaka S, 
Bouchard C, Kamiya H. A 12-year follow-up study 
of treated obese children in Japan. Int J Obes Relat 
Metab Disord. 2002;26:770–7.  

    55.    Alpert BS. Exercise as a therapy to control hyperten-
sion in children. Int J Sports Med. 2000;21 Suppl 
2:S94–6.  

    56.    Daniels SR, Arnett DK, Eckel RH, Gidding SS, 
Hayman LL, Kumanyika S, et al. Overweight in 
children and adolescents: pathophysiology, conse-
quences, prevention, and treatment. Circulation. 
2005;111:1999–2012.  

    57.    Knowler WC, Barrett-Connor E, Fowler SE, 
Hamman RF, Lachin JM, Walker EA, et al. 
Reduction in the incidence of type 2 diabetes with 
lifestyle intervention or metformin. N Engl J Med. 
2002;346:393–403.  

    58.    Ben Ounis O, Elloumi M, Ben CI, Zbidi A, Amri M, 
Lac G, et al. Effects of two-month physical- 
endurance and diet-restriction programmes on lipid 
profi les and insulin resistance in obese adolescent 
boys. Diabetes Metab. 2008;34(6 Pt 1):595–600.  

    59.    Ribeiro MM, Silva AG, Santos NS, Guazzelle I, 
Matos LN, Trombetta IC, et al. Diet and exercise 
training restore blood pressure and vasodilatory 
responses during physiological maneuvers in obese 
children. Circulation. 2005;111:1915–23.  

     60.    Falkner B, Michel S. Blood pressure response to 
sodium in children and adolescents. Am J Clin Nutr. 
1997;65(2 Suppl):618S–21.  

    61.    Mu JJ, Liu ZQ, Liu WM, Liang YM, Yang DY, Zhu 
DJ, et al. Reduction of blood pressure with calcium 
and potassium supplementation in children with salt 
sensitivity: a 2-year double-blinded placebo- 
controlled trial. J Hum Hypertens. 2005;19:479–83.  

    62.    Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, 
Svetkey LP, Sacks FM, et al. A clinical trial of the 
effects of dietary patterns on blood pressure. DASH 
Collaborative Research Group. N Engl J Med. 
1997;336:1117–24.  

    63.    Appel LJ, Brands MW, Daniels SR, Karanja N, 
Elmer PJ, Sacks FM. Dietary approaches to prevent 
and treat hypertension: a scientifi c statement from 
the American Heart Association. Hypertension. 
2006;47:296–308.  

    64.    Couch SC, Saelens BE, Levin L, Dart K, Falciglia G, 
Daniels SR. The effi cacy of a clinic-based behavioral 
nutrition intervention emphasizing a DASH-type diet 
for adolescents with elevated blood pressure. J Pediatr. 
2008;152:494–501.  

    65.    Vague P. Is metformin more than an oral hypoglycae-
mic agent? Diabetes Metab. 2003;29(4 Pt 2):6S5–7.  

     66.    Wellington K. Rosiglitazone/metformin. Drugs. 
2005;65:1581–92.  

C.E. Taplin and J.T. Flynn



293

    67.    Majithiya JB, Balaraman R. Metformin reduces 
blood pressure and restores endothelial function in 
aorta of streptozotocin-induced diabetic rats. Life 
Sci. 2006;78:2615–24.  

    68.    He H, Zhao Z, Chen J, Ni Y, Zhong J, Yan Z, et al. 
Metformin-based treatment for obesity-related 
hypertension: a randomized, double-blind, placebo- 
controlled trial. J Hypertens. 2012;30:1430–9.  

    69.    Love-Osborne K, Sheeder J, Zeitler P. Addition of 
metformin to a lifestyle modifi cation program in 
adolescents with insulin resistance. J Pediatr. 
2008;152:817–22.  

    70.    Manzella D, Grella R, Esposito K, Giugliano D, 
Barbagallo M, Paolisso G. Blood pressure and car-
diac autonomic nervous system in obese type 2 dia-
betic patients: effect of metformin administration. 
Am J Hypertens. 2004;17:223–7.  

    71.    Abbasi F, Chu JW, McLaughlin T, Lamendola C, 
Leary ET, Reaven GM. Effect of metformin treat-
ment on multiple cardiovascular disease risk factors 
in patients with type 2 diabetes mellitus. Metabolism. 
2004;53:159–64.  

    72.    Stakos DA, Schuster DP, Sparks EA, Wooley CF, 
Osei K, Boudoulas H. Long term cardiovascular 
effects of oral antidiabetic agents in non-diabetic 
patients with insulin resistance: double blind, pro-
spective, randomised study. Heart. 2005;91:589–94.  

    73.    Ryan MJ, Didion SP, Mathur S, Faraci FM, Sigmund 
CD. PPAR(gamma) agonist rosiglitazone improves 
vascular function and lowers blood pressure in 
hypertensive transgenic mice. Hypertension. 2004;
43:661–6.  

    74.    Negro R, Mangieri T, Dazzi D, Pezzarossa A, 
Hassan H. Rosiglitazone effects on blood pressure 
and metabolic parameters in nondipper diabetic 
patients. Diabetes Res Clin Pract. 2005;70:20–5.  

    75.    Sarafi dis PA, Lasaridis AN, Nilsson PM, Pagkalos 
EM, Hitoglou-Makedou AD, Pliakos CI, et al. 
Ambulatory blood pressure reduction after rosigli-
tazone treatment in patients with type 2 diabetes and 
hypertension correlates with insulin sensitivity 
increase. J Hypertens. 2004;22:1769–77.  

    76.    Derosa G, Cicero AF, Gaddi AV, Ciccarelli L, 
Piccinni MN, Salvadeo S, et al. Long-term effects of 
glimepiride or rosiglitazone in combination with 
metformin on blood pressure control in type 2 dia-
betic patients affected by the metabolic syndrome: a 
12-month, double-blind, randomized clinical trial. 
Clin Ther. 2005;27:1383–91.  

    77.    Negro R, Dazzi D, Hassan H, Pezzarossa A. 
Pioglitazone reduces blood pressure in non-dipping 
diabetic patients. Minerva Endocrinol. 2004;29:11–7.  

    78.    Brown NJ. Cardiovascular effects of antidiabetic 
agents: focus on blood pressure effects of incretin- 
based therapies. J Am Soc Hypertens. 2012;6:163–8.  

    79.    Okerson T, Yan P, Stonehouse A, Brodows R. Effects 
of exenatide on systolic blood pressure in subjects 
with type 2 diabetes. Am J Hypertens. 2010;
23:334–9.  

    80.    Mistry GC, Maes AL, Lasseter KC, Davies MJ, 
Gottesdiener KM, Wagner JA, et al. Effect of sita-
gliptin, a dipeptidyl peptidase-4 inhibitor, on blood 
pressure in nondiabetic patients with mild to moder-
ate hypertension. J Clin Pharmacol. 2008;48:592–8.  

    81.    Marney A, Kunchakarra S, Byrne L, Brown NJ. 
Interactive hemodynamic effects of dipeptidyl pepti-
dase- IV inhibition and angiotensin-converting 
enzyme inhibition in humans. Hypertension. 2010;
56:728–33.  

    82.    Chiasson JL. Acarbose for the prevention of diabe-
tes, hypertension, and cardiovascular disease in sub-
jects with impaired glucose tolerance: the Study to 
Prevent Non-Insulin-Dependent Diabetes Mellitus 
(STOP-NIDDM) Trial. Endocr Pract. 2006;12 Suppl 
1:25–30.  

    83.    Rachmani R, Bar-Dayan Y, Ronen Z, Levi Z, 
Slavachevsky I, Ravid M. The effect of acarbose on 
insulin resistance in obese hypertensive subjects 
with normal glucose tolerance: a randomized con-
trolled study. Diabetes Obes Metab. 2004;6:63–8.  

    84.    Ritz E, Dikow R. Hypertension and antihypertensive 
treatment of diabetic nephropathy. Nat Clin Pract 
Nephrol. 2006;2:562–7.  

    85.    Giorda C, Appendino M, Mason MG, Imperiale E, 
Pagano G. Alpha 1-blocker doxazosin improves 
peripheral insulin sensitivity in diabetic hypertensive 
patients. Metabolism. 1995;44:673–6.  

     86.    Inukai T, Inukai Y, Matsutomo R, Okumura K, 
Takanashi K, Takebayashi K, et al. Clinical useful-
ness of doxazosin in patients with type 2 diabetes 
complicated by hypertension: effects on glucose and 
lipid metabolism. J Int Med Res. 2004;32(2):206–13. 
Ref ID: 87.  

    87.    Uzunlulu M, Oguz A, Yorulmaz E. The effect of 
carvedilol on metabolic parameters in patients with 
metabolic syndrome. Int Heart J. 2006;47:421–30.  

    88.    Harano Y, Kageyama A, Hirose J, Asakura Y, Yokota 
T, Ikebuchi M, et al. Improvement of insulin sensi-
tivity for glucose metabolism with the long-acting 
Ca-channel blocker amlodipine in essential hyper-
tensive subjects. Metabolism. 1995;44:315–9.  

    89.    Koyama Y, Kodama K, Suzuki M, Harano Y. 
Improvement of insulin sensitivity by a long-acting 
nifedipine preparation (nifedipine-CR) in patients 
with essential hypertension. Am J Hypertens. 
2002;15:927–31.  

    90.    Scheen AJ. Renin-angiotensin system inhibition pre-
vents type 2 diabetes mellitus. Part 2. Overview of 
physiological and biochemical mechanisms. 
Diabetes Metab. 2004;30:498–505.  

    91.    Gillespie EL, White CM, Kardas M, Lindberg M, 
Coleman CI. The impact of ACE inhibitors or angio-
tensin II type 1 receptor blockers on the development 
of new-onset type 2 diabetes. Diabetes Care. 
2005;28:2261–6.  

    92.    Pershadsingh HA. Treating the metabolic syndrome 
using angiotensin receptor antagonists that selec-
tively modulate peroxisome proliferator-activated 

19 Hypertension in Children with the Metabolic Syndrome or Type 2 Diabetes



294

receptor-gamma. Int J Biochem Cell Biol. 2006;
38:766–81.  

     93.    Asfaha S, Padwal R. Antihypertensive drugs and 
incidence of type 2 diabetes: evidence and implica-
tions for clinical practice. Curr Hypertens Rep. 
2005;7:314–22.  

    94.    Izzedine H, Launay-Vacher V, Deybach C, Bourry E, 
Barrou B, Deray G. Drug-induced diabetes mellitus. 
Expert Opin Drug Saf. 2005;4:1097–109.  

    95.    Verdecchia P, Angeli F, Reboldi GP, Gattobigio R. 
New-onset diabetes in treated hypertensive patients. 
Curr Hypertens Rep. 2005;7:174–9.  

    96.   The ALLHAT Offi cers and Coordinators for the 
ALLHAT Collaborative Research Group. Major out-
comes in high-risk hypertensive patients randomized 
to angiotensin-converting enzyme inhibitor or cal-
cium channel blocker vs diuretic: The 
Antihypertensive and Lipid-Lowering Treatment to 
Prevent Heart Attack Trial (ALLHAT). JAMA. 
2002; 288:2981–97.  

    97.    Punzi HA, Punzi CF. Metabolic issues in the antihy-
pertensive and lipid-lowering heart attack trial study. 
Curr Hypertens Rep. 2004;6:106–10.  

    98.    Mason JM, Dickinson HO, Nicolson DJ, Campbell 
F, Ford GA, Williams B. The diabetogenic potential 
of thiazide-type diuretic and beta-blocker combina-
tions in patients with hypertension. J Hypertens. 
2005;23:1777–81.  

    99.    Stears AJ, Woods SH, Watts MM, Burton TJ, 
Graggaber J, Mir FA, et al. A double-blind, placebo- 
controlled, crossover trial comparing the effects of 

amiloride and hydrochlorothiazide on glucose toler-
ance in patients with essential hypertension. 
Hypertension. 2012;59:934–42.  

    100.    Falkner B, Kushner H. Treatment with metoprolol 
succinate, a selective beta adrenergic blocker, lowers 
blood pressure without altering insulin sensitivity in 
diabetic patients. J Clin Hypertens (Greenwich). 
2008;10:51–7.  

    101.    Weber MA, Bakris GL, Jamerson K, Weir M, Kjeldsen 
SE, Devereux RB, et al. Cardiovascular events during 
differing hypertension therapies in patients with diabe-
tes. J Am Coll Cardiol. 2010;56:77–85.  

    102.    Lurbe E, Cifkova R, Cruickshank JK, Dillon MJ, 
Ferreira I, Invitti C, et al. Management of high 
blood pressure in children and adolescents: recom-
mendations of the European Society of Hypertension. 
J Hypertens. 2009;27:1719–42.  

    103.    Van Gaal LF, De Block CE. Bariatric surgery to treat 
type 2 diabetes: what is the recent evidence? Curr 
Opin Endocrinol Diabetes Obes. 2012;19:352–8.  

    104.    Brandt ML, Harmon CM, Helmrath MA, Inge TH, 
McKay SV, Michalsky MP. Morbid obesity in pedi-
atric diabetes mellitus: surgical options and out-
comes. Nat Rev Endocrinol. 2010;6:637–45.  

    105.    Silva GM, Osorio A, Pereira F, Monteiro P, Ubierna 
BB, Enes C, et al. Effect of laparoscopic adjustable 
gastric banding on modifi able cardiovascular risk 
factors in extremely obese adolescents. Obes Surg. 
2012;22:991–4. Ref ID: 109.  

    106.    Ingelfi nger JR. Bariatric surgery in adolescents. 
N Engl J Med. 2011;365:1365–7.    

C.E. Taplin and J.T. Flynn



295J.T. Flynn et al. (eds.), Pediatric Hypertension, Clinical Hypertension and Vascular Diseases,
DOI 10.1007/978-1-62703-490-6_20, © Springer Science+Business Media New York 2013

        Introduction 

 The diagnosis of hypertension accounts for 
58–65 million hypertensive adults in the United 
States alone and is also the most common diag-
nosis for outpatient physician visits and prescrip-
tion drugs [ 1 ,  2 ]. Primary HTN is believed to 
have its antecedents during childhood. Studies 
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  Abstract 

   Primary hypertension in children is not as common as in adults; recent 
studies suggest a prevalence of 3–4 % in the pediatric population. However, 
more recent reports have highlighted an increasing prevalence of HTN and 
prehypertension, likely due to childhood obesity. Given the global burden 
of hypertension, identifi cation and management of primary HTN is benefi -
cial to the individual child and has important implications for society as 
well, particularly since tracking studies have established that adult pri-
mary HTN has its antecedents during childhood. Studies are limited on the 
pathophysiology of primary HTN in children; however, evidence suggests 
that the proposed multifactorial and complex genetic, environmental, and 
biological interactions involved in the development of hypertension in 
adults provide a basis to understand HTN in children as well. Primary 
HTN in young children is a diagnosis of exclusion, and selective workup 
is needed to rule out any underlying secondary causes; however, in adoles-
cents, primary hypertension is much more common than secondary hyper-
tension. Early identifi cation and management of elevated BP in the 
pediatric population is important to decrease the risks for end-organ injury 
in both the pediatric and adult population.  

  Keywords 

   Primary hypertension   •   Children   •   Hypertension pathophysiology  

      Primary Hypertension in Children 

           Gaurav     Kapur      and     Tej     K.     Mattoo      



296

have shown that the relationship between arterial 
pressure and mortality is quantitative; the higher 
the pressure, the worse the prognosis [ 3 ]. 
Therefore, it is important that those providing 
care to children approach the issue of HTN both 
as a societal challenge and as a disease affecting 
discrete individuals.  

    Prevalence 

 Primary hypertension is prevalent in 29–31 % of 
the adult US population and nearly 44 % of the 
adults in Europe [ 4 ]. It is diffi cult to estimate the 
worldwide prevalence of pediatric HTN due to 
regional differences in defi nition and normative 
values used to diagnose hypertension. In the 
United States, recent screening studies and sur-
vey data have given an estimated prevalence of 
3–4 % [ 5 – 8 ] in the pediatric population. 

 More recent reports have highlighted the 
effects of childhood obesity on the prevalence of 
HTN and prehypertension in children and adoles-
cents [ 8 ,  9 ]. The frequency of hypertension 
appears to increase as the severity of obesity 
increases. The effects of obesity on childhood 
hypertension are highlighted in publications of 
case series of children referred to tertiary centers, 
in whom up to 91 % are now found to have pri-
mary HTN [ 9 ,  10 ].  

    Incidence 

 Data on the incidence of HTN in children are 
scarce. The analysis of the National Childhood 
Blood Pressure database (BP recorded at 2- and 
4-year intervals) has shown an incidence rate of 
7 % per year in adolescents with prehyperten-
sion. However, the diagnosis of hypertension was 
based on single BP readings, which is not consis-
tent with current guidelines. 

 More recent data from Redwine et al. in 
nearly 1,000 adolescents [ 11 ] has reported an 
incidence rate of 0.7 % per year for hypertension 
diagnosed according to recommended guide-
lines. In adolescents who were prehypertensive 
at the initial screening, the rate was 1.1 % per 

year as compared to a rate of 0.3 % per year in 
adolescents who were normotensive at the initial 
screening. The highest risk for progression at 
6.6 % per year was seen in adolescents with ele-
vated BP at all three visits. As highlighted in a 
recent review [ 12 ], these fi ndings could potentially 
translate into nearly half a million hypertensive 
adolescents after 5 years.  

    Predictors of Primary Hypertension 

  BP tracking  refers to the stability of repeated BP 
measurements over a period of time; thus, if 
tracking is present, children with elevated BP are 
more likely to become hypertensive as adults. 
Increased strength of tracking is reported in the 
presence of a family history of HTN, increased 
body weight, or increased left ventricular mass 
[ 13 – 16 ]. This is indicative of the interaction 
between the genetic and environmental factors 
infl uencing BP. The Muscatine Study, for exam-
ple, has demonstrated that primary HTN in 
young adults has much of its origin during the 
childhood years [ 17 ]. Although the strength of 
the tracking phenomenon has been questioned 
[ 18 ], tracking studies are important as they 
underscore the need for early identifi cation and 
treatment of elevated BP, given the current global 
scenario of increased cardiovascular disease-
associated morbidity along with the worldwide 
increase in childhood and adult obesity. An anal-
ysis from the Fels Longitudinal Study [ 19 ] 
(non-Hispanic whites only) has reported that the 
earliest differences in systolic BP occurred at 5 
years of age in boys and 8 years of age in girls. 
The BP cutoffs (boys < 102/65 girls < 92/62 at 5 
years, boys < 104/64 girls < 102/64 at 14 years, 
boys < 115/67 girls < 104/64 at 18 years) as 
developed by the random effects model in the 
analysis are lower than the 50th percentile and 
therefore not considered high risk per the cur-
rent Fourth Task Force Report recommenda-
tions [ 20 ]. Systolic and not diastolic BP above 
the cutoff values as reported in the study was 
associated with increased risk for developing 
hypertension with or without the metabolic syn-
drome [ 19 ].  
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    Defi nitions and Techniques 

 Criteria for making a diagnosis of primary HTN 
are summarized in Table  20.1 . As per the current 
recommendations, BP readings of more than 95th 
percentile for sex, age, and height on three sepa-
rate occasions are required for diagnosing HTN. 
The most widely used nomograms for BP in chil-
dren are those provided in the Fourth Task Force 
Report on Blood Pressure in Children and 
Adolescents [ 20 ].

   According to the recommendations of the 
Fourth Task Force Report, pediatric HTN is now 
categorized into pre-HTN (SBP or DBP between 
the 90th and 95th percentile or greater than 
120/80 in adolescents), stage 1 HTN (SBP or 
DBP ≥95th percentile up to the 99th percentile 
plus 5 mmHg), and stage 2 HTN    (SBP or DBP 
>99th percentile plus 5 mmHg). Children and 
adolescents with primary hypertension may pres-
ent with either stage 1 or stage 2 HTN [ 10 ,  21 ] 

 Primary HTN in children is often associated 
with a family history of HTN or other cardiovas-
cular disease. Other comorbid conditions associ-
ated with primary HTN in children, which increase 

the risk for cardiovascular disease, include abnor-
mal lipid profi le, glucose intolerance, and sleep 
abnormalities. 

 Some researchers have questioned the validity 
of the current defi nition of HTN in children [ 4 ]. 
HTN is defi ned by a statistical cut point in the 
continuum of BP nomograms derived from differ-
ent epidemiologic studies using a rigorous study 
protocol [ 5 ,  20 ,  22 ]. The defi nition of HTN is con-
current with an increased risk of recognizable 
morbidity and mortality that becomes increas-
ingly prevalent as BP increases. A pragmatic defi -
nition of HTN would be the level of systolic BP 
and/or diastolic BP above which recognizable 
morbidity (such as stroke, heart failure, or chronic 
renal failure) occurs. As of this writing, there are 
no data that adequately defi ne this in children. 
This is in contrast to adults, where in outcomes 
data in terms of increased cardiovascular morbid-
ity or mortality is used to defi ne normal versus 
elevated BP. 

 As reviewed by Collins et al. [ 4 ] the recommen-
dation of using three BP readings to diagnose HTN 
may in fact underdiagnose HTN in children. 
Currently there is no data to demonstrate that 2 BP 
readings are better or inferior in identifying hyper-
tensive children. The same review [ 4 ] also high-
lights the limitations of using the statistical 
defi nition of HTN for minority ethnic groups, such 
as African Americans, who may have a higher 
prevalence of HTN and associated end-organ dam-
age. The use of Gaussian distribution curves would 
diagnose HTN at much higher levels in these 
groups and possibly delay indicated interventions 
[ 4 ]. However as reviewed by Flynn et al. [ 23 ] the 
fundamental question that remains unanswered is 
what BP is nonphysiological and whether this rep-
resents an absolute value or a percentile cutoff. 

 The importance of obtaining accurate BP read-
ings in diagnosing hypertension has been empha-
sized repeatedly by consensus organizations [ 20 ,  22 ]. 
There are many confounding factors in BP mea-
surement in children, including cuff size, the 
number of measurements, type of instruments 
used, patient position (supine or sitting), and the 
choice of sound [Korotkoff (K) 4 vs. K 5] used for 
defi ning diastolic BP [ 20 ]. Many of these issues 
are discussed in detail in Chap.   9    . 

   Table 20.1    Criteria to use in diagnosing primary HTN in 
children   

  Primary criteria  
 �  An average of 2–3 readings of systolic BP and/or 

diastolic BP exceeding the 95th percentile for age, 
gender, and height repeated three times over a 
2–3-month period 

 �  Ambulatory blood pressure measurements over a 
24-h period that exceed the 95th percentile for 
age-matched controls and/or a failure to fi nd a 
nocturnal dip 

 � Unable to identify a known secondary cause of HTN 
  Supportive criteria  
 � Stage 1 HTN on presentation 
 �  Children obese on presentation (BMI > 95th 

percentile) 
 � Family history of HTN 
 �  Idiopathic HTN associated with high, normal, or 

low PRA 
 � Abnormal response to mental stress 
 �  Evidence of end-organ effect; funduscopic 

changes, cardiac enlargement by electrocardio-
gram and/or echocardiogram (suggestive of 
long-standing HTN) 
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 Ambulatory blood pressure monitoring 
(ABPM) has been used increasingly to diagnose 
HTN, defi ne diurnal BP variability in normal and 
hypertensive populations (including children) 
[ 24 ], and to evaluate therapy. ABPM overcomes 
many of the measurement issues associated with 
offi ce BP measurement, is essential for diagnos-
ing white-coat HTN, and may sometimes help to 
distinguish primary versus secondary HTN in 
children [ 25 ]. ABPM is discussed in depth in 
Chap.   11    .  

    BP Homeostasis and 
Pathophysiology of Hypertension 

 The wide variety of factors involved in regulating 
blood pressure are discussed in detail in an earlier 
section of this text and have been reviewed in 
detail elsewhere [ 26 ,  27 ]. A brief overview of the 
factors determining BP is presented here, however, 
as it is necessary to understand the steps involved 
in the generation and persistence of primary HTN 
(Table  20.2 ). Due to paucity of pediatric studies, 
most of the discussions below are based on adults 
and animal studies. However evidence from track-
ing studies suggests that the proposed multifactorial 
and complex genetic, environmental, and biological 
interactions involved in development of hyperten-
sion in adults would provide a basis to understand 
HTN in children as well.

   HTN occurs when the sum of cardiac output 
(CO) and total peripheral resistance (TPR) 
increases. The factors involved in increasing BP 
during the generation and maintenance of pri-
mary HTN are often different. In one form, the 
increase in CO during its early stages has been 

attributed to a hyperkinetic circulation characterized 
by increased heart rate (HR), cardiac index and 
forearm blood fl ow secondary to increased sym-
pathetic tone, and cardiac contractility [ 28 ,  29 ]. 
Fixed persistent primary HTN is characterized 
by an increase in TPR and a return to a normal 
CO. In the second form, early HTN is character-
ized by increased left ventricular (LV) mass, as 
also reported in normotensive offspring of 
hypertensive parents. These observations raise 
the possibility that repeated neural stimulation 
and upregulation of cardiac receptors may be 
the primary event in the onset of primary HTN 
[ 30 ]. The observed changes, from that of an 
increased to normal CO, and an increased TPR 
over time enable a constant blood fl ow to organs 
in experimental animals and humans. The pres-
ence of functional versus irreversible structural 
changes explains response to therapy and the 
potential reversibility of the hypertensive process 
aggravated by obesity, stress, and/or excessive 
salt intake. 

 Kidneys maintain intravascular volume by 
regulating sodium and water excretion and subse-
quently are the primary infl uence on the long-term 
control of BP. The two main renal mechanisms 
involved are  pressure natriuresis  (volume) and 
the  renin-angiotensin-aldosterone system  ( RAAS ) 
(vasoconstriction). Each mechanism, in turn, is 
infl uenced by multiple other factors which may 
increase or decrease the relative contribution of 
volume and/or vasoconstrictor components of 
BP.  Pressure natriuresis  is the increased urinary 
excretion of salt and water in response to elevated 
arterial pressure to maintain BP by regulating body 
volume. Despite the wide variations in sodium 
intake, the kidneys through a tightly regulated 
balance of glomerular fi ltration and tubular secre-
tion/absorption are able to maintain a constant 
BP. RAAS infl uences both elements of the BP 
formula. Renin is secreted by the juxtaglomerular 
cells of the kidney in response to physiological 
and nonphysiological reduction in BP, renal blood 
fl ow, and sodium chloride load at macula densa. 
ANG II is the effector arm of the RAAS and it 
increases vascular contractility and thereby 
peripheral resistance by binding to AT1 receptors 
present on the vascular smooth muscle. ANG II 

   Table 20.2    The basic blood pressure formula and its 
physiologic transformation to HTN   

 1. Pressure equals fl ow times resistance 
 2. BP = volume times resistance 
 3. BP = CO times total peripheral resistance 
 4. BP = fl ow (preload + contractility) x resistance 

(arteriolar functional contraction + vessel anatomical 
changes), for example, BP = fl ow x resistance 

 5. HTN = a net increase in CO and/or increased 
peripheral resistance 
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binding within the adrenal gland leads to increased 
aldosterone production, sodium retention by the 
kidney, and volume expansion. The AT2 recep-
tor, which is not involved in the vascular/smooth 
muscle contraction, is known to play a role in cell 
differentiation and hypertrophy. The central role 
of the RAAS in hypertension has recently been 
reviewed elsewhere [ 31 ]. 

 Genetic renal defects linked with  abnormal 
sodium homeostasis  in primary HTN include 
increased efferent arteriolar tone leading to 
increased sodium reabsorption, congenital reduc-
tion in the number of nephrons and fi ltering sur-
face [ 32 ], nephron heterogeneity [ 33 ], and 
non-modulation that involves abnormal adrenal 
and renal responses to angiotensin (ANG) II infu-
sions [ 34 ]. Single-gene disorders that affect renal 
sodium handling are discussed in more detail in 
Chap.   6    . 

 Recent research in animal models has high-
lighted the role of medullary circulation in pres-
sure natriuresis and pathogenesis of hypertension 
[ 35 ]. Increased medullary blood fl ow is associ-
ated with increase in vasa recta capillary pressure, 
loss of osmotic gradient, and thus increased natri-
uresis. Blunting of the pressure natriuresis due to 
alteration of the balance between medullary vaso-
dilators (nitric oxide, endothelin) and medullary 
vasoconstrictors (vasopressin and angiotensin II) 
has been linked to HTN [ 35 ]. 

  Nephron heterogeneity  [ 33 ] has also been pro-
posed as an underlying mechanism for blunted 
natriuresis in hypertensive patients. The hetero-
geneity is attributed to a smaller group of isch-
emic nephrons with markedly increased renin 
secretion leading to angiotensin II-mediated arte-
riolar constriction and vascular remodeling. This 
is supported by reports of focal afferent arteriolar 
narrowing (common) along with juxtaglomerular 
cell hyperplasia associated with increased renin 
secretion in patients with primary hypertension. 

  Eutrophic vascular remodeling  [ 36 ] is the 
pathologic alteration of the precapillary resis-
tance vessels characterized by a reduction in the 
vessel lumen associated with increase in media to 
lumen ratio without in the vessel-media cross 
section. This vascular remodeling is increasingly 
identifi ed as the predominant change in 

hypertensive patients and attributed to multiple 
factors such as increased (a) myogenic tone of 
the vessel wall, (b) matrix deposition, and (c) 
growth towards the vessel lumen with apoptosis 
in the periphery and altered smooth muscle motil-
ity of the vessel wall [ 36 ,  37 ]. RAAS through 
ANG II appears to be signifi cantly involved in 
the vascular remodeling as evidenced by animal 
studies and human studies reporting improve-
ment in small arterial function with ACE/ARB 
and not other antihypertensives [ 27 ,  36 ,  37 ]. 

 Laragh et al. have proposed that patients with 
primary HTN can be divided into three groups: 
normo-, hyper-, and hyporeninemic based on 
 renin profi ling , for example, the comparison of 
plasma renin activity (PRA) to sodium excretion 
[ 27 ,  38 ]. This group concluded that high-renin 
primary HTN patients are at greater risk for vaso-
occlusive events such as stroke, infarction, and 
renal failure, while those with low-renin primary 
HTN are volume overexpanded and less likely to 
experience the aforementioned end-organ dam-
age. Moreover, they suggest that drug therapy 
should be targeted at the underlying primary 
pathophysiology, and renin inhibitors and diuret-
ics be, respectively, used to treat patients with 
high- and low-renin primary HTN. Limited stud-
ies in children have included renin profi ling and 
the incidence of low-renin HTN is estimated at 
19 % [ 39 ]. There is currently no long-term data 
on the outcome of hypertensive children, who 
were renin profi led at diagnosis. Studies have also 
shown that PRA is higher in those with high uric 
acid levels and inversely related to fractional 
excretion of uric acid in hypertensive patients [ 40 ]. 
This suggests the presence of altered glomerulotu-
bular balance in hypertensive patients. Feig et al. 
have recently reported that hyperuricemia (uric 
acid >5.5 mg/dl) is more commonly associated 
with primary HTN compared to secondary or 
white-coat HTN [ 41 ]. 

  Sympathetic nervous system (SNS) activity  
can function as an initiator and as a secondary 
contributing factor for elevated BP. Stress and/or 
a primary catecholamine regulation defect in the 
brain may directly cause vascular vasoconstric-
tion. SNS stimuli from the vasomotor center acti-
vate efferent pathways causing norepinephrine 
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release at peripheral nerve endings, which in turn 
stimulate adrenergic receptors. Circulating epi-
nephrine derived from the adrenal medulla can 
stimulate norepinephrine release through stimu-
lation of presynaptic β-2 receptors. Excessive cir-
culating catecholamines increase the BP response 
to a sodium load. Baroreceptor refl ex arc dys-
function occurs in some patients with primary 
HTN. Usually, elevated BP leads to refl ex lower-
ing of the BP by reducing sympathetic outfl ow 
from vasomotor centers and increasing vagal tone. 
The responsiveness of this system resets itself to a 
higher level with BP elevations and plays a role in 
the persistence of HTN. Impaired circulatory 
homeostasis and vascular reactivity in hyperten-
sive patients in comparison to normotensives as 
indicated by increased BP, tachycardia, and fl ush-
ing in response to noxious stimuli provide evi-
dence for SNS overactivity. Although  dopamine  is 
a modulator of systemic BP, with additional 
actions on fl uid and sodium intake, no mutations 
have linked patients’ primary HTN or genetic 
HTN in animal models to the D1 receptor. 

  Perinatal infl uences:  Critical development period 
theory proposes developmental stages which are 
more sensitive to certain environmental factors 
and thus lead to propagation of certain genetic 
information. As reviewed by Kunes et al. [ 42 ], 
these changes are not detected immediately but 
after a certain delay (“late consequences of early 
alterations”). Barker’s hypothesis and subsequent 
studies provide support for the intrauterine period 
being a critical period for development of primary 
HTN (discussed in detail in Chap.   7    ) [ 43 ,  44 ]. 

 Barker fi rst proposed that HTN in adult life is 
associated with retarded fetal growth and this rela-
tionship becomes stronger as the patient ages [ 43 , 
 45 ]. Postulated mechanisms include insulin resis-
tance, exposure of a malnourished fetus to mater-
nal glucocorticoids that alter subsequent steroid 
sensitivity, as well as the metabolism of placenta 
cortisol [ 46 ], and the presence of a reduced number 
of glomeruli. The net result is a reduced number of 
glomeruli (as much as 25 % in experimental ani-
mals), a decreased glomerular surface area, and a 
reduction in glomerular fi ltration rate (GFR) per 
nephron [ 47 ]. The impaired nephron function 

eventually leads to HTN. A similar outcome has 
been reported with the blockage of the RAS with 
losartan after birth. Studies in rats have shown that 
young rats are at higher risk for salt-sensitive 
hypertension compared to older rats, hypertensive 
response to salt is more marked at young age, and 
antihypertensive therapy is effective and may 
have preventive effect on hypertension when 
started earlier. The identifi cation of similar criti-
cal periods in humans could have signifi cant 
effects on hypertension research [ 42 ]. 

  Genetics:  At least 25–30 candidate genes have 
been suggested as contributors to the hypertensive 
process by affecting critical factors involved in the 
vasoconstriction and/or volume elements of the 
BP formula (Table  20.3 ). Due to its central role in 
BP regulation, gene polymorphisms of the RAAS 
system have been frequently evaluated in hyperten-
sive patient cohorts. Current evidence links genes 
controlling plasma angiotensinogen (AGT) with 
risk for HTN, while no conclusive association is 
reported with the ACE gene polymorphisms 
[ 48 ,  49 ]. Angiotensinogen M235T genotype has 
been associated with increase in angiotensinogen 
levels and increased risk for hypertension [ 49 ]. 
The theory of impaired genetic homeostasis postu-
lates [ 50 ] that the mismatch between genes 
involved in the regulation of BP and the accultur-
ated changes in our society accounts for the recent 
increase in documented HTN. Synchronicity, a 
process by which growth spurts are associated with 
increases in BP, may be accelerated in genetically 
prone hypertensive individuals [ 51 ]. Allometric 
dysfunction, a process by which somatic and renal 
growths fail to match each other, might lead to 
HTN if environmental factors enable excessive 
non-genetically determined growth to occur [ 52 ]. 
The failure of renal vascular remodeling to occur 
during fetal and postnatal life might alter the 
expected decreases in the activity of RAS and/or 
sodium regulatory mechanisms. Premature telo-
mere shortening, a process associated with normal 
aging, may lead to HTN [ 53 ]. Finally, perturbation 
in neural development of the sympathetic nervous 
system and/or cardiac β1-receptors may predis-
pose newborns to develop a hyperkinetic circulation 
and, therefore, HTN [ 54 ].
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       Risk Factors Involved in Childhood 
Primary HTN 

    Age and Gender 

 Children have lower BP levels in comparison to 
adults, but the levels progressively increase with 
age, with a linear rise from 1 to 13 years. This 

increase is related more to body size than age. 
Primary HTN is the most common cause of HTN 
in older children especially in the postpubertal 
group. The prevalence of HTN and pre-HTN is 
greater in boys than girls [ 55 ]. Also, in girls BP 
rises rapidly between 6 and 11 years as compared 
to 12–17 years, while the opposite is seen in boys 
[ 56 ]. The male preponderance of high BP persists 

    Table 20.3    HTN and gene studies   

  Genome-wide association study (GWAS)  
 Strengths – hypothesis-free studies, lead to discovery of new genes 
 Weaknesses – large sample size is needed to detect meaningful association, higher study costs, need for stricter 
quality control, and handling of large databases 
  Linkage reported in most of the chromosomes, however there is little current clinical application  
 � WTCC [ 86 ], Saxena R [ 87 ], Levy D [ 88 ], Kato N [ 89 ], Sabatti C [ 90 ] – no signifi cant genome-wide association 
 � Global BPGen study [ 91 ] – 8 regions with genome- wide signifi cance in chromosomes 
 �  CHARGE study[ 92 ] – signifi cant genome-wide associations between 13 SNPs with SBP, 20 SNPs with DBP 

and 10 SNPs with HTN 
  Genome search meta-analysis (GSMA) – meta-analysis of the GWAS  
 � Levy D [ 82 ]  Global BPGen and CHARGE meta-analysis 8 SNPs on chromosomes; 12 (ATP2B1), 10 

(CYP17A1), 11 (PLEKH7), 12 (SH2B3), 10 (CACNB2), 15 (CSK-ULK3), 12 (TBX3-TBX5), 
3 (ULK4) with signifi cant association with SBP/DBP/HTN 
 SNP ATP2B 12q 21–23 associated with signifi cant association with SBP/HTN 

 � Wu X [ 93 ]  No locus achieving signifi cant linkages; suggestive linkage at 2p14 and 3p14.1 

 � Koivukoski [ 94 ]  Signifi cant association with DBP and HT at 2p12-q22.1, 3p14.1-q12.3 

 � Liu [ 95 ]  No genome-wide signifi cant linkage to HTN 

  Candidate gene analysis  
 Strengths – known pathophysiological processes associated with HTN are studied at genetic level, and animal data 
is available on these genes, compared to GWAS that are low cost 
 Weaknesses – HTN is polygenic and individual genetic contribution to HTN phenotype may be small, cannot 
evaluate gene/environment interaction, and have less chance for identifying newer genetic pathways linked to HTN 
 �  G-protein system [ 96 ] – G-protein β3-subunit (GNB3) gene C825T polymorphism, G-protein receptor kinase 4 

(GRK4) gene, Gαs subunit (GNAS) gene 
 � α-Adducin gene (ADD1) gene, Gly460TRP polymorphism[ 97 ] 
 � Polymorphisms of CYBA gene encoding p22 phos subunit of the NADPH oxidase system[ 98 ] 
 �  Renal sodium transporters[ 99 ]; SCNN1B gene encoding β-subunit of ENaC transporter β-ENaC  G589s 

polymorphism, SLC9A3 gene encoding NHE 3 exchanger in proximal tubule 
 �  RAAS genes[ 100 ,  101 ]: (1) AGT gene for angiotensinogen M235T, A-6G, A-20C polymorphisms, (2) ACE   

deletion/insertion (D/I) polymorphism intron 16 and ACE 2 gene, (3) type 1 angiotensinogen II receptor gene 
(AT1R), (4) CYP11B2 aldosterone synthase gene C344T polymorphism 

 �  Genes linked with changes in vascular tone [ 102 ];  a drenergic receptors ; (1) α1a gene 347 Cys polymorphism, 
(2) α2a gene Dral polymorphism, (3) α2b gene Glu 301–303 deletion variant, (4) α2c insertion/deletion 
polymorphism  nitric oxide (NO)   endothelial NO synthase gene on chromosome7 G849T polymorphism 

 �   Adenosine monophosphate deaminase (AMP ) AMP-1 (AMPD 1) gene polymorphism  endothelin  1 gene 
polymorphisms and G-protein polymorphisms 

 � Mitochondrial gene mutations[ 99 ,  103 ]; mitochondrial NADH dehydrogenase 3 gene A10398G mutation 
  Large-scale candidate gene studies  
 � Sober S [ 104 ], Padmanabhan S [ 105 ], Tomaszweski M [ 106 ] – no signifi cant association with BP candidate genes 
 �  Johnson T [ 107 ] replicated SNP for angiotensin locus AGT and ATP2B1 locus of other studies and reported 

other novel loci 
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till 50 years of age, when BP levels in women 
again exceed men’s [ 56 ].  

    Race and Ethnicity 

 The prevalence of primary HTN is clearly infl u-
enced by race and ethnicity [ 57 ]. Native 
Americans have the same or higher rate of pri-
mary HTN as Hispanics who have the same or 
lower BP than Caucasians. The prevalence of 
HTN in blacks is twice that of whites, has an ear-
lier onset, and is associated with more end-organ 
damage. These differences are most likely quanti-
tative [ 58 ] for the characteristics of the hyperten-
sive process are similar in blacks and whites 
when corrected for age, cardiovascular and renal 
damage, and level of BP [ 59 ]. Blacks have higher 
sleep and less dipping in their nighttime ABPM 
values than age-matched whites [ 60 ]. Blacks expe-
rience a greater degree of renal global, segmental, 
and interstitial sclerosis than whites at an earlier 
age, despite having similar BP and degrees of 
proteinuria [ 61 ,  62 ].  

    Genetics and Family History 

 Up to 40 % of HTN is attributable to genetic 
factors indicating increased risk for hyperten-
sion in genetically related individuals [ 63 ]. 
However, it is important to note that the interac-
tion between genes and a permissive environ-
ment is essential for the development of elevated 
BP. Genome- wide association study (GWAS) 
has identifi ed the association between common/
new genetic variants and BP/HTN. The novel 
insight into disease pathology from these associ-
ations has not translated to clinical utility. Such 
differences may refl ect environmental factors, the 
infl uence of other genes, evolutionary diversion 
(race and ethnicity), and study design and/or 
technical issues (Table  20.3 ). In the future, indi-
vidual genetic information will help in early 
identifi cation of high-risk groups for targeted 
preventive measures and pharmacotherapy based 
on individual disease pathways with low risk for 
adverse effects.  

    Obesity 

 Obesity, which is found in 35–50 % of hypertensive 
adolescents, is one of the most important factors 
involved in both the generation and persistence of 
childhood primary HTN [ 9 ]. Prevalence studies, 
including tracking studies of weight change and 
BP in young adults [ 64 ], have reported an increase 
in childhood obesity and HTN in obese subjects. 
The relationship between elevated BP and weight 
begins in early childhood and has been reported 
to occur as early as 5 years [ 65 ]. The Muscatine 
Study showed that changes in ponderosity over 
11 years correlated directly with BP changes 
[ 17 ]. Obesity is associated with the “metabolic 
syndrome,” which is characterized by insulin 
resistance, an atherogenic dyslipidemia, activa-
tion of the sympathetic nervous system, and an 
increased tendency for thrombosis (see Chap. 
  19    ). Other suggested mechanisms of obesity-
related HTN include hyperinsulinemia, hyperp-
roinsulinemia, renal sodium retention, increased 
sympathetic activity [ 29 ], increased plasma vol-
ume, increased levels of dehydroepiandros-
terone [ 66 ], and increased CO. Increased plasma 
aldosterone activity in obese adolescents corre-
lates with increases in their mean BP; the BP 
level falls when weight loss occurs [ 67 ]. Obesity 
hypertension is discussed in more detail in 
Chap.   17    .  

    Salt Intake 

 It is estimated that since the Paleolithic period, 
the average sodium intake in the human diet has 
increased almost fi vefold to approx 3,400 mg/d, a 
level suffi ciently high enough to enable high-BP 
expression in salt-sensitive individuals [ 68 ]. 
Also, epidemiologic studies have shown that BP 
levels are higher in societies with high salt intake 
with higher BP associated with sodium intake 
above 100 meq/day [ 69 ]. He et al. [ 70 ] have 
reported a nearly 50 % increase in salt intake 
between the ages of 4 and 18 years. The study 
also reports signifi cant association between salt 
intake and systolic BP which is independent of 
age, sex, body mass index, and dietary potassium. 
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Experimental studies (Table  20.4 ) have shown 
that the amount and time of introduction of 
sodium in the diet of newborn rats infl uences the 
onset and persistence of HTN. In human neo-
nates, the ingestion of lower sodium (4 meq/L) 
containing formula after birth was associated 
with a 2.1-mm/Hg lower BP after 6 months [ 71 ]. 
Even though this difference did not persist a few 
years later, it is still possible that a life-long effect 
may be seen.

   Approximately 25–50 % of the adult popula-
tion is considered to be salt sensitive and exhibits 
increased BP fl uctuation in association with 
slight increase in salt intake. Besides increasing 
with age, salt sensitivity has been reported in 
African Americans, obese, metabolic syndrome, 
and chronic kidney disease patient cohorts. 
Dietary sodium restriction is a recommendation 
in all guidelines (national and international) as a 
component of non-pharmacologic treatment for 
hypertension. In hypertensive children, the issue 
of salt restriction has not been fully evaluated in 
context of their requirements for growth and 
development.  

    White-Coat HTN (WCH) 

 WCH or isolated offi ce HTN is defi ned as offi ce 
BP readings ≥95th percentile but with normal 
values outside the clinical setting. The estimated 
prevalence of WCH is around 35 % in children 
being evaluated for persistently elevated casual 
BP and 44 % in children with a family history of 
primary HTN [ 72 ]. The prevalence of white-coat 
HTN is higher when the offi ce values reveal 
borderline or mild HTN and much lower with 
moderate or severe HTN [ 73 ]. Similar to adults, a 
retrospective study in children has shown that 
WCH is possibly a prehypertensive condition with 
increased left ventricular mass and progression to 
sustained HTN [ 74 ]. Increased urinary excretion of 
cortisol and endothelin in adolescents with WCH 
identifi es a group with distinct metabolic abnor-
malities [ 75 ]. Since urinary endothelin is derived 
from the kidney, these fi ndings support a dysregu-
lation of renal function. It is possible that WCH in 
children represents two populations: one that is 
destined to develop primary HTN (prehyperten-
sive) [ 76 ] and one that will remain normotensive 
outside clinical setting.  

    Exercise 

 Exercise provides a number of benefi ts: increased 
caloric expenditure, appetite suppression, and 
improved exercise tolerance. Serum cholesterol 
and triglyceride levels inversely relate to the level 
of exercise. Ekelund et al. [ 77 ] in their study of 
nearly 21,000 children reported improvement in 
cardiometabolic risk factors (waist circumfer-
ence, fasting insulin, fasting triglycerides and 
HDL cholesterol, and resting systolic blood pres-
sure) in association with moderate to vigorous 
physical activity. The improvement in risk factors 
was regardless of sex and age and also indepen-
dent of the amount of sedentary activity. WHO’s 
latest guidelines recommend 60 min of at least 
moderate intensity physical activity in addition to 
activities of daily living [ 78 ]. Andersen et al. in 
their review of published literature of physical 
activity and cardiovascular risk factors in children 
have proposed that physical activity/intervention 

   Table 20.4    Role of sodium in primary HTN   

 Experimental evidence 
 �  High salt intake increases renal vascular vasocon-

striction, catecholamine release, and NaK ATPase 
inhibitor ouabain, which in turn leads to increase in 
intracellular calcium and sodium 

 �  In salt-sensitive patients with essential HTN, BP 
varies directly with changes in sodium intake 

 �  Decrease in salt intake in people with borderline 
high BP may prevent the onset of HTN 

 �  The time and quantity of sodium administration 
to rats genetically predisposed to HTN determine 
the onset and level of BP 

 �  Similar mother and offspring BP response to 
sodium restriction supports a genetic predisposi-
tion to salt sensitivity 

 Epidemiologic evidence 
 �  Signifi cant correlations between salt intake and BP 

have been demonstrated in large population studies 
 �  Primitive isolated societies with naturally 

ingesting low-sodium diets do not develop HTN, 
nor does BP rise with age 

 �  Primitive isolated societies increase their BP 
after being exposed to environments where 
excess sodium is ingested 
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of at least 30-min duration, 3 times/week, and 
intensity suffi cient to improve aerobic fi tness is 
suffi cient to decrease BP in hypertensive children 
[ 78 ]. Gopinath et al. [ 79 ] have recently reported 
that different sedentary behaviors have a different 
effect on BP. According to their fi ndings, each 
hour per day spent in watching TV or playing 
video games was associated with increase in 
diastolic BP, while similar time spent in reading 
was associated with decrease in systolic and dia-
stolic BP. The BP response of hypertensive adoles-
cents to exercise is similar to that of normotensive 
adolescents, but starts and fi nishes at higher levels 
[ 80 ]. In adolescents, peak SBP >210 mmHg, and a 
rise in DBP with dynamic exercise, is occasionally 
used to determine the need for antihypertensive 
drug therapy [ 81 ].  

    Lipids and Cigarette Smoking 

 Prolonged elevation of cholesterol is strongly 
associated with an increased risk of coronary 
artery disease. Evaluations of the coronary arter-
ies and aorta of 35 children and young adults 
dying from noncoronary artery disease events 
revealed fatty aortic streaks in 61 %, coronary 
artery fi brous streaks and/or plaques in 85 %, and 
raised plaques in 25 % [ 82 ]. The extent of 
involvement correlated directly with total choles-
terol and low-density lipoprotein (LDL) and, 
inversely, with the ratio of HDL to LDL choles-
terol. Obesity is the most common cause of hyper-
triglyceridemia, often associated with a low HDL 
in adolescents. It is well known that inherited 
disorders of lipid metabolism increase the risk of 
early cardiovascular disease. 

 Harmful effects of smoke exposure, active or 
passive, on the cardiovascular status have been 
shown in adults [ 83 ]. Chronic smoking itself does 
not increase BP; it is associated with increased 
cholesterol levels and lower levels of high-density 
lipoprotein (HDL), which increase the risk of 
atherogenesis. Simonetti et al. [ 84 ] have reported 
that environmental nicotine exposure as a conse-
quence of parental smoking is associated with 
increased BP in children as young as 4–5 years of 
age. The study also reported a synergistic role 

wherein proportionately progressive increase in 
BP was noticed in cumulative association with 
other risk factors such as parental hypertension 
and obesity.  

    Stress 

 Stress of all types can increase BP. When com-
pared to those with normal BP levels, greater 
increases in sympathetic nervous system and car-
diovascular activity occur in offspring of hyper-
tensive parents and in hypertensive individuals. 
Poverty, sociocultural factors, racial issues, and 
migration are also known to increase BP. Both 
SBP and DBP can be correlated with chronic hos-
tility, nervousness, and the demanding perception 
of environment in adolescents [ 72 ]. Type A behav-
ior is associated with increases in SBP, but not 
DBP [ 73 ]. Three models of psychosocial stress 
that might explain the genesis of primary HTN are 
the Defense Defeat Model, Demand Control, and 
Lifestyle Incongruity Index [ 74 ]. These models 
deal with issues such as fi ght fl ight, control, 
aggression, depression, subordination, the rela-
tionship between psychologic demands factored 
by the available latitude of decision- making, and 
differences between occupational and social class 
and achievement versus accomplishment.   

    Conclusions 

 The increasing diagnosis of primary hyperten-
sion in children represents an important shift in 
our understanding of pediatric hypertension. 
Primary hypertension in children is a diagnosis 
of exclusion and children need selective evalua-
tion for any underlying secondary cause. Elevated 
BP in children is associated with end-organ 
effects (for a detailed discussion, see Chap.   29    ). 
Studies have reported increased prevalence of left 
ventricular hypertrophy, vascular changes, micro-
albuminuria, and impaired cognitive function in 
children with elevated BP [ 4 ,  85 ]. Early identifi -
cation and management of elevated BP in the 
pediatric population is important to decrease the 
risks for end-organ injury.     
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        Introduction 

 Measuring BP is now a standard part of routine 
health assessment in childhood. Recent reports 
indicate that the prevalence of hypertension in 
children (based on repeated measurements) is 

about 3.5 % [ 1 ,  2 ]. Although primary hypertension 
may occur in childhood and is quite common 
among hypertensive adolescents, secondary 
hypertension is more likely than primary hyper-
tension in children under 12 years [ 3 ]. Secondary 
forms of hypertension are those with an identifi -
able cause for the increased blood pressure (BP). 
Approximately 70–85 % of all children between 0 
to < 12 years of age and 10–15 % of all adolescents 
12–18 years will have an identifi able secondary 
cause for hypertension [ 4 ]. 

 Most causes of secondary hypertension are 
readily identifi able. However, the actual clinical 
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  Abstract 

     Secondary forms of hypertension are more common in children than in 
adolescents. After careful clinical evaluation, most causes of secondary 
hypertension in children are readily identifi able. The causes for secondary 
hypertension are noted in this chapter and discussed in depth elsewhere in 
this text. Although adolescents have a higher incidence of elevated BP 
compared to young children, teens more often have primary rather than 
secondary hypertension. In this chapter, we also discuss the clinical chal-
lenge of trying to identify a secondary cause for hypertension in a child or 
adolescent when none is obvious. Improved methods for predicting second-
ary hypertension in asymptomatic children that could help direct the most 
cost-effective work-up are needed and would also reduce the likelihood of 
missing a treatable cause of hypertension.  
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conundrum is trying to identify a secondary 
cause for hypertension in a child or adolescent 
when none is obvious. The presence of four 
features – absence of clinical signs or symptoms, a 
normal serum creatinine, a positive family history, 
and an elevated BMI – increases the likelihood of 
primary hypertension [ 5 ]. In a report from the 
Midwest Pediatric Nephrology consortium among 
246 referred patients, there was no difference in 
age, distribution of weight, or stage 2 hypertension 
in those with primary versus secondary hyper-
tension [ 6 ]. Thus, neither obesity nor mild 
hypertension excludes the possibility of a sec-
ondary cause. It would be useful to have a better 
way of predicting secondary hypertension in 
asymptomatic children that would help direct the 
most cost-effective work-up and would also 
reduce the likelihood of missing a treatable cause 
of hypertension. 

 In the following sections, we will present an 
overview of the major secondary causes of hyper-
tension in the young. Detailed discussions of 
many of the conditions mentioned can be found 
elsewhere in this book. Other specifi c aspects of 
the diagnostic evaluation of hypertensive children 
and adolescents are discussed in Chap.   32    .  

    Causes of Secondary Hypertension 
in Children 

 Children and adolescents with secondary causes 
for hypertension can be divided into two broad 
categories:
•    Patients with clues in the history and physi-

cal examination that help to reach a diagno-
sis of secondary hypertension (Tables  21.1  
and  21.2 ) 

        Table 21.1     Acute/transient secondary causes of hypertension   

 Causes  Clues on history and physical exam 

 1.  Acute glomerulonephritis  Preceding streptococcal infection; tea- or coca cola- colored 
urine; edema; oliguria; sore throat; skin rash 

 2.  Acute tubular necrosis  Dehydration; decreased cardiac output; NSAID use 
 3.  Hemolytic uremic syndrome/thrombotic 

microangiopathy 
 Diarrhea; pneumonia; bone marrow transplant; use of calcineurin 
inhibitor; pallor; oliguria/anuria; edema 

 4.  Obstructive uropathy  Abnormal prenatal US; poor stream of urine, abnormal 
abdominal musculature, undescended testes 

 5.  Iatrogenic (volume and medication related)  Infusion of intravenous 0.9 % saline; glucocorticoids 
 6.  Vasculitis  HSP; SLE; SVV; Goodpasture syndrome; APSGN 
 7.  Neurological  Head injury, seizures, altered mental status, increased intracranial 

pressure, autonomic instability, pain related 
 8.  Orthopedic  Long bone fracture; traction 
 9.  Mediations/drugs  OTC nasal decongestants containing ephedrine/pseudoephedrine; 

cocaine and amphetamines; steroids and calcineurin inhibitors 

    Table 21.2     Chronic causes of secondary hypertension   

 Causes  Clues on history and physical exam 

 1.  Neonatal  Prematurity, low birth weight, umbilical artery lines; chronic lung disease; post-ECMO; 
congenital renal malformations 

 2.  Coarctation of the aorta  Upper to lower extremity BP gradient; absent femoral pulses; ejection systolic murmur 
 3.  Renovascular  Fever, malaise, signs of claudication; absent femoral pulses; abdominal bruit; features 

of NF1,TS, Williams, Turner, and Alagille syndrome 
 4.  Renal parenchymal 

disease 
 Newborn with antenatal diagnosis of ARPKD or CAKUT; history of chronic kidney 
disease, recurrent UTI and scarring, patients on dialysis or post-renal transplant patient 

 5.  Endocrine  Diabetes mellitus and proteinuria; tachycardia, episodic fl ushing, sweating, palpitations, 
headache; thyromegaly, exophthalmos, tremors; ambiguous genitalia/virilization, 
features of Cushing’s syndrome – obese, buffalo hump, moon facies, acne, hirsutism, 
abdominal striae, and myopathy 

 6.  Pulmonary  Snoring; repeated nighttime awakenings; daytime somnolence 
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•      Patients who are asymptomatic and have a 
normal examination and who may or may not 
have a secondary cause for hypertension     

    Renal Parenchymal Disease 

    Acute Glomerulonephritis 

 Hypertension in children with acute glomerulone-
phritis (AGN) has an acute onset in a previously 
normotensive child. Such hypertension is usually 
seen in a child with macroscopic hematuria with 
red cell casts in the urine, oliguria, and signs of 
intravascular volume overload. The acute increase 
in BP may be secondary to water and sodium 
retention, activation of the renin-angiotensin-
aldosterone system (RAAS), disturbance of endo-
thelial nitric oxide balance, and/or endothelin 
release. This form of hypertension is easily iden-
tifi able based on the patient’s history and the 
 presence of red cell casts in the urinary sediment 
and evidence of acute kidney dysfunction. This 
type of hypertension usually resolves within a few 
weeks of onset and is unlikely to lead to chronic 
BP elevation.  

    Polycystic Kidney Disease 

 Hypertension is seen in children with both auto-
somal recessive polycystic kidney disease 
(ARPKD) and autosomal dominant polycystic 
kidney disease (ADPKD) and may be the initial 
manifestation of the condition (Fig.  21.1 ). 
Hypertension is often severe in ARPKD, espe-
cially when present in newborns and infants. 
Only 10–20 % of children with underlying 
ADPKD present with hypertension as compared 
to adults, the majority of whom present with 
hypertension prior to any loss of renal function 
[ 7 ]. Children with ARPKD have certain clinical 
features that usually help distinguish them from 
those with ADPKD – a neonatal history/antenatal 
diagnosis, enlarged kidneys, hepatosplenomeg-
aly, cholangitis, portal hypertension and esopha-
geal varices, progression to ESRD in childhood 
or adolescence, and a negative family history for 
PKD. Children with ADPKD may have a family 

history for PKD, progressive enlargement of the 
kidneys with macroscopic cysts in the cortex and 
medulla, and extrarenal cysts. A family history of 
cerebral aneurysms may be present, and aneu-
rysms may be present in children with ADPKD, 
though most sources do not support screening 
young children with known ADPKD.

   The RAAS plays a key role in the pathogenesis 
of PKD-associated hypertension. In ARPKD 
there is intrarenal renin release with ACE gene 
upregulation by abnormal collecting tubule epi-
thelia and impaired salt and water excretion [ 8 ]. 
In ADPKD, RAAS activation is considered to be 
due to local ischemia caused by enlargement of 
cysts. Hypertension is an early marker of disease 
progression in children with ADPKD. In a recent 
randomized study in children with ADPKD and 
borderline hypertension (75th to 95th percentiles), 
controlling blood pressure with an angiotensin-
converting enzyme inhibitor stabilized kidney 
function and left ventricular mass when compared 
with untreated children [ 9 ].  

    Congenital Abnormalities of the 
Kidneys and Urinary Tract (CAKUT) 

 CAKUT comprises a wide range of renal system 
structural and functional malformations that 
occur at the level of the kidney (e.g., hypoplasia 
and dysplasia, horseshoe kidneys, renal agenesis), 
collecting system (e.g., hydronephrosis and 
megaureter, unilateral duplex ureter), bladder 

  Fig. 21.1     ARPKD and hypertension. The infant had 
severe hypertension and pulmonary hypoplasia. The 
enlarged kidney of 14 cm shows dilated collecting ducts 
arranged in a  radial pattern        
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(e.g., ureterocele and vesicoureteral refl ux), or 
urethra (e.g., posterior urethral valves). 

 Many of the patients with these abnormalities 
have sodium and water wasting due to damaged 
tubules; hence, hypertension is not usually an 
initial manifestation of the condition. However, 
renal scarring after pyelonephritis (Fig.  21.2 ), 
dysplasia, and hypoplasia predispose to the devel-
opment of hypertension and proteinuria as CKD 
progresses [ 10 ].

       Chronic Kidney Disease 

 Many children with CKD have hypertension. 
Whether elevated BP is present is infl uenced by 
CKD stage/GFR as well as etiology of CKD. 
When hypertension is present in a child with 
CKD, it usually requires pharmacologic therapy 
for BP control. The prevalence of hypertension 
increases with decreasing GFR [ 11 ], and hyper-
tension in children with CKD (as in adults) has 
clinically important implications for the progres-
sion of both renal and cardiovascular disease 
[ 12 ]. Cardiovascular complications in children 
with CKD include cardiac hypertrophy and 
carotid artery thickening, which are biomarkers 
for cardiomyopathy and atherosclerosis (see 
Chap.   29    ). Although supporting data are limited, 
appropriate treatment of hypertension in children 
would be expected to ameliorate (at least in part) 

the long-term poor cardiovascular outcomes in 
children who develop CKD. The Chronic Kidney 
Disease in Children (CKiD) study, an ongoing 
multicenter observational study of North 
American children with CKD, includes in-offi ce 
and ambulatory BP measurements as well as 
assessment of cardiovascular structure and func-
tion [ 13 ]. Precise longitudinal GFR evaluation 
should help answer questions about the effect of 
BP on cardiovascular outcomes and progression 
of CKD in children [ 14 ]. Hypertension in CKD is 
discussed in more detail in Chap.   22    .   

    Renovascular Disease 

 Renovascular disease as an underlying cause of 
hypertension occurs in about 10 % of hyperten-
sive children and in less than 5 % of hypertensive 
adolescents [ 15 ]. Children and adolescents with 
renovascular disease usually present with stage 2 
hypertension. Clues suggesting renovascular dis-
ease in children and adolescents are summarized 
in Table  21.2  

 Specifi c forms of renovascular hypertension 
that may be seen in children are discussed in 
detail in Chap.   24    . 

    Vasculitis 

 The most common primary vasculitides that may 
cause hypertension in children are Takayasu’s 
arteritis and polyarteritis nodosa (PAN). 
Takayasu’s arteritis is a chronic infl ammatory 
disease characterized by giant cell vasculitis 
involving the aorta and its major branches. It is a 
rare disease and is more frequent in Japan, China, 
Southeast Asia, and parts of Africa. Renal angi-
ography is used for diagnosis which shows steno-
sis, occlusion, and renal infarcts. Hypertension is 
found in 33–76 % of patients and is usually but 
not always associated with renal artery stenosis 
(RAS) [ 16 ]. 

 PAN is a form of necrotizing arteritis of 
medium-sized muscular arteries with multiple 
organ involvement. Medium-sized renal vessels 
are involved which can manifest as loin pain, gross 

  Fig. 21.2     DMSA scan with cortical scarring secondary 
to vesicoureteric refl ux. A 5-year-old with a previous 
history of febrile UTI and vesicoureteric refl ux. He was 
noted on routine examination to have stage 1 hyperten-
sion. A dimercaptosuccinic acid (DMSA) scan done as 
part of the work-up for hypertension shows a right upper 
pole scar ( arrow ). Blood pressure was controlled with a 
small dose of an ARB       
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or microscopic hematuria, moderate proteinuria, 
and slowly progressive renal insuffi ciency. 
Hypertension may be related to renal artery aneu-
rysm formation, rarely to renal artery stenosis, to 
renal parenchymal infarction, and to occurrence 
of interstitial nephritis [ 17 ].  

    Extrinsic Compression and Other 
Causes of Secondary Hypertension 

 Tumors may cause compression of the renal 
vasculature, with renin release resulting in hyper-
tension. Renovascular hypertension and obstruc-
tive uropathy may occur after treatment of large 
tumors, in which radiotherapy and postoperative 
fi brosis may result in RAS or ureteral stricture 
[ 18 ] (Fig.  21.3 ). Renal artery stenosis also devel-
ops in 1–2 % of pediatric renal transplant recipi-
ents [ 19 ,  20 ].

   Renal venous thrombosis (RVT) and renal 
artery thrombosis (RAT) can result in hyperten-
sion. Renal venous thrombosis may be due to pro-
tein C, protein S, antithrombin III defi ciency, 
Factor V Leiden, and prothrombin gene mutations 
or can be acquired secondary to perinatal asphyxia, 
maternal diabetes, prematurity, dehydration, 
infection, nephrotic syndrome, congenital heart 

disease, and tumors. Perinatal renal venous 
thrombosis often presents with the classic triad 
of hematuria, a palpable fl ank mass, and throm-
bocytopenia. Hypertension develops in about 
19 % and 22 % of those with unilateral and bilat-
eral neonatal RVT, respectively [ 21 ]. Renal vein 
thrombosis causing hypertension has been 
reported in older children and adults secondary 
to sepsis, burns, catheterizations, malignancies, 
antiphospholipid syndrome, and patients with the 
nephrotic syndrome [ 22 ,  23 ]. Renal vein throm-
bosis and associated pulmonary emboli have also 
been seen as the initial manifestation in patients 
with lupus nephritis [ 24 ]. Umbilical artery cathe-
ter placement in newborns may cause renal artery 
thrombosis (see Chap.   26    ).   

    Coarctation of the Aorta 

 Coarctation of the aorta (CoA) is the fi fth most 
common congenital heart defect, accounting for 
6–8 % of live births with congenital heart dis-
ease, with an estimated incidence of 1 in 2,500 
live births. It usually manifests as a discrete con-
striction of the aortic isthmus. However, CoA is 
more likely to represent a spectrum of aortic 
narrowing from this discrete entity to tubular 
hypoplasia, with many variations seen in between 
these two extremes. The presence of arch hypo-
plasia is relevant to long-term risk of develop-
ment of hypertension [ 25 ]. 

 CoA is usually diagnosed in the newborn 
period or in infants; it is diffi cult to diagnose dur-
ing fetal life due to the presence of the ductus 
arteriosus. It may also be discovered later in 
childhood and adolescence in association with 
upper limb BP elevation – an upper to lower limb 
BP gradient, ejection systolic murmur (ESM) 
that radiates to the back. CoA may be associated 
with bicuspid aortic valve, mitral/aortic stenosis, 
VSD, or PDA. For a discussion of management 
of CoA, please see Chap.   24    . 

 An important point about CoA is that many 
patients have persistent hypertension at rest, during 
exercise, or both on long-term follow-up. Only a 
few patients develop restenosis (defi ned by a 
gradient of >20 mmHg) to explain persistence of 

  Fig. 21.3     Obstructive uropathy post-radiotherapy. 
Shown is severe bilateral hydronephrosis in an 18-year- 
old with bilateral ureteral stricture that occurred after 
radiation therapy to treat an infantile rhabdomyosarcoma       
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hypertension [ 26 ]. Persistent hypertension 
following CoA repair appears to be due to abnor-
malities in the arterial bed and its regulatory sys-
tems including increased sympathetic activity; 
there are reports of increased ventricular systolic 
stiffness coupled with increased arterial stiffness 
contributing to hypertension in patients with 
repaired CoA [ 27 ]. Early surgical intervention 
reduces the incidence of late hypertension, but 
whether or not this merely delays onset is not yet 
clear. It is conceivable that early “prophylactic” 
treatment with targeted antihypertensive agents 
may prevent irreversible changes driving the 
hypertensive response from occurring and thus 
improve long-term outlook for these patients. 
Further research in this area is needed.  

    Medication-/Drug-Related 
Hypertension 

    Stimulants for Attention Defi cit 
Hyperactivity Disorder 

 Medications used to treat attention defi cit hyper-
activity disorder (ADHD) usually have a modest 
effect in increasing BP and heart rate. This effect 
was clearly demonstrated in several studies that 
utilized ambulatory BP [ 28 – 30 ]. Amphetamines 
and methylphenidate are sympathomimetics that 
block the reuptake of norepinephrine and dopa-
mine. Atomoxetine is a nonstimulant medication 
that acts as a selective norepinephrine reuptake 
inhibitor. In children, average increases of 6–8 
beats per minute in heart rate, 3–6 mmHg in sys-
tolic blood pressure, and 3–4 mmHg in diastolic 
blood pressure relative to placebo have been 
reported after methylphenidate or amphetamine 
administration [ 28 ,  31 ,  32 ]. On the other hand, 
central-acting alpha-blockers (clonidine, guanfa-
cine) tend to both sedate and lower BP [ 33 ] and 
may therefore be used to counter the hypertensive 
effects of other medications used to treat ADHD.  

    Recreational Drugs 

 Cocaine and methamphetamines can cause 
hypertension and arrhythmias. Cocaine has been 

associated with accelerated and malignant hyper-
tension as well as implicated in hastening the pro-
gression of hypertensive nephrosclerosis to ESRD 
[ 34 ]. The most common presenting symptom 
with cocaine abuse is chest pain. Cardiovascular 
complications related to cocaine include acute 
myocardial ischemia and infarction, arrhythmias, 
sudden death, myocarditis, cardiomyopathy, 
hypertensive crises, aortic dissection or rupture, 
and endocarditis. 

 Both cocaine and methamphetamines are sym-
pathomimetic agents. They act by blocking the 
reuptake of norepinephrine and dopamine at pre-
ganglionic synaptic nerve endings. Hypertension 
associated with these substances is managed by 
withdrawal of the offending agent. Acute      manage-
ment of cocaine abuse includes supplemental oxy-
gen, aspirin, nitroglycerin, benzodiazepines, and 
an alpha-blocker or calcium channel blocker to 
control blood pressure. Use of a beta-blocker is 
controversial as beta-blockers could decrease 
coronary blood fl ow, increase seizure risk, and 
thereby increase mortality [ 35 ]. Management of 
methamphetamine abuse includes benzodiaze-
pines and haloperidol to calm the patient and 
beta-blockers to control blood pressure.  

    Oral Contraceptives 

 Oral contraceptives (OCPs) can induce or exacer-
bate hypertension. Contraceptive-associated 
hypertension is more likely to occur in women 
with a family history of hypertension [ 36 ]. The 
increase in BP is usually minimal; however, 
severe hypertensive episodes, including malig-
nant hypertension, have been reported. The main 
pathophysiologic mechanism is an estrogen-
mediated stimulation of the RAAS due to 
increased hepatic synthesis of renin substrate 
and, therefore, fl uid retention due to increased 
sodium and water retention and peripheral vaso-
constriction [ 37 ]. Use of an OCP with a lower 
estrogen dose may not cause hypertension as 
often, but may be less effective, especially in 
young women with signifi cant dysmenorrhea. 
Progestin-only OCPs are unlikely to elevate 
BP but are associated with a greater incidence 
of spotting.  
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    Over-the-Counter Medications 

 A number of over-the-counter (OTC) medica-
tions can lead to elevations in BP. For example, 
most nonprescription anorexics contain combi-
nations of an antihistamine and adrenergic ago-
nist (usually phenylpropanolamine [PPA], 
ephedrine, pseudoephedrine, or caffeine). All act 
by potentiating presynaptic norepinephrine 
release and by directly activating adrenergic 
receptors. Alpha-adrenergic intoxication induced 
by nasal decongestant and cough medications has 
been reported to result in severe hypertension. 
Caffeine can also acutely and transiently increase 
BP by increasing peripheral resistance. The reac-
tion to caffeine is more pronounced in males 
than females and in those with a positive family 
history of hypertension [ 38 – 40 ]. Concomitant 
use of other medications (monoamine oxidase 
inhibitors, oral contraceptives, and nonsteroidal 
anti- infl ammatory drugs)      seems to increase the 
risk of hypertension [ 41 ,  42 ].   

    Endocrine Causes of Hypertension 

 There are strong associations between glycemic 
control, BP regulation, and microalbuminuria in 
both type 1 and type 2 diabetes mellitus. The pres-
ence of nocturnal hypertension and loss of the noc-
turnal dip in BP appears to herald diabetic 
complications such as microalbuminuria [ 43 ,  44 ]. 
In addition to optimization of metabolic control, 
early diagnosis and prompt treatment of dyslipid-
emia and hypertension are important in patients 
with type 1 diabetes [ 45 ]. The American diabetes 
association (ADA) recommends measuring a 
child’s BP at every diabetic visit to identify early 
hypertension or upward trends in BP and also rec-
ommends screening lipid levels in youth with 
T1DM at 12 years of age and every 5 years thereaf-
ter. If hypertension is documented, evaluation of 
the child should include updating parental history 
for hypertension, laboratory examination of renal 
function (urinalysis, serum creatinine, and blood 
urea nitrogen), and urinary albumin excretion. 

 The recommended treatment for hypertension 
in youth with TIDM initially is elimination of 
added salt in the diet and encouragement to 

exercise if the child is sedentary. Pharmacologic 
therapy is indicated if lifestyle intervention does 
not lead to adequate blood pressure improvement 
in 3–6 months in children with BP consistently 
over the 95th percentile. ACE inhibitors should 
be used with caution in adolescents and adequate 
counseling on using contraceptives should be 
provided [ 46 ]. As in adults, adolescents with type 
2 diabetes also exhibit abnormalities of ambula-
tory BP, dyslipidemia, and microalbuminuria 
[ 47 ]. This is discussed in more detail in Chap.   19    . 

 The main cause of morbidity and mortality in 
patients with type 1 diabetes is nephropathy, and 
the best marker in adults of the consequent risk of 
developing nephropathy is persistent microalbu-
minuria. Puberty represents the most important 
risk factor for the development of theses microan-
giopathic complications. Hypertension may also 
accelerate progression of vascular complications. 

 Other forms of endocrine hypertension are 
discussed in Chaps.   6     and   25    , and hypertension in 
type 2 diabetes is discussed in Chap.   19    .  

    Perinatal Causes of Hypertension 

 Events that take place in utero may affect blood 
pressure in both childhood and adulthood. These 
include low birth weight secondary to prematurity 
and causes of intrauterine growth retardation 
(maternal smoking, medications, poor nutrition, 
and infections) [ 48 ,  49 ]. Low birth weight and 
intrauterine growth restriction are associated with 
reduced nephron number. Moreover, excessive 
catch-up growth during the postnatal period results 
in increased metabolic demand on the kidney 
causing hyperfi ltration leading to further nephron 
loss [ 50 ]. Other secondary neonatal causes of 
hypertension including renal artery/vein thrombo-
sis, chronic lung disease, post- ECMO treatment, 
coarctation of aorta, and congenital renal malforma-
tions are discussed elsewhere in the text.  

    Central Causes of Hypertension 

 Central nervous system causes of hypertension 
include raised intracranial pressure secondary to 
space occupying lesion (tumors, abscess, or 
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hemorrhage), sympathetic nervous system 
abnormalities, and vasomotor center abnormali-
ties that should be diagnosed prior to treating 
hypertension. While primary treatment is of the 
underlying condition, centrally acting alpha-
blockers may be useful antihypertensive agents in 
some patients.  

    Miscellaneous Causes of Secondary 
Hypertension 

    Following Orthopedic Procedures 

 Hypertension in children and adolescents has been 
described with clubfoot repair, hip and knee con-
tracture release, traction following pelvic fracture 
or congenital hip dislocation, immobilization of 
extremities following casting, and traumatic 
amputation [ 51 – 53 ]. The possible mechanisms for 
orthopedic-associated hypertension include ten-
sion on one of the larger nerves of the lower 
extremities, hypercalcemia, refl ex spasm of the 
renal blood vessels, increased splanchnic sympa-
thetic activity (from soft tissue stretching causing 
catecholamine release), and salt and water reten-
tion secondary to prolonged bed rest. Management 
includes pain control and the use of diuretics, 
alpha blockade, and calcium channel blockers.  

    Environmental Exposures and 
Hypertension 

 Mercury and heavy metals can lead to hyperten-
sion. Exposure of children to any form of mercury 
can cause a particular syndrome known as acro-
dynia or pink disease. This condition is character-
ized by fl ushing, itching, swelling, tachycardia, 
hypertension, excessive salivation or perspiration, 
irritability, weakness, morbilliform rashes, and 
desquamation of the palms and soles. Acrodynia 
was common among infants in the United Kingdom 
and the United States until the late 1940s when it 
was realized that the condition was primarily 
caused by exposure to calomel (mercurous chlo-
ride) in teething powders and in anthelmintic 
preparations. Some sort of allergic reaction 

toward mercury in combination with a highly 
variable individual susceptibility are considered to 
be important pathogenetically; affected individuals 
are almost universally infants and small children, 
and the syndrome develops only in a small propor-
tion of those who are exposed (less than 1 %) [ 54 ]. 
Other heavy metal intoxications, including lead 
and cadmium, also have been associated with 
hypertension in children [ 55 ,  56 ].   

    Obesity: Is It Really Just Another 
Cause of Secondary Hypertension? 

 The prevalence of hypertension is threefold higher 
in obese children than in nonobese children. Blood 
pressure increase in children in the past decade is 
almost completely attributable to the increased 
prevalence of obesity [ 57 ,  58 ]. Childhood obesity 
is associated with established risk factors for car-
diovascular disease including hypertension, dia-
betes, metabolic syndrome, and obstructive sleep 
apnea (OSA) and results in signifi cant morbidity 
and mortality. There is a dose- dependent rela-
tionship between the severity of obesity and the 
risk of hypertension based on BMI as each 10 % 
increase in BMI is associated with a 3.9 mmHg 
increase in systolic BP [ 59 ]. Visceral adiposity 
(waist circumference, waist/hip ratio) in adults 
predicts hypertension slightly better than BMI 
refl ecting the strong relationship that visceral 
adiposity has with insulin resistance and endo-
thelial dysfunction [ 60 ]. This association is also 
emerging in children [ 61 ]. Other factors that have 
been predictors of hypertension in adults include 
renal sinus fat volume independent of age, sex, 
BMI, and height [ 62 ] and nonalcoholic fatty liver 
disease and excessive fructose intake. Data in 
adolescents from NHANES corroborate this risk, 
with an approximately 2 mmHg difference in BP 
from the lowest to the highest strata of soda 
consumption [ 63 ]. 

 Probable mechanisms of obesity-related 
hypertension include insulin resistance or hyper-
insulinism causing an anti-natriuretic effect and 
increased sympathetic activity, activation of the 
RAAS, and altered vascular function [ 64 ]. With 
increasing obesity there is increased leptin, 

S.R. Vidi and K.E.C. Meyers



317

resistin, IL-6, and TNF-alpha secretion; elevated 
free fatty acid release; and blunted production of 
adiponectin. A decrease in plasma adiponectin 
results in insulin resistance, decreased induction 
of endothelial nitric oxide synthase (eNOS), and 
possibly increased sympathetic activity. Resistin 
impairs nitric oxide synthesis (eNOS inhibition) 
and enhances endothelin-1 production, with its 
attendant vasoconstriction. Hyperleptinemia acti-
vates the sympathetic nervous system through 
complex mechanisms that involve central leptin 
receptors which lead to sodium retention [ 65 ]. 

 Perhaps it is time to consider obesity as a sec-
ondary and independent cause of hypertension in 
children and adults.  

    Sleep-Disordered Breathing and 
Hypertension 

 The etiology of sleep-disordered breathing in 
children was once thought to be primarily due to 
adenotonsillar enlargement but is now believed 
to be due to a combination of neuromuscular, 
infl ammatory, anatomic, and genetic factors. 
This is evidenced by studies that fail to show 
any correlation between adenotonsillar size and 
OSA severity, and by studies that show that 

tonsillectomy and adenoidectomy is not always 
effective in curing OSA [ 66 ]. Although studies in 
children are limited, the pathogenesis of OSA-
related cardiovascular disease (Fig.  21.4 ) is 
thought to be due to interactions between hypox-
emia from recurrent obstruction with resultant 
oxidative stress causing infl ammation and endo-
thelial dysfunction [ 67 ], increased nocturnal 
sympathetic activation as a consequence of mul-
tiple arousals (in response to obstructive events), 
increased mechanical load on the heart due to the 
generation of recurrent negative intrathoracic 
pressure, and metabolic dysregulation [ 68 ].

   There are very few studies which have assessed 
the effects of tonsillectomy and adenoidectomy in 
children with OSA and effect on BP and cardio-
vascular outcome. The results have been variable, 
showing either a signifi cant reduction in diastolic 
BP load [ 69 ] or an increase of systolic BP with 
recurrence of OSA [ 70 ] or no change in BP after 
surgery [ 71 ]. However additional cardiovascular 
disturbances including increased sympathetic 
activity [ 72 ] and ventricular dysfunction have 
shown improvement after tonsillectomy and ade-
noidectomy [ 73 ]. In summary, it seems that early 
detection and management of OSA in children 
will improve BP and reduce later cardiovascular 
morbidity [ 74 ].  

  Fig. 21.4     Pediatric OSA .  The fi gure shows the effects of 
treatment on the cardiovascular consequences of obstructive 
sleep apnea in children. The tick indicates studies that show 
improvement in the cardiovascular outcome with treatment; 

the question mark indicates study results are confl icting or 
that the treatment effects are unknown.  OSA  indicates 
obstructive sleep apnea,  RV  right ventricle,  BP  blood pres-
sure (Used with reprint permission from Elsevier [ 58 ])       
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    Approach to Asymptomatic Patients 
with a Normal Physical Exam 

 Trying to decide how far to investigate the asymp-
tomatic otherwise normal child for secondary 
forms of hypertension can be both frustrating and 
perplexing. One approach is to consider whether 
there are specifi c features of the patient’s history 
that may point the clinician either toward or away 
from secondary hypertension. 

 It would also be useful to identify certain fac-
tors that help to differentiate if an asymptomatic 
child has primary or secondary hypertension. 
Recent studies have identifi ed that increased birth 
weight, rapid postnatal growth, and increased 
current weight were positive predictors of an 
increased risk for primary hypertension [ 75 – 77 ]. 
In another study, prematurity was considered as a 
determinant of developing primary hypertension, 
which was shown by the daytime systolic BP 
being higher in 50 adults born prematurely when 
compared with 30 full-term control adults [ 78 ]. 
In the Newcastle Thousand Families Study, with 
412 adults between the ages of 49–51, birth 
weight was a statistically signifi cant predictor of 
hypertension but was quantitatively much less 
important than BMI [ 79 ]. Thus, some of the clini-
cal factors associated with primary hypertension 
include family history, low birth weight, prematu-
rity, exposure to maternal smoking [ 80 ], hyperuri-
cemia which is linked to increased consumption of 
fructose-containing beverages [ 81 ], accelerated 
skeletal maturation in adolescents independent of 
BMI [ 82 ,  83 ], and sleep-disordered breathing. 

 Baracco et al. identifi ed a number of predictors 
for secondary hypertension in children; these 
include younger age – less than 12 years – elevated 
diastolic BP, and a discrepancy on ultrasound in 
the size of the kidneys of greater than 1.5 cm. They 
also recommend the following investigations in an 
asymptomatic individual in whom a secondary 
cause for hypertension may be present:
•    Baseline basic metabolic panel (as patients 

may be started on ACEi and diuretics).  
•   Urinalysis for proteinuria.  
•   Renal ultrasound for any scarring or structural 

abnormalities.  

•   Echocardiogram.  
•   Plasma renin activity (PRA) to determine the 

antihypertensive of choice. If the PRA is low, 
then use a diuretic for sodium and water reten-
tion, and if the PRA is elevated, then treat with 
an ACEi.  

•   No thyroid studies or urine catecholamines 
are recommended unless the patient is symp-
tomatic [ 84 ].    
 Finally, specifi c patterns on ambulatory BP 

monitoring, including sleep hypertension and 
reduced nocturnal BP dipping, have also been 
associated with secondary hypertension in chil-
dren [ 85 ,  86 ]. This is discussed in more detail in 
Chap.   11    . 

 Based on the above results and risk factors, we 
suggest development of a “likelihood” table to 
help predict whether an asymptomatic child has 
primary hypertension or whether secondary 
hypertension should be considered more likely, 
thereby requiring further focused investigation 
(Table  21.3 ). 

   Table 21.3     “Likelihood factors” may help differentiate 
primary from secondary hypertension   

 Predictors  1 HTN  2 HTN 

 1.   Age  
 5 to < 12 years   −    +  

 2.   History  
  Adult    Child  

  Prenatal  
 Prematurity   +    +  
 Low birth weight   +    +  
  School age  
 Advanced postnatal weight gain   +    −  
 Maternal smoking   +    −  
  Puberty  
 Accelerated skeletal maturation   +    −  
  Adolescent  
 Sleep- disordered breathing   +    −  
 High fructose diet – hyperuricemia   +    −  

 3.   BP  
 Systolic HTN   +    −  
 Diastolic HTN   −    +  

 4.   Work-up  
 Renal US: discrepancy in size of 
kidneys ≥ 1.5 cm 

  −    +  
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      Conclusions 

 The etiology for a secondary cause of hyperten-
sion in children is not always obvious. In some 
children clues from history and examination will 
point toward a cause. On the other hand, in 
asymptomatic children with hypertension, care-
ful consideration needs to be given to the likeli-
hood that a secondary cause for hypertension is 
present. Subtle clues on history, physical exami-
nation, and initial evaluation need to be consid-
ered when deciding if further work-up for a 
potential treatable underlying cause for the 
hypertension is required in an individual patient. 
Identifi cation of a secondary cause for hyperten-
sion in children permits targeted therapy with 
greater likelihood of success in adequate blood 
pressure control.    
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Abstract

Renoparenchymal and renovascular disorders are the most common causes 
of secondary hypertension in childhood, accounting for 85 % of cases. The 
prevalence of hypertension in children with chronic kidney disease (CKD) 
is around 70 %, ranging from 50 % in mild to 80 % in severe CKD. The 
risk of hypertension is more closely associated with the type of underlying 
disease than with the degree of renal insuffi ciency; children with acquired 
glomerulopathies or polycystic kidney disease tend to have higher blood 
pressure than patients with renal hypoplasia and/or uropathies. Irrespective 
of the underlying kidney disease, hypertension and proteinuria are inde-
pendent risk factors for renal disease progression. Thus, in order to prevent 
progression, therapeutic efforts should be directed not only to effi cient 
control of blood pressure but also to maximal reduction of proteinuria.

Keywords
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  CKD    Chronic kidney disease   
  CKiD    Chronic kidney disease in children   
  ET-1    Endothelin-1   
  GFR    Glomerular fi ltration rate   
  GH    Growth hormone   
  IGF-1    Insulin-like growth factor 1   
  NO    Nitric oxide   
  NOS    NO synthase   
  RAAS    Renin-angiotensin-aldosterone system   

          Prevalence of Renal Hypertension 
in Childhood 

 Arterial hypertension is the earliest and most 
prevalent complication of pediatric CKD [ 1 ]. 
Large cross-sectional cohort studies examining 
casual blood pressures in children with CKD in 
Europe (4C Study), Canada [ 1 ], and the USA [ 2 ] 
found (controlled or uncontrolled) hypertension 
at 54–70 % prevalence. Offi ce blood pressure 
(BP) was found elevated in 61 % of children with 
CKD stage 1 and in > 80 % in CKD stage 3–5 [ 1 ]. 
Even among patients receiving antihypertensive 
treatment, blood pressure was in the hypertensive 
range in 40–50 %. 

 However, offi ce BP is limited in both sensitiv-
ity and specifi city for the true prevalence of 
hypertension in CKD, which is best diagnosed by 

24-h ambulatory blood pressure monitoring 
(ABPM). By ABPM, the overall prevalence of 
uncontrolled hypertension (irrespective of antihy-
pertensive therapy) in pediatric CKD ranged 
between 27 % and 48 %. The fraction of children 
with elevated blood pressure who are not receiv-
ing antihypertensive treatment was between 21 % 
and 45 % ([ 3 ,  4 ] and unpublished results of 4C 
Study) (Table  22.1  and Fig.  22.1 ). White-coat 
hypertension is found in 2–23 % and masked 
hypertension (i.e., normal offi ce but elevated 24-h 
blood pressure) in 7–38 % of children with CKD 
([ 3 ,  5 ] and unpublished results of 4C Study).

        Underlying Disorders 

    Renovascular Disease 

 Renovascular hypertension is defi ned as hyper-
tension resulting from lesions that impair blood 
fl ow to a part, or all, of one or both kidneys [ 6 ,  7 ]. 
It accounts for about 10 % of pediatric patients 
(20 % of infants) presenting with persistent 
hypertension. Renal artery stenosis by fi bromus-
cular dysplasia is the most frequent underlying 
disorder (70 %), affecting the main renal artery 
and/or, more commonly, intrarenal vessels [ 8 ]. 
Fibromuscular dysplasia occurs in familial traits 

   Table 22.1    Summary of ambulatory blood pressure fi ndings in children with CKD   

 Study  N 
 Defi nition of 
hypertension 

 Hypertension 
(controlled or 
uncontrolled) 

 Uncontrolled 
hypertension 

 Elevated BP 
without 
antihypertensive 
treatment 

 White-coat 
hypertension 

 Masked 
hypertension 

  ESCAPE 
Network 
survey  [ 4 ] 

 508  Diastolic 
BP ≥ 95th pct 

 46 %  30 %  45 %  –  – 

  ESCAPE 
trial  [ 5 ] 

 118  CBP or daytime 
systolic 
BP > 95th pct 

 –  –  –  23 %  7 % 

  4C Study  
(unpublished 
data) 

 525  24 h MAP ≥ 95th 
pct 

 76 %  27 %  21 %  9 %  16 % 

  CKiD ‘
study  [ 3 ] 

 366  ABPM 
load > 25 % 

 54 %  48 %  44 %  2 %  38 % 

   BP  blood pressure,  CBP  casual BP,  MAP  mean arterial pressure,  pct  percentile,  ABPM  ambulatory blood pressure 
monitoring  
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in the majority of cases [ 9 ]; the genetics are 
consistent with an autosomal-dominant inheritance 
with variable and often no clinical effect. Von 
Recklinghausen’s neurofi bromatosis constitutes 
a major subgroup among children with fi bromus-
cular dysplasia, accounting for at least 15 % of all 
pediatric cases of renal artery stenosis [ 6 ,  10 ]. 
Another frequent genetic cause of renal artery 
stenosis is Williams-Beuren syndrome [ 11 ]. In 
these and other hereditary syndromes, renal 
artery stenosis is usually combined with anoma-
lies of extrarenal arteries. The combination with 
aortic coarctation is known as the middle aortic 
syndrome [ 12 ]. Apart from vascular malformation 
complexes, renovascular hypertension is frequently 

caused by Takayasu disease, an unspecifi c aorto-
arteritis of autoimmune origin common in 
nonwhite populations [ 13 ]. Renovascular hyper-
tension may also be due to other systemic vascu-
litic disorders, such as panarteritis nodosa or 
scleroderma. Renovascular causes of hyperten-
sion are discussed in more detail in Chap.   24    .  

    Renoparenchymal Disease 

 Hypertension is very common in various forms of 
glomerulonephritis. Whereas acute, e.g., post- 
streptococcal, glomerulonephritis usually induces 
a reversible rise in blood pressure, chronic 

  Fig. 22.1    Blood pressure in 508 children with chronic 
kidney disease. Distribution of diastolic blood pressure 
SDS is depicted according to underlying disease ( left 
panel ) and by prevalent antihypertensive medication 
( right panel ). Data were obtained as part of a trial 

screening procedure in 33 European pediatric nephrol-
ogy units (ESCAPE Network). Diastolic blood pressure 
values were converted to SDS using the European pedi-
atric reference values for casual blood pressure of De 
Man et al. [ 158 ]       
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glomerular disease is commonly associated with 
persistent hypertension. The most common 
underlying histopathological entities associated 
with hypertension even in the absence of renal 
failure are focal-segmental glomerulosclerosis, 
membranoproliferative glomerulonephritis, and 
crescentic glomerulonephritis. Persistent hyper-
tension is also common in patients who recovered 
from hemolytic uremic syndrome. Moreover, a 
high prevalence of secondary hypertension is 
observed in glomerulonephritis secondary to sys-
temic vasculitis, such as lupus erythematosus. 

 Renoparenchymal hypertension is not lim-
ited to glomerular disease, but is also observed 
in tubulointerstitial disorders leading to renal 
scarring. Recurrent pyelonephritis, refl ux 
nephropathy, obstructive uropathies, and poly-
cystic kidney disease all can lead to tubulointer-
stitial fi brosis and tubular atrophy. Scarring 
processes induce local renin and angiotensin 
synthesis, although systemic renin activity usu-
ally remains normal. 

 The risk of hypertension is more closely asso-
ciated with the type of underlying disease than 
with the actual degree of renal dysfunction. At 
any given level of GFR, children with acquired 
glomerulopathies or polycystic kidney disease 
tend to have higher blood pressure than patients 
with renal hypoplasia and/or uropathies. In the 
survey of the ESCAPE trial group, the prevalence 
of hypertension was 88 % in patients with 
acquired glomerulopathies, 38 % in children with 
hypo-/dysplastic kidney disorders and 57 % in 
other congenital or hereditary renal diseases 
(Fig.  22.1 ). Renoparenchymal disorders overall 
are responsible for approximately 75 % of cases 
of secondary hypertension in childhood [ 14 ].   

    Pathomechanisms of Hypertension 
in Chronic Kidney Disease 

 Blood pressure can be elevated by an increase in 
cardiac output and/or of total peripheral resis-
tance. Both mechanisms can be effected by a 
plethora of different mechanisms in CKD [ 15 ]. 
Figure  22.2  gives an overview of the most impor-
tant pathways involved.

      Sodium and Water Retention 

 Sodium retention and consequent fl uid overload 
have long been recognized as a critical cause of 
hypertension in CKD. In a seminal study, 
Coleman and Guyton showed that infusion of 
normal saline in anephric dogs leads to hyperten-
sion characterized by an initial increase in plasma 
volume and cardiac output followed by an 
increased peripheral vascular resistance [ 16 ]. 
Extracellular fl uid expansion is most consistently 
found in hypertensive ESRD patients. 
Hypertensive children on dialysis have lower 
residual urine output than their normotensive 
peers [ 17 ]. Strict enforcement of dry weight and 
normalization of sodium by reduced salt intake 
and slow long hemodialysis or additional ultrafi l-
tration sessions have been shown to normalize 
blood pressure without the need for antihyperten-
sives in adults and children [ 18 ,  19 ]. Plasma vol-
ume is elevated and correlated with blood 
pressure in renal disease, but not in primary 
hypertension. 

 On the other hand, the correlation between 
interdialytic weight gain and blood pressure is 
weak, suggesting that additional volume- 
independent mechanisms must also affect blood 
pressure in CKD [ 20 – 25 ]. Furthermore, the high 
prevalence of arterial hypertension in early CKD, 
when plasma and extracellular fl uid volumes tend 
to be normal [ 26 ], supports a role of fl uid- 
independent mechanisms. This is particularly 
remarkable in children with renal hypo-/dysplasia, 
who tend to lose considerable amounts of sodium 

  Fig. 22.2    Physiopathological mechanisms of hyperten-
sion in chronic kidney disease (From [ 15 ], with 
permission)       
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and water and yet are commonly hypertensive. 
The blood pressure-lowering effi cacy of diuretics 
in early CKD is no proof for a leading role of salt 
and water retention in the pathogenesis of hyper-
tension, since loop diuretics interfere with the vas-
cular actions of angiotensin II (AngII) independent 
of their saluretic effect [ 27 ,  28 ]. 

 The most compelling evidence for volume- 
independent mechanisms of hypertension in 
CKD comes from patients undergoing bilateral 
nephrectomy. In dialyzed children, nephrec-
tomy lowers mean blood pressure despite 
causing anuria [ 29 ]. The removal of the native 
kidneys markedly reduces blood pressure and 
total peripheral vascular resistance, suggesting an 
excessive vasopressor function of failing kidneys. 
Of interest, previously hypertensive but not 
previously normotensive patients respond to salt 
and water loading by an increase of blood pres-
sure. Hence, the vascular tone must be affected 
by kidney-related as well as kidney-unrelated 
mechanisms.  

    Renin-Angiotensin-Aldosterone 
System 

 Activation of the renin-angiotensin-aldosterone 
system (RAAS) plays a pivotal role in renal 
hypertension. While plasma renin activity is typi-
cally found markedly elevated only in patients 
with renal artery stenosis, many patients with 
CKD have “inappropriately normal” renin levels 
(i.e., lower levels would be expected considering 
their degree of hypertension and fl uid overload 
[ 30 ,  31 ]). The infusion of normal saline fails to 
suppress plasma renin activity in patients with 
CKD stage 5 [ 31 ]. Hyperreninemia occurs prob-
ably due to renin secretion in poorly perfused 
areas such as cysts, scars, or after microangio-
pathic damage or tubulointerstitial infl ammation 
[ 32 ,  33 ] and leads to Ang II-mediated vasocon-
striction as well as aldosterone-mediated salt 
retention, thus increasing both total peripheral 
resistance and blood volume. 

 In addition to mediating systemic vasoconstric-
tion and fl uid retention, angiotensin is synthesized 
locally and regulates growth and differentiation 

in many tissues including the kidneys. The local 
angiotensin tone in the diseased kidney is affected 
by multiple mechanisms, independently of plasma 
renin activity. Locally formed Ang II increases 
transglomerular pressure and stimulates mesangial 
cell proliferation, glomerular hypertrophy, and 
tubulointerstitial fi brosis both directly and via reg-
ulation of growth factors and cytokines such as 
endothelin-1 and TGF-ß. Moreover, in CKD renal 
Ang II upregulates afferent neuronal activity origi-
nating from the kidney, contributing to sympa-
thetic overstimulation. Additional delayed effects 
of a high local Ang II tone include microinfl am-
mation, cardiac hypertrophy, and endothelial cell 
damage [ 34 ]; these conditions further aggravate 
hypertension and end-organ damage.  

    Sympathetic Hyperactivation 

 Clinical and experimental evidence suggests that 
sympathetic overactivity may play a key role in 
the pathogenesis of hypertension in CKD. 
Sympathetic nerve activity is markedly increased 
in CKD and dialyzed patients [ 35 ,  36 ] and per-
sists even after renal transplantation as long as 
the native kidneys are in place. After bilateral 
nephrectomy, sympathetic nerve activity normal-
izes, concomitantly with a reduction of blood 
pressure [ 35 ]. Treatment with ACE inhibitors, 
but not calcium channel blockers, normalizes 
sympathetic activity, suggesting an effect of the 
renal angiotensin tone on afferent neural signal-
ing [ 36 ] (Fig.  22.2 ). The mechanisms underlying 
this phenomenon are as yet unclear and may 
include afferent signals from the failing kidney. 
In rodent models of acute and chronic renal dis-
ease, intrarenal afferent sensory neural pathways 
are activated which connect with the hypotha-
lamic vasomotor control center, resulting in a rise 
in blood pressure sustained by noradrenergic 
mechanisms [ 37 ]. Renal denervation improves 
both hypertension and increased sympathetic 
activity [ 38 ]. In addition, abnormalities in dopa-
minergic neurotransmission and the accumula-
tion of leptin have been postulated to be involved 
in CKD-associated sympathetic hyperactivation 
[ 39 ,  40 ]. Overactivation of the sympathetic drive 
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is also observed in renovascular and polycystic 
kidney disease-related hypertension [ 41 ], where 
renal afferent nervous input is probably triggered 
by renal ischemia. 

 An important role in the regulation of blood 
pressure and cardiac function has been attributed 
to renalase, an amine oxidase mainly expressed 
by the kidneys [ 42 ]. Renalase expression and 
enzymatic activity are rapidly turned on by mod-
est increases in blood pressure and by brief surges 
in plasma catecholamines. The active enzyme 
degrades circulating catecholamines, causing a 
fall in blood pressure. The renalase knockout 
mouse (KO) is hypertensive and exquisitely sen-
sitive to cardiac ischemia. Renalase expression is 
markedly defi cient in animal models of CKD. 
Blood renalase levels are inversely correlated 
with glomerular fi ltration rate and are markedly 
reduced in patients with end-stage kidney dis-
ease. Renalase defi ciency may thus contribute to 
the sympathetic overactivation, hypertension, 
and cardiac disease associated with CKD.  

    Endothelial Factors 

 The vascular endothelium exerts important endo-
crine and paracrine functions, including active con-
trol of the vascular tone. Endothelium- dependent 
vasodilation is impaired in CKD [ 43 ,  44 ]. 

 The key vasodilatory factor secreted by the 
endothelium is nitric oxide (NO), the absence of 
which causes severe hypertension [ 45 ]. NO pro-
duction is decreased in CKD [ 46 ,  47 ] as a result of 
impaired biosynthesis and bioavailability of 
L-arginine, reduced NO synthase (NOS) expres-
sion, and increased circulating endogenous NOS 
inhibitors [ 48 ]. Asymmetric dimethylarginine 
(ADMA), a potent NOS inhibitor, accumulates in 
CKD due to impaired renal excretion and enzy-
matic degradation. In hemodialysis patients, cir-
culating ADMA concentrations are increased 
fi ve- to tenfold [ 46 ,  49 ,  50 ]. ADMA indepen-
dently predicts overall mortality and cardiovascu-
lar events in patients with ESRD as well as 
progression of CKD [ 51 ,  52 ], but these fi ndings 
do not appear to be related to clinical differences 
in blood pressure [ 53 ]. A recent study in children 

with mild to moderate CKD showed no relationship 
of ADMA levels with 24-h blood pressure load. 
Moreover, the specifi city of ADMA accumulation 
in uremia has been questioned, since ADMA is 
also elevated in patients with atherosclerotic dis-
ease and normal kidney function [ 50 ]. 

 Endothelin-1 (ET-1), a peptide secreted 
mainly by vascular endothelial cells, is the most 
potent vasoconstrictor known to date. In addition, 
ET-1 affects salt and water homeostasis via inter-
action with the RAAS, vasopressin, and atrial 
natriuretic peptide and stimulates the sympa-
thetic nervous system [ 54 ]. ET-1 overexpression 
renders mice susceptible to salt-induced hyper-
tension and renal damage [ 55 ]. In the rat remnant 
kidney model of CKD as well as in ESRD 
patients, ET-1 plasma levels are increased in cor-
relation with blood pressure [ 56 ]. Hence, circu-
lating and possibly renal ET-1 may contribute to 
hypertension in CKD. Notably, ACE inhibitors 
reduce ET-1 expression and attenuate ET-1- 
induced hypertension by inhibiting the catabo-
lism of vasodilatory kinins [ 57 ,  58 ].  

    Calcium and Parathyroid Hormone 

 Secondary hyperparathyroidism starts early in 
the course of CKD. PTH has multiple effects on 
the cardiovascular system. When infused acutely, 
PTH lowers blood pressure in a dose-dependent 
fashion via its well-established vasodilatory 
effect [ 59 ]. In contrast, a consistent positive cor-
relation between blood pressure and serum PTH 
levels is observed in patients with chronic hyper-
parathyroidism [ 60 ]. Chronically elevated PTH 
leads to intracellular calcium accumulation in 
vascular smooth muscle cells, enhancing their 
sensitivity to calcium and norepinephrine [ 61 ,  62 ]. 
This effect can be blocked by calcium channel 
antagonists [ 62 ]. 

 The enhancement of pressor responses by PTH 
and dysregulation of cytosolic calcium may be 
mediated in part via suppression of eNOS expres-
sion. In the remnant kidney rat model of CKD, 
reduced aortic eNOS protein abundance was 
observed, which could be reversed by parathyroid-
ectomy and by calcium channel blockade [ 63 ]. 
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 Apart from PTH, cytosolic calcium is regulated 
by Na,K-ATPase. The activity of this transmem-
branous carrier protein is reduced in CKD by accu-
mulated circulating digitalis-like substances, which 
may contribute to the proposed cytosolic calcium-
mediated hyperresponsiveness of vascular smooth 
muscle cells to endogenous vasoconstrictors. 

 In addition, increasing evidence suggests that 
alterations of the complex endocrine network 
regulating bone-mineral metabolism, including 
PTH, vitamin D, FGF-23, and klotho, may con-
tribute to impaired vascular function, in part via 
interaction with the RAAS [ 64 ]. FGF-23, in con-
junction with its co-receptor klotho, physiologi-
cally stimulates phosphaturia and regulates 
alpha- hydroxylase activity. Active vitamin D 
generated by renal alpha-hydroxylase suppresses 
renal renin production. In uremia, low 1,25-OH 
vitamin D3 levels induce activation of the RAAS 
by upregulation of renal renin production [ 64 ]. 
Elevated FGF-23 levels in patients with CKD are 
associated with left ventricular hypertrophy and 
mortality [ 65 ]. Since klotho is involved in nitric 
oxide synthesis and endothelial function, the 
decreased klotho levels found in patients with 
CKD might contribute to endothelial dysfunction 
and hypertension. Preliminary evidence suggests 
that the klotho genotype is associated with blood 
pressure regulation and the responsiveness to 
antihypertensive treatment. Patients homozygous 
for the KL-VS variant in the klotho gene showed 
lower systolic blood pressure and pulse pressure 
and greater BP reduction upon antihypertensive 
treatment [ 66 ]. It should be noted though that 
despite these putative mechanistic links between 
FGF-23/klotho and vascular function, direct 
associations of FGF-23 or klotho levels with 
blood pressure regulation have not been demon-
strated either in healthy subjects or in CKD 
patients to date.  

    Uric Acid 

 Serum uric acid is a major mediator of vascular 
damage in primary hypertension [ 67 ]. It is 
hypothesized that hyperuricemia leads to renal 
arteriolopathy and hypertension by activation of 

the RAAS, reduction of endothelial NO levels, 
and inhibition of endothelial and vascular 
smooth muscle cell proliferation [ 68 ]. With the 
generally increasing prevalence of obesity and 
metabolic syndrome, the role of uric acid has 
become a focus of interest as an additional 
pathogenic mechanism also in adults and chil-
dren with CKD. Like in adult studies [ 69 ], an 
association between hyperuricemia and blood 
pressure has been demonstrated in the pediatric 
CKD population [ 70 ]. The epidemiological link 
of uric acid and hypertension may have been 
somewhat overestimated in earlier studies. A 
recent meta-analysis of 18 studies representing 
data from more than 50,000 patients suggested 
that young and female patients may be particu-
larly prone to the hypertensiogenic effects of 
hyperuricemia [ 71 ]. The role of uric acid in the 
pathogenesis of hypertension is discussed in 
greater detail in Chap.   5    .  

    Intrauterine Programming 

 Environmental infl uences in intrauterine life may 
predispose individuals to hypertension, dyslipid-
emia, and cardiovascular disease in later life (see 
   also Chap.   7    ). Barker and coworkers fi rst pro-
posed that intrauterine malnutrition, indicated by 
low birth weight, is associated with type II diabe-
tes mellitus, hypertension, dyslipidemia, and car-
diovascular disease in adult life [ 72 ]. Furthermore, 
intrauterine malnutrition appears to be associated 
with reduced nephrogenesis. Maternal protein 
intake appears to be critical for fetal nephron 
endowment. Similarly, exposure to excess gluco-
corticoids leads to a decrease in nephron number 
by 30–40 % in rodents and sheep [ 73 ], associated 
with marked hypertension in postadolescent life. 

 A disproportionate reduction of kidney size 
suggesting reduced nephron mass is evident by 
ultrasound in children with intrauterine growth 
retardation antenatally and at birth [ 74 ,  75 ]. A pos-
sible link between reduced nephron endowment and 
the development of hypertension has been sug-
gested by an autopsy study in subjects with pri-
mary hypertension and matched non- hypertensive 
controls, which disclosed a reduction in total 
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kidney nephron number by almost 50 % in the 
hypertensive subjects, which was compensated 
by a twofold increase in glomerular size [ 76 ]. 
While this observation appears compatible with 
the Brenner hypothesis, implying that a congeni-
tal reduction of nephron endowment predisposes 
to hypertension as a long-term consequence of 
glomerular hyperfi ltration and glomerulosclero-
sis [ 77 ], glomerulosclerosis was very mild in the 
hypertensive oligonephronic humans and absent 
in the sheep model [ 73 ,  76 ]. Also, unilateral 
nephrectomy leads to hypertension only when 
performed during the period of active nephrogen-
esis in rats and sheep [ 78 ,  79 ], and children with 
unilateral renal agenesis have higher 24-h blood 
pressure than children losing one kidney shortly 
after birth [ 80 ]. Additional mechanisms of prena-
tal blood pressure imprinting have been sug-
gested such as persistent upregulation of renal 
angiotensinogen and angiotensin receptors and 
increased sodium channel expression [ 81 ,  82 ], 
which may operate independently of nephron 
endowment. Hence, reduced renal mass and 
hypertension may not be causally linked, but both 
are secondary to intrauterine malnutrition. 
Finally, it is possible that abnormalities in genes 
controlling nephron development could also 
affect the predisposition for hypertension [ 83 ].  

    Pharmacological Hypertension 

 A number of drugs commonly administered in 
CKD can cause “iatrogenic” hypertension. Blood 
pressure elevation is commonly seen upon insti-
tution of  erythropoietin  (EPO) treatment, possi-
bly due to arterial wall remodeling causing 
increased vascular resistance [ 84 ]. EPO may also 
act directly on voltage-independent calcium 
channels on smooth muscle cells, leading to a 
decreased sensitivity to the vasodilatory action of 
nitric oxide [ 85 ]. Calcium channel antagonist 
therapy as a mechanistically logical approach for 
EPO-induced hypertension has been successfully 
tested in the rat model [ 86 ]. 

  Glucocorticoids  lead to fl uid retention by 
their mineralocorticoid effect.  Calcineurin 
inhibitors  cause vasoconstriction of glomerular 

afferent arterioles and hyperplasia of the juxta-
glomerular apparatus with subsequent increased 
release of renin and Ang II [ 87 ]. Increased circu-
lating catecholamines and endothelin-1 precur-
sors and an increased renal sodium absorption 
via the Na-K- 2Cl co-transporter in the loop of 
Henle [ 88 ] have also been demonstrated after 
cyclosporine A treatment. Tacrolimus appears to 
be somewhat less hypertensiogenic than cyclo-
sporine A at bioequivalent doses [ 89 ]. Treatment 
with  growth hormone  leads to water and sodium 
retention by the distal nephron [ 90 ] mediated by 
increased intrarenal IGF-1. However, GH does 
appear to not increase blood pressure in children 
with CKD [ 91 ].   

    Hypertension and Progression 
of Chronic Renal Failure 

 A large body of evidence from epidemiological 
studies and clinical trials indicates that hyperten-
sion is an important risk factor for progressive 
renal disease. In the Multiple Risk Factor 
Intervention Trial (MRFIT) which followed more 
than 330,000 men over up to 16 years, the initial 
blood pressure level predicted the risk of devel-
oping end-stage renal disease; even blood pres-
sure in the high-normal range was associated 
with a twofold renal risk [ 92 ]. Numerous inter-
ventional trials have demonstrated that lowering 
blood pressure preserves kidney function in 
hypertensive patients at risk for progressive renal 
disease (Table  22.2 ) [ 93 – 105 ]. 

Besides hypertension, proteinuria is a major 
risk factor for renal failure progression. Although 
hypertension aggravates proteinuria and the two 
risk factors are strongly interrelated, they inde-
pendently impact on renal survival. Two prospec-
tive pediatric trials have demonstrated that 
hypertension and proteinuria are major indepen-
dent risk factors for progressive renal failure also 
in children with CKD [ 94 ,  106 ] (Fig.  22.3 ). In the 
following, we will discuss the pathomechanisms 
by which hypertension and proteinuria contribute 
to renal disease progression and the resulting 
concepts of pharmacological nephroprotection in 
children with CKD.
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       Pathomechanisms of CKD 
Progression 

 The current concepts of the mechanisms leading 
to progressive renal failure are summarized in 
Fig.  22.4 . Healthy kidneys protect their glomeru-
lar tufts from the effects of systemic blood pres-
sure variations by judicious adaptation of the 
afferent arteriolar tone, leading to a stable fi ltra-
tion pressure over a wide range of systemic BP. 

This autoregulation is thought to be defective in 
CKD [ 107 ], resulting in unrestrained transmis-
sion of systemic blood pressure to the glomeruli. 
Hypertension and preexisting renal damage con-
verge on the level of glomerular transcapillary 
pressure. According to the Brenner hypothesis, 
any critical reduction of functional renal mass 
leads to hyperfi ltration and intraglomerular 
hypertension in the remaining nephrons [ 77 ]. The 
increased fi ltration pressure causes, or aggravates 

   Table 22.2    Randomized clinical trials demonstrating renoprotective effect of antihypertensive treatment (See text for 
details. Adapted from Toto [ 154 ])   

 Source  Patient population  Renal outcome 

 ACEI-ARB 
comparison 
versus other AHT 

 ACEI/ARB 
superior 

 Parving et al. [ 145 ]  Type 1 DM  Slowed decline in GFR  No  – 
 Peterson et al. [ 93 ]  Nondiabetic  Slowed decline in GFR  No  – 
 Lewis et al. [ 97 ]  Type 1 DM  Decreased risk for ESRD, 

doubling SCr, and death 
 Yes, ACEI  Yes 

 Bakris et al. [ 103 ]  Type 2 DM  Slowed decline in GFR  Yes, ACEI  Yes 
 UK Prospective Diabetes 
Study group [ 105 ] 

 Type 2 DM  Decreased risk of proteinuria  Yes, ACEI  No 

 Zucchelli et al. [ 100 ]  Nondiabetic renal 
disease 

 Slowed decline in GFR  Yes, ACEI  No 

 Hannedouche et al. [ 101 ]  Nondiabetic renal 
disease 

 Slowed decline in GFR  Yes, ACEI  No 

 Kamper et al. [ 98 ]  Nondiabetic renal 
disease 

 Slowed decline in GFR  Yes, ACEI  Yes 

 Toto et al. [ 95 ]  Hypertensive 
nephrosclerosis 

 Slowed decline in GFR  Yes, ACEI  No 

 Ihle et al. [ 102 ]  Nondiabetic renal 
disease 

 Slowed decline in GFR  Yes, ACEI  Yes 

 Maschio et al. [ 96 ]  Nondiabetic renal 
disease 

 Decreased risk for ESRD  Yes, ACEI  Yes 

 GISEN Group [ 104 ]  Glomerulonephritis  Decreased risk for ESRD  Yes, ACEI  Yes 
 AASK Group [ 119 ]  Nondiabetic renal 

disease 
 Decreased risk for ESRD, 
50 % GFR loss, and death 

 Yes, ACEI  Yes 

 Parving et al. [ 155 ]  Type 2 DM  Decreased risk of proteinuria  Yes, ARB  Yes 
 Lewis et al. [ 156 ]  Type 2 DM  Decreased risk for ESRD, 

doubling SCr 
 Yes, ARB  Yes 

 RENAAL Group [ 157 ]  Type 2 DM  Decreased risk for ESRD, 
doubling SCr 

 Yes, ARB  Yes 

 Wühl et al. [ 94 ]  Children with CKD  Decreased risk for ESRD, 
50 % GFR loss 

 Fixed-dose ACEI 
in all patients; 
intensifi ed BP 
control by 
non-RAAS agents 

 – 

   ACEI  indicates angiotensin-converting enzyme inhibitor,  ARB  angiotensin type I receptor blocker,  AHT  antihyperten-
sive agents,  DM  diabetes mellitus,  GFR  glomerular fi ltration rate,  ESRD  end-stage renal disease,  SCr  serum creatinine; 
nondiabetic renal disease includes patients with hypertensive nephrosclerosis, glomerular disease, tubulointerstitial 
diseases, and autosomal-dominant polycystic disease  
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  Fig. 22.3    Lack of benefi cial effect of restricted protein 
intake on renal survival (defi ned as less than 10 ml/
min/1.73 m 2  GFR loss during 2 years of observation) in 
200 children with CKD ( left panel ). Secondary analysis 

revealed markedly poorer renal survival in children with 
proteinuria > 50 mg/kg per day ( middle panel ) and sys-
tolic blood pressure greater than 120 mmHg (From [ 106 ], 
with permission)       

  Fig. 22.4    Mechanisms of disease progression in CKD and sites of action of ACE inhibitors (See text for detail)       
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preexisting, proteinuria. The exposure of tubular 
and mesangial structures to macromolecular pro-
teins elicits a marked and persistent tissue 
response. This is characterized by the release of 
vasoactive peptides and growth factors such as 
Ang II, endothelin-1, and others [ 108 ], which 
further increase intraglomerular hypertension by 
preferentially constricting the efferent arterioles 
and/or by inducing glomerular hypertrophy.

   Independently of its glomerular hemodynamic 
effects, Ang II interferes with tubulointerstitial 
tissue homeostasis. Ang II stimulates the synthe-
sis and release of TGF-ß which, via its down-
stream mediator connective tissue growth factor 
(CTGF), stimulates collagen and matrix protein 
synthesis. In addition, angiotensin and aldoste-
rone induce the local release of inhibitors of tis-
sue proteases such as TIMP-1, TIMP-2, and 
PAI-1. Increased production and diminished deg-
radation of matrix proteins result in excessive 
deposition of fi brous fi laments. Moreover, pro-
teinuria and enhanced Ang II formation stimulate 
the synthesis and release of several proinfl amma-
tory cytokines and chemokines such as RANTES 
and MCP-1 and of the transcription factor NFkB 
[ 109 ,  110 ]. These mediators enhance macro-
phage infi ltration, matrix deposition, interstitial 
fi brosis, and tubular cell apoptosis. In addition, 
proteinuria induces complement activation and 
oxidative stress to the tubular epithelial cells 
[ 111 – 113 ]. Another possible mechanism of pro-
gressive renal damage has been identifi ed in ani-
mal models of hypertensive glomerulopathy 
[ 114 ]. Once glomerulosclerosis is established, 
synechial glomerular capillaries may continue to 
produce ultrafi ltrate which is misdirected into the 
paraglomerular and peritubular space, resulting 
in a local infl ammatory and fi brotic tissue 
response and atrophy of the nephron.  

    Antihypertensive and 
Nephroprotective Treatment 
Strategies in CKD 

 The epidemiological evidence and pathophysio-
logical insights described above have stimulated 
the search for rational management strategies of 

CKD-associated hypertension. These relate to 
both blood pressure targets and preferred antihy-
pertensive choices. 

    BP Target 
 For adult patients with CKD due to diabetic or 
nondiabetic nephropathies, meta-analyses of 
antihypertensive trials showed an almost linear 
relationship between achieved blood pressure 
and the rate of GFR loss [ 115 ]. 

 Consequently, the Seventh Report of the Joint 
National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood 
Pressure (JNC7) has recommended a blood pres-
sure goal of < 130/80 mmHg in patients with 
CKD or diabetes, as compared to < 140/90 mmHg 
in hypertension of other origin. This was despite 
the fact that controlled randomized trials have not 
unanimously confi rmed renoprotective superior-
ity of very strict blood pressure control in patients 
with adult nephropathies. 

 In the MDRD trial, proteinuric patients ran-
domized for a low blood pressure goal (< 120/75) 
showed improved long-term renal survival over 
up to 10 years [ 116 ,  117 ], but this may have been 
biased by the preferential use of ACE inhibitors in 
the intensifi ed treatment arm. In the REIN-2 trial, 
additional BP lowering targeting to 
< 130/80 mmHg by addition of felodipine to 
ramipril did not improve renal survival [ 118 ]. In 
the AASK trial, forced blood pressure lowering to 
92 mmHg mean arterial pressure in African 
Americans with hypertensive nephrosclerosis did 
not affect the rate of GFR loss [ 119 ]. In the ABCD 
trial, a lower blood pressure target did not improve 
renal survival in hypertensive diabetic patients, 
whereas normotensive patients benefi ted from 
lowering blood pressure to the low- normal range 
[ 120 ]. Thus, the wisdom of lower BP targets in 
adults with CKD has recently been questioned, 
and these lower targets may no longer be recom-
mended by consensus organizations. 

 In children with CKD, the Effi cacy of Strict 
Blood Pressure Control and ACE inhibition in 
Renal Failure Progression in Pediatric Patients 
(ESCAPE) trial has provided evidence for a 
nephroprotective effect of intensifi ed blood pres-
sure control [ 94 ]. Children randomized to a target 
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24-h mean arterial pressure (MAP) below the 
50th percentile for age were 35 % less likely to 
lose 50 % GFR or progress to end-stage renal dis-
ease within 5 years than children with a more 
conventional blood pressure target between the 
50th and 95th percentiles of 24-h MAP 
(Fig.  22.5 ). The renal protective effect of low-
normal BP was independent of RAAS inhibition 
since all subjects received the same dose of the 
ACE inhibitor ramipril. While the benefi t was 
most pronounced in children with glomerular 
disorders, it was also signifi cant in children with 
renal hypodysplasia, the most common cause of 
CKD in children. Survival analysis stratifi ed by 
the achieved 24-h blood pressure throughout the 
5-year observation period suggested that any 
blood pressure exceeding the 50th percentile was 
associated with a compromised renal outcome 

(Table  22.3 ). Proteinuria was an important modi-
fi er of the renoprotective effi cacy of intensifi ed 
BP control. The improvement of renal survival 
by intensifi ed BP control was mainly explained 
by patients with signifi cant proteinuria.

    Apart from the renoprotective effect of inten-
sifi ed BP control, preliminary evidence from the 
ESCAPE trial suggests that BP reduction to the 
low-normal range is associated with regression of 
left ventricular hypertrophy in children with 
CKD, although no linear relationship between 
BP reduction and LVH regression was observed 
[ 121 ,  122 ]. Altogether, the results of the ESCAPE 
trial provide a rationale for targeting the 50th 
24-h BP percentile in proteinuric and at least the 
75th percentile in non-proteinuric children with 
mild to moderate CKD.  

    Choice of Antihypertensive Drugs 
 The multiple mechanisms by which Ang II is 
involved in renal failure progression provide a 
rationale for the hypothesis that RAAS antago-
nists might confer specifi c nephroprotection 
beyond their antihypertensive properties. RAAS 
antagonists lower transglomerular pressure and 
proteinuria and suppress local growth factor, cyto-
kine, and chemokine release, with subsequent 
reduction of glomerular hypertrophy and sclero-
sis, as well as tubulointerstitial infl ammation and 
fi brosis [ 94 ] (Fig.  22.4 ). To date, most albeit not 
all randomized clinical trials have demonstrated 
superior renoprotective effi cacy of RAAS antago-
nists (ACE inhibitors (ACEi) and angiotensin 
type I receptor blockers (ARBs) alike) in adults 
with diabetic and nondiabetic CKD. 

 Several meta-analyses have confi rmed the 
specifi c nephroprotective benefi t of RAAS 
antagonists, although the effect size is somewhat 
controversial [ 123 ,  124 ]. One analysis suggested 
that the renoprotection conferred by ACEi may 
in part be independent of their antihypertensive 
and even of their antiproteinuric action [ 123 ]. 
RAAS antagonists are therefore considered the 
pharmacological option of fi rst choice in hyper-
tensive CKD patients and are even indicated in 
non- hypertensive patients with proteinuric, pro-
gressive CKD. In the CKiD study, an increased 
prevalence of uncontrolled hypertension was 

  Fig. 22.5    Improved renal survival by intensifi ed blood 
pressure control, targeting at 24-h mean arterial pressure 
below 50th percentile for age, sex, and height, in children 
with CKD (ESCAPE trial) (From [ 94 ], with permission)       

   Table 22.3    Likelihood of losing >50 % GFR or pro-
gressing to end-stage renal disease by achieved 24-h MAP 
in children with CKD. Renal survival benefi t was statisti-
cally signifi cant for any arbitrary cutoff blood pressure 
criterion down to the 50th percentile [ 94 ]   

 A 5-year renal survival in % 

 Achieved BP  Below  Above   p  

 25th pct  66.3  66.8  0.63 
 50th pct  73.6  57.3  0.005 
 75th pct  70.1  49.9  0.001 
 90th pct  70.7  29.2  <0.001 
 95th pct  71.1  16.4  <0.001 
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found in CKiD participants not receiving ACEi 
or ARBs, lending additional support to the pref-
erential use of RAAS antagonists in pediatric 
CKD [ 2 ]. 

 Published information regarding the use of 
RAAS antagonists for BP control and nephropro-
tection in children with CKD includes small 
uncontrolled studies showing stable renal func-
tion in post-HUS children during long-term ACE 
inhibition [ 125 ], stable GFR during losartan 
treatment in children with proteinuric CKD 
[ 126 ], and attenuated histologic progression in 
children with IgA nephropathy receiving com-
bined RAAS blockade [ 127 ]. Furthermore, the 
ESCAPE trial demonstrated effi cient BP and 
short-term proteinuria reduction by the ACE 
inhibitor ramipril in 400 children with stage 2–4 
CKD [ 128 ]. The drug was very well tolerated 
throughout 5 years of follow-up, with only 6 % of 
patients requiring discontinuation due to acute 
increases of serum creatinine ( n =12), hyperkale-
mia ( n =9), or hypotensive episodes ( n =2) [ 94 ]. 
However, it was not possible to assess the effect 
of ACE inhibition on long-term GFR preserva-
tion in this trial since all subjects received 
ramipril at the same fi xed dose. 

 The adult study populations in which the con-
cept has been established mainly comprised 
patients with acquired glomerulopathies. In chil-
dren, hypo-/dysplastic renal malformations and 
other congenital or hereditary disorders predomi-
nate. It could be argued that hyperfi ltering neph-
rons in renal hypoplasia should be susceptible to 
the specifi c renal effects of RAAS inhibition. 
Hypertension and proteinuria clearly predict CKD 
progression also in children [ 106 ], and extensive 
tubulointerstitial fi brosis is commonly found in 
progressive pediatric nephropathies such as 
obstructive and refl uxive nephropathies and neph-
ronophthisis. These arguments provide a rationale 
for pharmacological renoprotection by RAAS 
inhibition in children with CKD. However, indi-
vidual subsets of pediatric kidney disease may 
remain unresponsive to RAAS inhibition. Of 
note, polycystic kidney disease is the only disease 
entity identifi ed to date in which ACE inhibition 
has not proven renoprotective [ 129 ]. 

 There is some evidence suggesting that the 
RAAS is incompletely suppressed by ACE 
 inhibition alone, and the possibility of partial 
secondary resistance due to compensatory 
upregulation of ACE-independent Ang II pro-
duction has been suggested (“aldosterone 
escape”) [ 130 – 132 ]. In the pediatric ESCAPE 
trial, proteinuria was initially reduced by ACE 
inhibition by about 50 % [ 128 ]. However, pro-
teinuria subsequently gradually rebounded to 
pretreatment levels within 3 years despite ongo-
ing ramipril therapy, continued suppression of 
circulating ACE activity, and persistently excel-
lent blood pressure control [ 94 ]. Since residual 
protein excretion on treatment was predictive of 
renal survival, breakthrough proteinuria may 
limit the long-term therapeutic benefi t of ACE 
inhibition in CKD. 

 In theory, breakthrough proteinuria should not 
occur with drug classes blocking the RAAS fur-
ther downstream such as ARBs or aldosterone 
receptor blockers. Recent research suggests that 
the doses required to achieve the maximal anti-
proteinuric effect of ARBs may be much higher 
than the maximally active antihypertensive doses. 
Signifi cant additional proteinuria lowering was 
achieved without increased side effects in adults 
by 64 and even 128 mg of candesartan, which has 
no additional blood pressure-lowering effect 
beyond daily doses of 16–32 mg [ 133 ]. Hence, 
ARBs and potentially selective aldosterone 
receptor blockers such as eplerenone, dose 
titrated to maximal antiproteinuric action, may 
become the fi rst-line pharmacological approach 
in proteinuric CKD. 

 Aliskiren, a direct renin antagonist blocking 
the conversion from angiotensinogen to angio-
tensin I, effectively lowers blood pressure in ani-
mals and humans. The blood pressure-lowering 
effect is quantitatively comparable to that of 
ARBs, and combination therapy of aliskiren and 
valsartan at maximum recommended doses pro-
vides signifi cantly greater blood pressure reduc-
tion than the respective monotherapies [ 134 ]. 
However, combination therapy of aliskiren with 
ACEi or ARBs signifi cantly increased the risk of 
cardiovascular events in patients with diabetes or 
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CKD in the ALTITUDE trial and is currently not 
recommended [ 135 ]. 

 Proteinuria can also be minimized by com-
bined use of ACEIs and ARBs [ 136 – 138 ]. 
Whereas an earlier randomized trial had sug-
gested improved renal survival with ACEI-ARB 
combination therapy [ 136 ], a trial in 28,000 
patients showed no better patient or renal survival 
and slightly increased incidences of hyperkale-
mia and acute renal failure in patients with high 
cardiovascular risk on combined high-dose 
ramipril and telmisartan as compared to mono-
therapies [ 139 ,  140 ]. Hyperkalemia is also the 
limiting factor for combinations of ACEIs with 
mineralocorticoid receptor blockers [ 141 ]. 

 In the ESCAPE trial blood pressure control 
(24-h MAP < 95th percentile) was achieved with 
ACE inhibitor monotherapy in only 57 % of chil-
dren. Intensifi ed BP control was achieved in two 
third of patients in the intervention arm; this was 
accomplished by ramipril alone in 52 % and by 
combination therapy (1.5 additional drugs on 
average) in 47 % of patients [ 94 ]. Hence, a sig-
nifi cant number of pediatric CKD patients require 
multidrug antihypertensive therapy. The choice 
of additional antihypertensive drugs in children 
with CKD is largely arbitrary. Dihydropyridine 
calcium channel blockers have no antiproteinuric 
effect and may actually promote proteinuria and 
more rapid CKD progression [ 142 ]. However, 
their combination with ARBs or ACEi provides 
very powerful blood pressure lowering and even 
conferred a patient survival advantage as com-
pared to the combination of ARBs or ACEi with 
thiazide diuretics [ 143 ,  144 ]. 

 Non-dihydropyridine calcium channel block-
ers (diltiazem, verapamil) are antiproteinuric and 
therefore potentially renoprotective, but have a 
weaker effect on blood pressure [ 142 ]. 

 The use of ß-receptor blockers appears rational 
in view of the sympathetic overactivation in CKD. 
Metoprolol and atenolol were the fi rst antihyper-
tensive drugs used to demonstrate nephroprotec-
tive effects of good blood pressure control [ 145 ]. 
Newer β-blockers, e.g., carvedilol, exert a signifi -
cantly greater antiproteinuric effect than atenolol at 
comparable blood pressure reduction [ 146 ,  147 ].  

    Timing of Medication Dosing 
 One of the characteristic features of renal hyper-
tension is the loss of the physiological nocturnal 
decrease in blood pressure (dipping). Bedtime 
dosing of antihypertensive medication tends to 
restore the circadian blood pressure rhythmicity 
by a more marked pharmacodynamic effect dur-
ing the nighttime hours. A recent study in 661 
adult CKD patients randomly assigned either to 
take all antihypertensive medication in the morn-
ing or to take at least one drug in the evening, 
bedtime dosing not only improved overall blood 
pressure control but also reduced the risk for car-
diovascular events (composite endpoint of car-
diac death, myocardial infarction, or stroke) by 
72 % [ 148 ].    

    Secondary Complications of 
Hypertension in Pediatric CKD 

    Cardiovascular Disease 

 Left ventricular hypertrophy (LVH) and abnor-
mal cardiac function are common in patients with 
CKD. One third of the children with mild to mod-
erate CKD undergoing echocardiography in the 
ESCAPE trial exhibited LVH at study entry. The 
prevalence of LVH ranged between 17 % and 
38 % in large cohort studies encompassing more 
than 1,200 children with CKD (ESCAPE, CKiD, 
4C) [ 3 ,  149 ,  150 ]. 

 Hypertension is the major, albeit not the only, 
risk factor contributing to LVH in CKD. In the 
CKiD cohort, not only children with overt offi ce 
and 24-h hypertension but also those with 
masked hypertension were at increased risk of 
LVH [ 3 ]. 

 LVH appears to be readily responsive to 
effective antihypertensive therapy. In the 
ESCAPE trial, treatment according to the study 
protocol, i.e., fi xed-dose ACE inhibition with 
or without additional BP-lowering medica-
tions, decreased LVH prevalence from 38 % to 
25 % and improved systolic function within 12 
months [ 149 ].  
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    Neurocognitive Function 

 Both children with CKD and those with primary 
hypertension are at increased risk for neurocog-
nitive dysfunction [ 151 ,  152 ]. To evaluate the 
role of hypertension in neurocognitive dysfunc-
tion in children with CKD, 383 CKiD partici-
pants underwent Wechsler Abbreviated Scales of 
Intelligence (WASI) Performance IQ assess-
ments. The 132 children with elevated blood 
pressure had signifi cantly lower mean scores 
than those with normal blood pressure [ 153 ]. 
Effective blood pressure control improves neuro-
cognitive function in children with primary 
hypertension [ 152 ]; whether similar effects can 
be achieved in hypertensive children with CKD 
will need to be addressed in prospective interven-
tional trials.   

    Conclusions 

 Hypertension is extremely common in children 
with CKD and contributes to progression of CKD 
by a variety of mechanisms, with the RAAS play-
ing a central role. Given the benefi cial effects of 
BP reduction in hypertensive adults with CKD 
and the demonstrated slowing of progression of 
pediatric CKD with intensifi ed BP control in the 
ESCAPE trial, antihypertensive treatment is par-
amount to slowing CKD progression. ABPM- 
guided treatment to a 24-h MAP below the 50th 
percentile for age would appear to be the best 
strategy to achieve maximal nephroprotection. 
Available evidence suggests that an agent affect-
ing the RAAS should be the initial medication 
chosen, with other classes of antihypertensive 
agents added as needed until the child’s BP is 
controlled. Combinations of different RAAS 
agents may be needed to achieve maximal BP 
reduction and control of proteinuria, but these 
combinations require further study in the pediat-
ric age group.     
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        Hypertension in Children 
on Dialysis 

    Measurement of Blood Pressure 
in Dialyzed Children 

    Casual Blood Pressure 
 The same guidelines for measuring blood pressure 
(BP) used for normal children (see Chap.   25    , 
Diagnostic Evaluation of Pediatric Hypertension) 
apply to children on peritoneal dialysis (PD). 
However, in measuring BP in children on hemo-
dialysis (HD), the general rule to use the right 
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    Abstract 

   Hypertension (HTN) is a frequent fi nding in children with end-stage renal 
disease (ESRD), occurring more often than in children with preterminal 
chronic kidney disease (CKD). The origin comes from the chronically 
diseased kidney (see preceding chapter), but additional risk factors may 
appear in dialyzed and transplanted children, including fl uid overload, 
immunosuppressive drugs, and/or obesity. HTN is one of the most impor-
tant risk factors for cardiovascular morbidity and mortality in children 
with ESRD. Furthermore, cardiovascular events are the most common 
cause of death in these patients. Therefore, the treatment of HTN is one 
of the most important strategies in dialyzed and transplanted children to 
improve their survival.  
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upper extremity must often be disregarded if a 
right-arm arteriovenous fi stula or graft is present 
because compression of the fi stula or graft may 
contribute to access failure. Therefore, BP should 
be measured in the arm without a vascular access. 
In order to avoid diffi culties in measuring BP in 
the upper extremities with arteriovenous fi stulas, 
some authors proposed to use the legs to measure 
BP. However, systolic BP readings from the dor-
salis pedis artery have yielded values 15 mmHg 
higher than arm pressures [ 1 ] and therefore are 
not comparable. Blood pressure measurement 
obtained in the thigh gives also higher BP values 
than in the arm [ 2 ]. The desired method of BP 
measurement in children still remains ausculta-
tion. Automated oscillometric    BP monitors are 
increasingly used also in dialyzed children; how-
ever, they should be used and obtained values 
interpreted with caution because they give sig-
nifi cantly higher BP values than auscultatory 
devices in adults as well as in children [ 3 - 5 ]. 

 Controversies still exist surrounding the timing 
of BP measurement in HD patients. Casual read-
ings are usually taken immediately after the start 
of the HD session, but this so-called predialytic 
BP overestimates the mean systolic interdialytic 
systolic BP by 10 mmHg, whereas the postdia-
lytic BP may underestimate it by 7 mmHg in 
adult patients [ 6 ]. Similarly, predialytic BP is 
6–9 mmHg higher than postdialytic BP in chil-
dren [ 7 ]. Some authors believe that postdialytic 
readings better refl ect the interdialytic BP [ 8 ], 
whereas others prefer predialytic BP as a guide 
for treatment [ 9 ]. Using postdialytic BP instead 
of predialytic BP for defi nition of HT in dialyzed 
children led to reclassifi cation from HTN to nor-
motension in only 8 % [ 7 ]. Predialytic BP has 
been shown to be the weakest predictor of left 
ventricular hypertrophy in adults [ 10 ]. 

 Unfortunately, similar data are lacking in chil-
dren. A variety of infl uences account for these BP 
differences, including changes in volume, neural 
signaling, local and systemic hormonal release, 
and vascular tone. Therefore, a composite of BP 
measurements over a period of several weeks rather 
than isolated readings during one HD session 
(predialytic or postdialytic BP) should be used for 
guidance [ 11 ]. Volume-related differences might 

be present also between morning and evening BP 
in patients undergoing automated overnight PD 
with signifi cant ultrafi ltration.  

    Ambulatory Blood Pressure 
 Ambulatory BP monitoring (ABPM) improves 
the evaluation of the BP status in HD as well as 
in PD patients. The many advantages of ABPM 
(see Chap.   29    , [ 12 ]) are particularly evident in 
ESRD patients. The main advantage of ABPM, 
the possibility to evaluate nocturnal BP and circa-
dian changes of BP, is particularly important in 
ESRD patients, in view of the prognostic signifi -
cance of nocturnal dipping as dialyzed non-dipper 
patients have higher cardiovascular morbidity 
and mortality [ 13 ] and children with LVH have 
lower dipping than those without LVH [ 14 ]. 
Furthermore, the results of ABPM correlate also 
in dialyzed adults and children better with markers 
of target-organ damage, such as left ventricular 
hypertrophy, than of casual BP [ 14 - 16 ]. 

 White-coat HTN and the white-coat effect 
play a more minor role than in other patient 
groups in adults [ 17 ]. Confl icting data on white-
coat HTN exists in dialyzed children. Koch et al. 
showed no white-coat HTN, whereas Lingens 
et al. showed 31 % of dialyzed children whose 
casual BP values were in the normotensive range 
were reclassifi ed as normotensive using ABPM 
[ 18 ,  19 ]. A relatively new phenomenon of masked 
HTN (normal CBP but elevated daytime ambula-
tory BP) is more prevalent than white-coat HTN 
in dialyzed children being detected in 12 % of 
them [ 14 ]. Studies in adult HD patients have 
shown that ABPM is relatively reproducible and 
less variable than casual pre- or postdialytic BP; 
however, the reproducibility of the BP decrease 
during sleep (nocturnal dip) is poor because up 
to 43 % of patients change their nocturnal dip 
category after repeated measurements [ 20 ]. This 
refl ects many infl uences that affect circadian BP 
patterns in dialyzed patients and that change 
with time (e.g., changes in body volume and 
sodium that affect the nocturnal BP dip). The 
issue of reproducibility of nocturnal dip has not 
yet been studied in dialyzed children. Interdialytic 
weight gain has been shown to correlate with 
ambulatory BP in children in one study [ 17 ]; 
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however, another study failed to demonstrate any 
correlation between interdialytic weight gain and 
BP [ 14 ]. Therefore, this issue deserves further 
investigation. 

 In dialyzed children, casual BP measurement 
and ABPM results are poorly correlated. A third 
of children appearing normotensive by casual 
readings have to be reclassifi ed to hypertensive 
when examined by ABPM or the converse [ 19 ]. 
Sorof et al. [ 21 ] found a wide range of error for 
casual BP relative to ABPM, confi rming the unre-
liable character of casual readings. Interdialytic 
BP monitoring with an ABPM monitor is there-
fore the most reproducible method and is thought 
to best represent BP in dialysis patients [ 11 ].  

    Home Blood Pressure 
 Home BP measurements obtained regularly by 
the patients or their parents have been shown to 
give lower values than clinic BP in most children 
[ 22 ]. It is an important method for control of HTN 
in dialyzed children and a valuable supplement 
to ABPM that can also increase the compliance 
of patients with antihypertensive therapy.   

    Defi nition and Prevalence of 
Hypertension in Dialyzed Children 

 Since children with ESRD are often growth 
retarded, problems with the defi nition of HTN may 
occur because no normative data for casual BP are 
available for children with heights below the 5th 
percentile [ 23 ] and since available normative data 
for pediatric ABPM, while indexed to height in 
centimeters, do not exist for children with heights 
<120 cm [ 24 ,  25 ]. Therefore, normative data for 
casual BP should be taken for the 5th–95th height 
percentile only even in children with heights below 
the 5th or above the 95th percentile [ 23 ] and nor-
mative data for ABPM for the patient’s height 
regardless of the patient’s age [ 24 ]. Extrapolation 
of ambulatory BP thresholds from the Soergel 
study [ 25 ] or use of data from small studies in 
young healthy children [ 26 ,  27 ] can be done in 
children with height <120 cm. 

 In general, casual BP readings in dialyzed 
patients are subject to sampling errors, mainly 

because of the great infl uence of the rapidly 
changing volume status (as previously noted). 
Even repeated casual measurements are not able 
to refl ect circadian changes. It appears that in all 
ESRD patients, HTN can be better defi ned by 
applying ABPM than by casual recordings. 

 The reported prevalence of HTN in dialyzed 
children varies signifi cantly in published studies, 
mainly depending on the method of BP measure-
ment and the time of BP measurement in the 
different trials. In the fi rst weeks or months after 
the start of dialysis therapy, BP tends to decrease 
and often allows reduction in antihypertensive 
medication [ 28 ]. However, HTN persists in a high 
proportion in chronically dialyzed children. This 
observation was confi rmed in large pediatric 
dialysis populations followed in registry studies. 
In Europe, 55 % of patients under 15 years of age 
on maintenance dialysis received antihypertensive 
drugs, and despite receiving antihypertensive 
therapy, 45 % of HD patients and 31 % of PD 
patients maintained BP levels of 10 mmHg or 
more above the 95th percentile [ 29 ]. The American 
multicenter studies reported that 53 % of HD and 
40 % of PD patients (including adolescents) 
received antihypertensive drugs 2 years after dial-
ysis initiation and that 68 % of dialyzed children 
have uncontrolled or untreated HTN at 6 months 
after dialysis initiation [ 30 ,  31 ]. The American 
Midwest Pediatric Nephrology Consortium Study 
found HTN, defi ned as mean casual BP ≥95th per-
centile, in 59 % of HD children [ 32 ]. A similar or 
even higher prevalence of HTN (up to 77 %) was 
reported by the Mid- European Pediatric Peritoneal 
Dialysis Study Group, by the North American 
Pediatric Renal Transplant Cooperative Study, by 
the nationwide survey in Poland, and by the recent 
European Society for Pediatric Nephrology registry 
[ 33 - 36    ]. These multicenter studies were based on 
casual BP measurements. 

 Using ABPM, which provides a more detailed 
analysis, Lingens et al. [ 19 ] found that 33 % of 
children and adolescents on long-term HD, and 
70 % on PD, were hypertensive, as defi ned by 
standard reference data obtained from casual 
readings. The predialysis plasma levels of atrial 
natriuretic peptide (ANP), as an indicator of the 
volume status, correlated highly with daytime BP 
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in both HD and PD patients. This is in agreement 
with the fi nding of Sorof et al. who found a 
correlation of the ambulatory BP and interdia-
lytic weight gain [ 21 ] but in discordance with the 
fi nding of Lingens et al. who found no correla-
tion between these parameters [ 19 ]. 

 An attenuated nocturnal dip in BP (non- dipping) 
has been observed in many adult patients receiving 
dialysis treatment. This reduced nocturnal dip-
ping may lead to nocturnal HTN, which presents 
an unfavorable prognostic sign associated with 
higher cardiovascular mortality, as dialyzed 
patients who are non-dippers have higher inci-
dence of LVH and cardiovascular mortality than 
dippers [ 14 ,  37 ,  38 ]. In the study by Lingens et al. 
[ 19 ], the median nocturnal decline of mean sys-
tolic and diastolic BP was 4 % and 7 % in children 
on HD and 9 % and 12 % in PD children, which is 
lower than in healthy children. In the Finnish 
investigation, a decreased nocturnal decline 
(defi ned as nighttime BP decrease <10 %) was 
noted in 40 % of children on PD [ 39 ]. 

 The prevalence of HTN decreases after start-
ing dialysis in HD children [ 36 ,  40 ]. The reason 
for this change of BP during time spent on dial-
ysis is mainly better removal of fl uid overload 
after starting HD. However, this decrease of BP 
is seen only in the fi rst year after initiation of 
HD, and no further improvement of BP is seen 
beyond the fi rst year [ 34 ,  36 ]. The decrease of 
BP is not seen in PD children [ 36 ,  40 ], maybe 
because of initially lower BP in children starting 
PD [ 36 ].  

    Etiology and Pathogenesis of 
Hypertension in Dialyzed Children 

 The two main pathogenic mechanisms contribut-
ing to HTN, before and after initiation of dialysis 
therapy, are hypervolemia and increased vasocon-
striction. Volume overload seems to be the major 
pathogenic factor, fi rst outlined by Guyton et al. 
[ 40 ]. Diminished glomerular fi ltration rate and 
sodium excretory capacity result in water and 
sodium retention, thereby increasing venous 
return and cardiac output. In order to prevent 
hyperperfusion of tissues, vasoconstriction ensues 

via autoregulation. This mechanism operates, 
however, only after some time lag. For example, 
it may take several weeks until volume changes in 
dialyzed adult patients are translated into changes 
in BP [ 41 ]. After the disappearance of edema, 
HTN may persist until strict control of hypervol-
emia, e.g., by extension of the dialysis time, may 
fi nally reduce BP [ 42 ]. However, hypervolemia 
may also occur in the absence of HTN. On the 
contrary, the absence of clinical signs of edema is 
a poor indicator of the absence of hypervolemia 
as intravascular hypervolemia causing HTN is 
often present without edema. 

 Increased peripheral vascular resistance 
caused by humoral factors inappropriate to the 
volume state is another explanation of HTN in 
dialyzed patients [ 43 ]. Activation of the renin- 
angiotensin aldosterone system (RAAS) was 
demonstrated by high plasma renin activity [ 44 ] 
in adult patients on HD treatment [ 45 ]. In addi-
tion, the local RAAS in the vessel walls appears 
to be activated in renal failure. 

 Furthermore, increased sympathetic activity, 
correlating highly with systemic BP, was docu-
mented in dialyzed adults [ 46 ]. In children, a 
two- to fourfold increase of plasma noradrenaline 
and adrenaline levels was noted during an HD 
session [ 44 ]. Sympathetic overactivity appears to 
be mediated by an afferent signal arising in the 
failing kidney. HD patients who had undergone 
bilateral nephrectomy display normalization of 
the sympathetic activity [ 47 ]. The fi nding of 
structural abnormalities of coronary and great 
arteries in experimental CKD and dialyzed 
patients further supports the role of elevated 
peripheral vascular resistance and impaired elas-
ticity of great vessels in the pathogenesis of HTN 
in ESRD [ 48 ]. 

 Another concept used to explain HTN in ESRD 
relates to the abnormal endothelial release of 
hemodynamically active compounds. Elevated 
plasma levels of the vasoconstrictor endothelin-1 
have been reported in HD patients [ 49 ]. 
Endothelium-dependent vasodilatation has been 
reported to be impaired in uremia, refl ected by 
reduced release or action of nitric oxide (NO) [ 50 ], 
possibly related to the accumulation of circulating 
inhibitors of NO synthetase (e.g., asymmetric 
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dimethyl-L-arginine, ADMA) in the plasma of 
adult ESRD patients as well as of children with 
CKD [ 51 ,  52 ]. 

 Changes in the elastance properties of the 
large vessels (arterial stiffness) that occur in adult 
and pediatric ESRD patients also contribute to 
the development of HTN [ 53 ,  54 ]. HTN can be 
also induced by treatment with erythropoiesis- 
stimulating agents [ 55 ]. In contrast to the general 
population, elevated body mass index and obesity 
are not associated with HTN in dialyzed children 
[ 7 ]. A new pathophysiologic mechanism of HTN 
seems to be hyperuricemia as serum uric acid lev-
els are associated with high BP not only in chil-
dren with essential HTN but also in dialyzed 
children [ 56 ]. 

 HTN is more frequent in dialyzed children 
with acquired CKD as primary renal disease than 
with congenital anomalies of the kidney and uri-
nary tract (CAKUT) [ 30 ,  36 ]. This refl ects mainly 
better removal of fl uid and salt and less stimula-
tion in RAAS in children with CAKUT than in 
those with glomerulonephritis even after com-
mencing dialysis. HTN is also more prevalent in 
black than in white patients [ 34 ]. 

 Finally, HTN in ESRD is related to the dura-
tion of HTN in the predialysis period and, there-
fore, to the original renal disease (children with 
CAKUT have a lower prevalence of predialysis 
HTN) as well as to declining residual renal func-
tion during dialysis [ 57 ]. This suggests that HTN 
in ESRD patients is a progressive disease related 
also to falling glomerular fi ltration rate and 
diuresis, the preservation of which might 
improve BP control and possible also modify 
cardiovascular risk. 

 Potential risk factors responsible for the devel-
opment of HTN in dialyzed children are summa-
rized in Table  23.1 .

       Complications of Hypertension 
in Dialyzed Children 

 Complications from HTN are mainly produced by 
vascular damage and may affect different organs 
such as the central nervous system, kidneys, or the 
heart [ 58 ]. Hypertensive encephalopathy and 

further impairment of residual renal function may 
be clinical consequences of persistent HTN dur-
ing dialysis therapy. In the long run, functional 
and structural abnormalities of the heart are the 
most important consequences of chronic HTN in 
pediatric ESRD patients. Echocardiography usu-
ally reveals normal systolic left ventricular (LV) 
function in the absence of severe HTN, anemia, 
or cardiac failure [ 59 ] and normal LV contractil-
ity [ 60 ]. However, LV diastolic dysfunction 
occurs in about half of adult dialysis patients and 
has also been demonstrated in small proportion 
of children [ 61 ,  62 ]. 

 Four main structural abnormalities of the heart 
have been described in adult patients with CKD 
and ESRD with or without HTN [ 47 ]: (1) LV 
hypertrophy (LVH), (2) expansion of the nonvas-
cular cardiac interstitium leading to endocardial 
fi brosis, (3) changes in the vascular architecture 
(thickening of intramyocardial arterioles and 
reduction of capillary length density), and (4) 
myocardial calcifi cation. LVH is the most relevant 
cardiac abnormality in children with ESRD. 

 LVH is a strong and independent predictor of 
death and cardiac failure in adult dialysis patients 
[ 63 ]. The main risk factors for the development 
of LVH are systolic HTN, anemia, hyperparathy-
roidism, coronary artery disease, hypervolemia, 

   Table 23.1    Causes of hypertension in dialyzed children   

 Extracellular volume overload and sodium retention 
 Inappropriate activation of the renin-angiotensin-aldo-
sterone system in relationship to high volume and 
sodium body content leading to increased 
vasoconstriction 
 Sympathetic overactivity 
 Impaired endothelium-dependent vasodilatation with 
reduced synthesis of NO and increased levels of 
vasoconstrictors (e.g., endothelin-1) 
 Hypertension derived from the failing kidney (e.g., 
residual renal function and increased renin secretion 
and sympathetic activity) 
 Structural changes of the arteries (arterial stiffness) 
 Elevated serum uric acid 
 Genetic factors 
 Iatrogenic factors (e.g., ESA, steroids, or calcineurin 
inhibitors for primary disease) 
 Secondary hyperparathyroidism 
 High dialysate sodium concentration 
 Inadequate dialysis regimen 
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and prolonged dialysis therapy. Two forms of 
LVH may be distinguished [ 64 ]:
•     Concentric  (or symmetric) LVH caused by the 

pressure overload, leading to disproportionate 
overgrowth of cardiomyocytes with thickening 
of both interventricular septum and left ventricu-
lar posterior wall (i.e., increased left ventricular 
mass LVM) but normal cavity dimension (i.e., 
normal relative wall thickness RWT)  

•    Eccentric  (or asymmetric) LVH caused mainly 
by volume overload, resulting primarily in 
dilatation of the LV chamber (i.e., increased 
RWT) and increased wall thickness suffi cient 
to counterbalance the dilatation with predomi-
nant thickening of the interventricular septum 
and a low LV-to-volume ratio    
 In ESRD, both forms of LVH may be present 

and have also been described in dialyzed children 
in 70–80 % of patients [ 65 ,  66 ]. On the contrary, 
concentric remodeling (i.e., increased RWT but 
normal LVM) is only rarely seen in pediatric 
ESRD patients [ 66 ]. 

 Although LVH is an adaptive response to 
chronic pressure and volume overload (allowing 
maintenance of systolic function), its persistence 
may become detrimental because it impairs dia-
stolic compliance and reduces coronary perfusion 
reserve [ 63 ]. Reduced diastolic fi lling is closely 
associated with LVH and increased stiffness of 
the LV chamber owing to collagen accumulation 
[ 61 ,  62 ]. 

 Many reports have described LVH in children 
with ESRD [ 59 ,  65 ,  66 ]. Echocardiographic 
examination provides reliable data but requires 
large experience of the investigator and coopera-
tive patients. In addition, there is still some con-
troversy surrounding the optimal expression of 
LV mass data in children with renal disease. 
The currently most often used expression of LV 
mass is the left ventricular mass index (LVMI) 
corrected to body size (height raised to a power of 
2.7, i.e., g/m 2.7 ) and defi nition of LVH the LVMI 
greater than the 95th percentile for normal children 
and adolescents, which represents a numerical 
value of > 40 and 45 g/m 2.7  in girls and boys older 
than 9 years [ 67 ,  68 ]. 

 In the largest echocardiographic study 
reported in children with ESRD (aged <15 year), 

51 % of patients on HD and 29 % on PD exhibited 
LVH. However, no methodological details were 
collected in this European ERA/EDTA pediatric 
registry [ 29 ]. Since then, several single centers 
have published detailed data on LV mass in chil-
dren and adolescents with ESRD. In the study by 
Mitsnefes et al. [ 65 ], LV mass was increased by 
the start of dialysis therapy and did not change 
after a mean follow-up of 10 months. Risk factors 
for LVH were lower hemoglobin level (anemia) 
and longer duration of renal disease prior to start 
of dialysis and higher systolic BP. The degree of 
LVH indexed to body size (e.g., g/m 2.7 ) seems to 
be similar in pediatric and adult patients, although 
small children were rarely assessed. In a most 
recent multicenter study from the International 
Pediatric Peritoneal Dialysis Network, LVH was 
present in 48 % of children on PD with HTN, 
fl uid overload, high body mass index, and hyper-
parathyroidism being the primary determinants of 
LVH [ 69 ]. Reduced nocturnal dipping seems to 
play a role in the development of LVH in dialyzed 
children as children with LVH displayed lower 
dip than children without LVH [ 14 ]. 

 There are discrepant data on whether LVH is 
more prevalent in children on PD or HD. An 
American study has shown that children on HD 
have more often LVH (85 %) than children on PD 
(68 %, [ 70 ]). Similarly, the Finnish study has 
demonstrated that only 45 % of PD children had 
LVH and that LVH was highly correlated with the 
severity of HTN (pressure overload) and ANP 
level, a marker of volume overload [ 39 ]. On the 
contrary, the results from a German study showed 
similar LV mass index with both modes of treat-
ment [ 59 ]. It is therefore likely that the preva-
lence of LVH is dependent more on the overall 
control of BP and volume status than on dialysis 
modality. 

 In adults on long-term HD, LVH may regress; 
this has been attributed to improved control of 
HTN, hypervolemia, or anemia [ 71 ]. Such regres-
sion of LV mass is associated with better survival 
[ 72 ]. In adults, LV mass may also decrease after 
conversion from conventional to daily nighttime 
HD, associated with a drop of BP [ 73 ]. In chil-
dren, only very few studies investigated LV 
mass longitudinally during long-term dialysis. 
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In the Midwest Pediatric Nephrology Consortium 
study, no normalization of LV geometry was 
observed during 2 years of HD [ 66 ]. On the con-
trary, in a French study, a signifi cant reduction of 
LVH in HD children has been reached during a 
median follow-up of 18 months [ 74 ], which is in 
agreement with adult studies showing that with 
adequate dialysis and control of BP and anemia, 
regression of LVH is possible in most patients 
[ 75 ]. The reduction of LVH was associated with 
reduction of BP, extracellular volume (repre-
sented by increased plasma protein), and improve-
ment of anemia. 

 Left ventricular hypertrophy in ESRD is fre-
quently associated with vascular lesions in the 
heart and great vessels, which have been exten-
sively investigated in adult patients [ 48 ]. Two 
recent studies, which used new noninvasive 
imaging techniques (electron-beam computed 
tomography and high-resolution Doppler ultraso-
nography), revealed a high prevalence of coro-
nary calcifi cations and wall thickening of the 
carotid arteries (coronary intima media thickness, 
cIMT) in former pediatric patients evaluated as 
young adults after long-standing dialysis and 
transplantation [ 76 ,  77 ]. A pathoanatomical study 
of the internal iliac arteries at the time of trans-
plantation (i.e., after long-term dialysis) confi rmed 
these clinical investigations that used noninvasive 
markers of vascular lesions such as cIMT. A recent 
study by Civilibal et al. on patients in the pediatric 
age group has demonstrated increased cIMT also 
in dialyzed pediatric patients, with no differences 
seen between children on HD and PD [ 78 ]. 
Diastolic BP was the only independent signifi -
cant predictor of cIMT in this pediatric study 
showing the early evolution of cardiovascular 
morbidity in pediatric ESRD patients and clearly 
demonstrating that better management of HTN 
may be the priority for preventing or improving 
cardiovascular damage in these patients. 

 Increased arterial stiffness is often present in 
dialyzed adult and pediatric patients with ESRD 
and is associated with increased cardiovascular 
morbidity and mortality in ESRD patients inde-
pendent of BP [ 79 ,  80 ].Therefore, decreasing arte-
rial stiffness by improving the adequacy of dialysis 
or by prescribing drugs affecting the RAAS is 

another therapeutic target in the management of 
patients with ESRD. 

 It is well established that the high mortality of 
adult patients with ESRD is related to long- 
standing HTN. The mortality risk is increased by 
a large interdialytic weight gain, a high nocturnal 
BP, and an increased pulse pressure (difference 
systolic BP minus diastolic BP) [ 81 ,  82 ]. Long-
term studies have demonstrated that adequate BP 
control improves the survival of adult ESRD 
patients [ 83 ]. 

 Since the start of the dialysis era, there has 
been a remarkable decrease in early cardiovascu-
lar mortality in children and adolescents with 
ESRD [ 84 ,  85 ]. The late cardiovascular mortality 
has been studied only rarely in pediatric patients. 
According to the US Renal Data System, 1.1 and 
2.0 cardiac death per 100 patient years were 
recorded in dialyzed pediatric ESRD patients at 
the age of 0–15 years in white and black subjects, 
respectively (normal about 0.001 in healthy chil-
dren, i.e., 1,000 times less than in ESRD chil-
dren), rising to 2.3 for all patients reaching the 
age of 20–30 years [ 86 ]. According to this study, 
cardiovascular mortality corresponds to approx 
20–30 % of all deaths encountered in dialyzed 
children and young adults up to 30 years old. 

 It should be stressed that late fatal cardiovas-
cular events, such as myocardial infarction and 
cerebrovascular accidents, are the result of both 
specifi c (uremic, nontraditional, such as volume 
overload, hyperphosphatemia, hyperparathyroid-
ism, microinfl ammation, malnutrition, or ane-
mia) and unspecifi c (traditional atherosclerotic) 
risk factors. However, because the cardiovascular 
mortality in children with ESRD is up to 1,000 
times higher than in healthy children, it is likely 
that mainly the disease-specifi c – uremic – risk 
factors are responsible for such a tremendous 
increased mortality in ESRD children. A recently 
discovered fi broblast growth factor 23 (FGF-23) 
seems to be a new cardiotoxic factor associated 
independently of BP with LVH in dialyzed chil-
dren [ 6 ,  87 ]. 

 A more detailed study from the Netherlands 
Dutch Cohort Study analyzed the data from 
patients who required the initiation of renal 
replacement therapy from birth to 15 years of age 
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between 1972 and 1992. Such children had an 
overall mortality of 1.6 per 100 patient years, a 
31-fold increase in death rate compared to normal 
children of similar age [ 85 ]. Patients who had 
spent more time on dialysis than with a function-
ing renal allograft had a seven times higher mor-
tality rate. Altogether, 41 % of deaths in children 
on both treatments were attributed to cardiovas-
cular causes. An interesting and clinically impor-
tant fi nding was that patients with long-standing 
HTN had a threefold higher risk of death than 
normotensive patients. Cerebrovascular accidents 
on dialysis treatment were by far the most fre-
quent cardiovascular cause encountered in this 
study. Therefore, the very high cardiovascular 
mortality risk in dialyzed children can be decreased 
mainly by decreasing the time spent receiving 
dialysis (i.e., early transplantation) and rigorous 
treatment of HTN.  

    Evaluation of Hypertensive Children 
on Dialysis 

 Every pediatric patient with ESRD should be 
regarded as potentially hypertensive (due to the 
very high prevalence of HTN including nighttime 
and masked HTN) and should undergo a systematic 
evaluation. 

 Casual BP recordings obtained by oscillometric 
devices should be regularly checked by ausculta-
tory methods and, preferably, by ABPM as well 
(see “Measurement of BP” and “Defi nition of 
hypertension in ESRD,” above). ABPM is espe-
cially helpful in HD patients because it allows a 
better recognition of intra- and postdialytic (par-
ticular nocturnal) BP changes when performed 
over 24 or 48 h [ 13 ]. Furthermore, ABPM allows 
better monitoring of antihypertensive treatment 
and improves patient compliance in children on all 
forms of renal replacement therapy (RRT). ABPM 
should therefore be performed regularly in all 
dialyzed children, at least every 6–12 months, 
regardless of values of casual BP. 

 Given the known prognostic signifi cance of 
cardiovascular lesions and hypertensive end-organ 
damage (especially LVH) in pediatric ESRD 

patients, early and regularly repeated monitoring, 
especially of cardiac function and geometry 
(echocardiography), is required, even in the 
absence of any clinical signs of cardiovascular 
disease [ 59 ]. Echocardiography should be per-
formed within 3 months of beginning dialysis 
and every 6–12 months thereafter [ 80 ]. There is 
no doubt that the collaboration of the nephrolo-
gist with an experienced pediatric cardiologist 
and/or radiologist considerably facilitates the 
cardiovascular care of children with ESRD. 

 The traditional markers of cardiovascular 
morbidity and mortality should also be checked 
in dialyzed children [ 78 ]. They include mainly 
dyslipidemia, obesity, and diabetes. Early treat-
ment of these risk factors may improve the over-
all unfavorable long-term cardiovascular 
morbidity and mortality in pediatric ESRD 
patients. The nontraditional (uremia-specifi c) 
risk factors should also be carefully investigated 
in all dialyzed children. Volume changes should 
regularly and carefully be checked in hyperten-
sive patients undergoing HD or PD. The absence 
of clinical signs of edema and normal pre- and 
postdialytic BP values are not reliable signs of 
normovolemia. 

 Therefore, additional methods to recognize 
increased intravascular volume should be applied 
in children with severe HTN or marked lability of 
BP. These methods include bioimpedance [ 88 , 
 89 ], ultrasonography of the inferior vena cava 
[ 90 ], and determination of the ANP in plasma 
[ 39 ]. Although these methods are not suffi ciently 
validated in large series of children with ESRD, 
their use may help in determining the individual 
“dry weight” at which child must carefully be 
maintained. It should be noted that intravascular 
volume is reconstituted only a few hours after the 
end of an HD session [ 8 ]. A new technique that 
can help in the assessment of child’s dry weight 
is noninvasive monitoring of the hematocrit in 
HD patients (blood volume monitoring, BVM). 
This method has been studied also in several 
pediatric studies on HD patients showing better 
detection of volume overload and decrease of 
dry weight with decrease of both casual and 
ambulatory BP [ 91 ,  92 ]. 
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 The new and more sensitive methods for 
the detection of cardiovascular disease such as 
cIMT, evaluation for arterial calcifi cation, or 
measurement of pulse wave velocity in pediatric 
dialyzed patients are still reserved for research 
purposes and cannot yet be recommended for 
routine clinical practice.  

    Treatment of Hypertensive 
Children on Dialysis 

 Control of volume status is the primary goal in the 
treatment of hypertensive children undergoing 
long-term HD or PD [ 43 ], as the most important 
cause of HTN is intravascular volume overload. 
Use of multiple antihypertensive drugs in the set-
ting of fl uid overload is inappropriate and very 
often ineffective [ 93 ]. Therefore, the appropriate 
initial management of HTN in a dialyzed child is 
gradual fl uid extraction to control BP and achieve 
an ideal “dry weight,” i.e., the weight at which 
most of the excess fl uid has been removed [ 94 ]. 
In the clinical practice, in every hypertensive 
patient newly admitted to dialysis therapy, one 
should try to gradually withdraw any antihyper-
tensive medication within 1–2 months in concert 
with a tolerable dietary salt and fl uid restriction 
(which also helps to decrease thirst). During this 
period the true “dry weight” should become evi-
dent (see “Evaluation”). Noninvasive monitoring 
of hematocrit (BVM) or body composition using 
bioimpedance, if available, may facilitate accu-
rate establishment of dry weight [ 91 ,  92 ]. In some 
patients (especially those without severe HTN 
before the initiation of dialysis), gradual normal-
ization of BP by these measures may be obtained 
without antihypertensive drugs. The therapeutic 
results should be checked regularly by ABPM, 
with the aim to obtain normal daytime, as well as 
nighttime, BP values. The target “dry weight” 
should be periodically reassessed and adjusted 
according the child’s growth and changes in muscle 
or fat mass. 

 Since compliance with the strict procedures 
necessitated by ESRD and dialysis is often diffi -
cult, the dialysis prescription often has to be 

modifi ed to better control BP, e.g., switching to 
longer, more frequent (e.g., daily or 4–6 times/
week), or nocturnal HD sessions or by minimiz-
ing the sodium content of food and dialysate fl uid. 
In a randomized crossover study performed in 
adult patients, daily HD sessions (6 times 2 h/
week over 6 months) were able to signifi cantly 
reduce extracellular water, mean 24-h BP, and LV 
mass compared with conventional HD (3 times 
4 h/week), and antihypertensive medications were 
able to be stopped or reduced in most subjects 
[ 95 ]. A similar study has been performed recently 
in children in which after 16 weeks of frequent HD 
(6 times/week), the patients exhibited progressive 
reduction in casual predialysis BP, discontinuation 
of antihypertensive medications, and decreased 
BP load by ABPM [ 96 ]. Similar results were 
obtained in adult patients switched from conven-
tional to nocturnal dialysis [ 73 ]. In other studies, 
reduction of predialysis BP was obtained by grad-
ually lowering the dialysate sodium content during 
HD sessions [ 97 ]. However, fl uid removal is some-
times limited by hypotensive episodes occurring 
during the HD procedure, related either to exag-
gerated ultrafi ltration or to concurrent use of 
high doses of diuretics or antihypertensive drugs. 
Therefore, antihypertensive drugs should be, 
whenever possible, withdrawn before attempts at 
reaching adequate fl uid removal during HD to 
minimize hypotensive episodes and to be able to 
reach the true dry weight. 

 Another approach to improving BP control in 
dialyzed children and to reduce dialysis-associated 
events is to follow a standard noninvasive moni-
toring (NIMV) of hematocrit algorithm. In a 
recent 6-month study using NIVM of hematocrit 
on 20 pediatric HD patients, there was a decrease 
in postdialytic casual BP, daytime ambulatory 
BP, number of antihypertensive medications pre-
scribed, and rate of intradialytic events related to 
ultrafi ltration [ 91 ]. 

 Whether conversion from HD to PD has any 
persistent favorable effect on the BP status is 
controversial. On the other hand, prolonged con-
servation of residual urine volume during HD or 
PD treatment generally allows for dialysis with 
less aggressive ultrafi ltration. From this point of 
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view, HD leads to faster loss of residual diuresis 
than PD and can therefore be potentially associ-
ated with increased risk of HTN during long-term 
HD treatment when residual urine output is 
decreasing [ 98 ]. Above all, application of all cri-
teria for adequate dialysis is important in both 
hypertensive and normotensive pediatric dialysis 
patients. 

 Another important issue in the treatment of 
HTN in dialyzed patients is sodium restriction. 
A salt (NaCl)-restricted diet (<6 g/day) has been 
shown to reduce peripheral vascular resistance 
and BP in adult patients [ 99 ]. However, adher-
ence to sodium-restricted diets is low, especially 
if it has to be combined with fl uid restriction. 
No pediatric data are available on the effect of 
salt- restricted diet on BP during dialysis. 

 A dialysis regimen with low-sodium dialy-
sate fl uid concentration (135–136 mmol/l) can 
reduce BP in adult patients [ 100 ]. Similar effects 
can also be expected in pediatric patients; how-
ever, no studies have been performed in chil-
dren. The use of diuretics can decrease the 
sodium content in the body and reduce BP in 
dialysis patients, at least in those children with 
residual urine output. 

 It is generally agreed that antihypertensive 
drugs should be used in dialyzed children only if 
BP remains elevated, despite seemingly adequate 
volume and sodium control – i.e., after reaching 
true dry weight. Since no controlled studies have 
been performed in this group of patients, the opti-
mal drug therapy remains empiric, based on 
investigations performed in other hypertensive 
populations. Angiotensin-converting enzyme 
(ACE) inhibitors and calcium channel blockers 
(CCBs) appear to be the most frequently used 
antihypertensive agents used in dialyzed children. 
In the EDTA study, they were given to 62 % and 
56 % of children on HD and PD, respectively, fol-
lowed by beta-blockers (35 % and 44 %, respec-
tively), alone or in combination with other drugs 
[ 29 ]. In the recent nationwide survey in Poland, 
ACE inhibitors and CCBs were given to 50 % and 
46 % of dialyzed children, respectively [ 35 ]. The 
antihypertensive drugs mentioned are usually 
well tolerated, but the prescribing physician must 
note their multiple side effects, contraindications, 

and dose modifi cations in renal failure most 
carefully (see Chap.   28    ). 

 There are emerging data that suggest that ACE 
inhibitors and angiotensin receptor blockers may 
have a greater effect on decreasing cardiovascu-
lar morbidity and mortality in dialyzed patients 
than other groups of antihypertensive drugs [ 101 ] 
and are recognized as fi rst-line therapy in the 
pharmacologic management of HTN in adult HD 
patients [ 102 ]. However, some trials showed 
lower fi nal BP in groups of patients with ACE 
inhibitors or ARBs than in groups of patients 
with other drugs, and it is therefore not yet clear 
whether ACE inhibitors and ARBs have cardio-
protective effects beyond their BP-lowering 
effects in dialyzed patients. CCBs have also been 
shown to reduce LV mass and may be used even 
in the presence of volume overload. The less 
frequent application of beta-blocking agents in 
children with ESRD may be related to their side 
effects (bradycardia, hyperlipidemia, etc.), but 
according to a recent study in adults, they may 
contribute to improved survival [ 82 ]. In many 
cases, the hypotensive agents, as well as diuretics, 
have to be combined in order to obtain adequate 
BP control. In the Polish nationwide survey, 66 % 
of treated children received two or more antihy-
pertensive drugs [ 35 ]. Despite all these efforts, the 
control of HTN in dialyzed children is still rather 
poor. Tkaczyk et al. showed that the effectiveness 
of antihypertensive treatment in pediatric patients 
on HD and PD was only 58 % [ 35 ], and the recent 
ESPN/ERA-EDTA Registry study showed uncon-
trolled HTN in 64 % of treated HD and in 55 % of 
PD children [ 36 ]. 

 Drug-resistant HTN is rare and usually the 
result of inadequate ultrafi ltration (fl uid over-
load) but may also be due to a paradoxical 
(heightened) response of the RAAS to ultrafi ltra-
tion. Noncompliance with the recommended 
fl uid and dietary measures and pharmacological 
treatment can be other reasons for poor BP con-
trol in dialyzed children. In compliant children 
who remain hypertensive despite achievement of 
true dry weight and are oligo-anuric, bilateral 
native kidney nephrectomy should be considered 
[ 47 ]. The treatment algorithm for dialyzed children 
is summarized in Fig.  23.1 .
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        Hypertension in Children After 
Renal Transplantation 

    Introduction 

 Hypertension is a common and serious complica-
tion in patients after renal transplantation [ 103 , 
 104 ]. It is an important risk factor for cardiovas-
cular morbidity and mortality in transplanted 
patients [ 105 ]. Furthermore ,  it is a strong risk 
factor for impaired graft survival in adult and 
pediatric patients [ 106 ,  107 ].  

    Measurement of Blood Pressure 
in Transplanted Children 

 Casual BP should be measured during every out-
patient transplant follow-up visit. However, casual 
BP has its limitations, mainly in that it can neither 

distinguish between true and white-coat HTN nor 
measure BP during sleep or reveal masked HTN. 
It has been shown in several studies that ambula-
tory blood pressure monitoring (ABPM) is a better 
method for BP evaluation than CBP measurement 
in children after renal transplantation [ 108 ]. The 
main reasons are the ability of ABPM to reveal 
white-coat or masked HTN and to measure BP 
during nighttime. Furthermore, ABPM is superior 
to casual BP in regard to better correlation with 
target-organ damage such as left ventricular hyper-
trophy [ 109 ] in children with after transplantation. 
Finally, the results of ABPM are more closely 
related to renal function in transplanted patients 
than the results of casual BP [ 110 ]. Therefore, 
regular use of ABPM is recommended in all 
patients after renal transplantation regardless of 
the values of casual BP [ 111 ,  112 ]. ABPM should 
be performed at least once a year in every trans-
planted child and about 6 months after every 
change in antihypertensive therapy. 

  Fig. 23.1    Treatment algorithm in dialyzed children with hypertension       
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 The predominant type of HTN in transplant 
children is nocturnal HTN, occurring in 50–70 % 
of patients [ 113 ,  114 ]. This fi nding further 
stresses the importance of ABPM with its moni-
toring of BP values during the night. A reduced 
physiological decrease of BP during the night 
(blunted nocturnal dip) has been revealed in 
30–72 % of transplanted children [ 113 ,  114 ]. 
Adult transplant patients who are non-dippers 
have greater left ventricular mass than dippers 
[ 115 ]. However, in a pediatric study no signifi -
cant difference in the left ventricular mass index 
between children with normal and attenuated 
nocturnal BP dip was found [ 114 ]. The reproduc-
ibility of dipping status in transplanted children 
is low [ 116 ]; therefore, repeated ABPM studies 
might be needed to describe a transplanted child 
as a non-dipper. It may be more appropriate to 
rely on mean BP or BP load while asleep rather 
than dipping status to guide the treatment of HTN 
in transplanted children. 

 Home BP self-measurement is also an impor-
tant method for the measurement of BP. It is 
increasingly used as a valuable supplement to 
casual BP and also ABPM in children with CKD, 
those on renal replacement therapy or following 
transplantation [ 22 ]. It is especially recommended 
in children receiving antihypertensive medication 
to improve control of HTN and to support compli-
ance with the medication.  

    Defi nition and Prevalence 
of Hypertension in Transplanted 
Children 

 The same defi nition is used for transplanted chil-
dren as for otherwise healthy children or children 
on dialysis. The prevalence of HTN in children 
after renal transplantation ranges considerably 
between 58 % and 89 % [ 36 ,  103 ,  104 ,  113 ,  114 , 
 117 ]. The reason for the wide range in the preva-
lence of HTN is based mainly on the different 
methods of BP measurement and different defi -
nitions of HTN used in various trials. Studies 
using casual BP measurements always report 
lower prevalence of HTN than studies that used 
ABPM. This phenomenon clearly underlines the 

importance of ABPM since it also measures BP 
during the night when BP is often increased in 
transplanted patients [ 118 ]. 

 Moreover, children should be defi ned as hyper-
tensive on the basis of two criteria – the use of 
antihypertensive drugs and current BP level and 
the control of HTN should also be assessed 
according to these criteria. Children on antihyper-
tensive drugs with normal current BP should be 
regarded as having  controlled  HTN, and children 
on antihypertensive drugs with elevated current 
BP should be regarded as having  uncontrolled  
HTN. The main reason for this differentiation is the 
fact that it has been shown in several trials that 
transplanted patients with controlled HTN have 
similar graft survival as spontaneously normoten-
sive patients (i.e., normal BP without antihyperten-
sive drugs). In contrast, patients with uncontrolled 
HTN have signifi cantly worse graft survival [ 108 , 
 119 ]. Therefore, using only one category of HTN 
(regardless of the therapeutic control of HTN) or 
antihypertensive drugs as the only criterion for 
the defi nition of HTN without knowing the cur-
rent level of BP would lead to misinterpretation 
of the importance of the infl uence of BP on the 
overall prognosis of transplanted patients.  

    Etiology and Pathogenesis 
of Hypertension in Transplanted 
Children 

 The etiology of posttransplant HTN is multifac-
torial [ 103 ,  104 ,  120 ,  121 ]. The main causes are 
summarized in Table  23.2 .

   Hypertension prior to transplantation caused 
mainly by the diseased native kidney is believed 
to be a signifi cant risk factor for the presence of 
HTN after successful renal transplantation [ 114 , 
 120 ]. Children receiving kidneys from deceased 
donors are more frequently hypertensive than 
children receiving grafts from living donors [ 104 , 
 117 ,  120 ]. The lower prevalence of HTN among 
children after living donor transplantation could 
be one of the reasons for better graft survival of the 
living donor grafts. This hypothesis is supported 
by the results of a single-center study which 
shows that posttransplant HTN is, together with 
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episodes of acute rejection, the only independent 
determinant of graft survival in children after 
living donor transplantation [ 122 ]. 

 Steroids are a well-known risk factor for post-
transplant HTN. Several factors such as sodium 
retention or increase in cardiac output and renal 
vascular resistance induce steroid-related HTN. 
Elimination of steroids in stable patients showed 
reduction of BP in adult as well as in pediatric 
patients [ 123 ,  124 ], and children treated under a 
steroid avoidance immunosuppressive protocol 
showed improvement in HTN [ 125 ]. In a cross-
sectional study the patients on alternate-dose 
steroid treatment showed signifi cantly lower 
prevalence of HTN than children on daily steroid 
medication [ 113 ], and other studies showed that 
conversion from daily to alternate-dose steroid 
therapy signifi cantly reduces BP [ 126 ]. Therefore, 
adoption of steroid-sparing or steroid-free immu-
nosuppression regimens can be considered a 
treatment strategy for improving the control of 
BP in transplanted children. 

 With the introduction of the calcineurin inhib-
itor cyclosporine, there has been a dramatic 
increase in the prevalence of posttransplant HTN 
[ 120 ]. Gordjani et al. [ 120 ] showed in their large 
single-center study on 102 children that high 
trough levels of cyclosporine (>400 ng/ml) were 
associated with a signifi cantly higher incidence 
of HTN in comparison to children with levels 
<400 ng/ml (91 % vs. 57 %). The newer 

calcineurin inhibitor tacrolimus also has hyper-
tensinogenic effects similar to cyclosporine. In 
the only randomized controlled trial comparing 
cyclosporine- and tacrolimus-based immunosup-
pression in pediatric renal transplanted patients, 
there were no signifi cant differences in the preva-
lence of HTN between children treated with 
cyclosporine and those with tacrolimus [ 127 ]. 
Newer immunosuppressive agents such as myco-
phenolate mofetil, sirolimus, or everolimus do 
not have effects on BP, and therefore, their use is 
a further option to improve the control of HTN in 
transplanted children [ 128 ]. 

 Renal graft dysfunction is another risk factor 
for posttransplant HTN; however, there is a dual 
relationship between BP and graft dysfunction. On 
the one hand, graft dysfunction elevates BP, while 
on the other hand, elevated BP accelerates decline 
of graft function. In adults, impaired graft function 
is associated with elevated BP and increased risk of 
HTN [ 110 ,  119 ,  129 ]. In a single- center study 
Mitsnefes et al. did not fi nd any difference in mean 
calculated glomerular fi ltration rate or acute rejec-
tion episodes between normotensive and hyperten-
sive children [ 108 ]. However, hypertensive children 
had reduced allograft function (glomerular fi ltra-
tion rate GFR <50 ml/min/1.73 m2) more fre-
quently than normotensive patients, whereas 
children with normal BP more frequently had nor-
mal graft function (GFR >75 ml/min/1.73 m2). 

 Current body weight or change of body weight 
is a well-known and potent determinant of BP 
level in adults and children [ 130 ], and most chil-
dren gain weight after renal transplantation [ 131 ]. 
Therefore, control of body weight should be rec-
ommended in all children after renal transplanta-
tion to improve BP control. 

 Stenosis of the graft artery has become a rare 
cause of HTN with current surgical technique 
using aortic patches [ 132 ]. Doppler ultrasonogra-
phy, magnetic resonance, and CT angiography 
are noninvasive techniques that can easily diag-
nose this cause of HTN. The treatment of choice 
is percutaneous transluminal angioplasty; sur-
gery should be reserved for cases of angioplasty 
failure. 

 The development of recurrent or de novo 
glomerulonephritis (mainly IgA nephropathy or 

    Table 23.2    Causes of hypertension in transplanted 
children   

 Recipient’s native kidney 
 Immunosuppressive drugs (steroids, cyclosporine A, 
tacrolimus) 
 Graft dysfunction (acute rejection, chronic allograft 
dysfunction) 
 Kidney from cadaveric, borderline, or hypertensive donor 
 Renal graft artery stenosis 
 Overweight/excessive posttransplant weight gain 
 Genetic factors (primary – essential hypertension, genes 
of RAAS) 
 Recurrent or de novo renal disease (IgA nephropathy, 
focal segmental glomerulosclerosis) 
 Others (e.g., polycythemia, pyelonephritis, ureteric 
obstruction, lymphocele) 
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focal segmental glomerulosclerosis) may be 
associated with the occurrence of HTN, although 
these conditions are not common causes of sig-
nifi cant posttransplant HTN [ 133 ].  

    Complications of Hypertension 
in Transplanted Children 

 Hypertension is a strong predictor of graft loss. 
The most robust evidence comes from the results 
of the large multicenter Collaborative Transplant 
Study (CTS) published by Opelz et al. [ 106 ] 
which showed that there is a linear negative rela-
tionship between casual BP and renal graft sur-
vival. This is true not only for adults but also for 
children <18 years. This relationship between BP 
and graft survival has been later confi rmed by 
many other studies in adult and pediatric patients 
[ 105 ,  108 ]. Hypertensive pediatric transplant 
recipients have worse long-term graft survival than 
normotensive recipients (Fig.  23.2 ). The results 
from the NAPRTCS registry showed that the use 
of antihypertensive medication (the defi nition 
used for HTN in this retrospective analysis) was 
associated with higher rates of graft failure [ 104 ]. 
Increased BP is therefore clearly associated with 
decreased graft survival. Despite these clear fi nd-
ings, it is still a matter of debate whether posttrans-
plant HTN is a real cause of chronic allograft 
dysfunction or only the result of renal dysfunc-
tion or both. Several fi ndings from retrospective 
studies such as from the study done by Mitsnefes 
et al. [ 108 ] showing that HTN is associated with 
allograft failure in children with normal graft 
function but not in children with severely impaired 
graft function suggest that HTN is not only a 
marker of graft dysfunction but also a direct cause 
of renal graft damage (Fig.  23.2 ).

   Similar to the general population, HTN is also 
associated with increased cardiovascular morbid-
ity in transplanted patients. Left ventricular 
hypertrophy (LVH) is a frequent type of cardiac 
end-organ damage in hypertensive children after 
renal transplantation, occurring in 50–82 % of 
children [ 113 ,  114 ]. Matteucci et al. [ 134 ] found 
a correlation between left ventricular mass index 
(LVMI) and mean 24-h systolic BP, but Morgan 

et al. [ 113 ] could not demonstrate any relationship 
between LVMI and ambulatory BP data. 
However, in a recent study by Kitzmueller et al., 
there was a correlation between LVMI and 

  Fig. 23.2    Renal allograft survival by 1-year indexed 
systolic BP and 1-year graft function (Reprinted from 
Mitsnefes et al., [ 108 ], Fig. 2)       
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ABPM data at repeated measurement but not at 
baseline, suggesting that control of BP, i.e., 
change of BP level during longitudinal follow-up, 
is important for the maintenance of the myocar-
dial architecture [ 135 ]. Hypertensive transplanted 
children also have a greater prevalence of newer 
markers of cardiovascular damage such as 
increased cIMT, coronary calcifi cations, or 
increased pulse wave velocity [ 54 ,  136 - 138 ]. 

 Hypertension is also a risk factor for increased 
cardiovascular mortality seen in transplanted 
adult patients [ 139 ]. Similar studies in children 
are rare. The Dutch Cohort Study has demon-
strated that HTN is one of the most powerful risk 
factors for cardiovascular morbidity and mortality 
in children after renal transplantation [ 85 ]. In this 
study cardiovascular events were the most com-
mon cause of death, and hypertensive children 
had a three times higher risk of overall mortality 
than normotensive children. Additional studies 
are needed for more information on the causal 
role of HTN in the high cardiovascular morbidity 
and mortality in transplanted children.  

    Evaluation of Hypertensive Children 
After Renal Transplantation 

 Casual BP should be measured during every out-
patient visit, and regular use of ABPM is recom-
mended in all patients after renal transplantation 
regardless of the values of casual BP because of 
the high prevalence of nocturnal or masked HTN. 
This recommendation has been fi rstly used by the 
European Society of Hypertension in its pediatric 
recommendations [ 111 ] and has recently been 
recommended also by other experts [ 112 ]. ABPM 
should be performed at least once a year and 
about 6 months after the change of antihyperten-
sive medication to check for the control of HTN 
with changed antihypertensive therapy. 

 The diagnostic evaluation of HTN in trans-
planted children should consider the multiple eti-
ologies of posttransplant HTN (Table  23.2 ). 
Echocardiography should be assessed at least 
once a year to determine the presence or absence 
of hypertensive target-organ damage on the heart 
[ 140 ]. As in dialysis patients, newer methods for 

the detection of cardiovascular disease such as 
assessment of cIMT or PWV should also be 
considered research techniques in pediatric trans-
plant patients.  

    Treatment of Hypertensive Children 
After Renal Transplantation 

 There is clear evidence from the observational 
studies on the correlations between BP and car-
diovascular morbidity and mortality and graft 
function that posttransplant HTN must be treated 
similarly to HTN in children with CKD. If an 
identifi ed treatable cause of HTN is detected 
(such as renal graft artery stenosis, recurrence of 
primary disease, ureteric stenosis), the primary 
disease leading to BP elevation should be treated. 

 Many other issues on the treatment of HTN in 
children after renal HTN are less clear or even 
controversial. For example, there are no studies 
comparing different classes of antihypertensive 
drugs in children after renal transplantation; there-
fore, it is not known whether one class of drugs is 
better than another in transplanted patients. 

 Historically, calcium channel blockers (CCBs) 
have been considered the drugs of choice for 
posttransplant HTN because they counteract the 
afferent arteriolar vasoconstriction caused by 
calcineurin inhibitors and reduce their nephro-
toxicity [ 141 ,  142 ]. 

 Ther   e has been some concern that angiotensin- 
converting enzyme inhibitors (ACE inhibitors) or 
angiotensin receptor blockers (ARBs) may lead 
to deterioration of graft function in patients with 
undiagnosed graft artery stenosis or to preferen-
tial efferent arteriolar vasodil   ation and reduction 
of intraglomerular pressure. However, it has been 
demonstrated that ACE inhibitors are safe and 
effective drugs in adult as well as pediatric trans-
plant patients [ 143 ,  144 ]. Moreover, they can 
reduce proteinuria which in addition to HTN is 
another treatable risk factor for impaired graft 
survival [ 145 ]. Furthermore, ACE inhibitors and 
ARBs can slow the progression of chronic native 
kidney diseases mainly by long-term reduction of 
intraglomerular pressure. The ability of ACE 
inhibitors to slow progression of chronic allograft 
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dysfunction, which is the most common cause 
of late graft loss, has never been proven in a pro-
spective interventional trial on adult or pediatric 
patients. Some retrospective studies have shown 
promising results such as stabilization or even an 
improvement in patient survival and graft func-
tion in patients with chronic allograft dysfunction 
[ 144 ,  146 ]. However, the results from the CTS 
published recently did not show any improve-
ment of patient or graft survival in patients treated 
with ACE inhibitors [ 147 ]. Therefore, this issue 
is still controversial and needs prospective inter-
ventional trials to resolve this controversy. 

 ARBs are less frequently used in adults and 
children after renal transplantation than ACE 
inhibitors [ 148 ,  149 ]; however, they seem to have 
similar risks and benefi ts as ACE inhibitors. 
Beta-blockers are also effective drugs in trans-
planted patients [ 150 ]. However, beta-blockers 
are not able to reduce proteinuria as ACE inhibi-
tors do. A further disadvantage of beta-blockers 
is their negative metabolic effects (increased lipid 
levels or impaired glucose tolerance), which may 
further contribute to the increased risk of cardio-
vascular disease in these patients. 

 Sodium retention is often present after renal 
transplantation, and therefore, diuretics are impor-
tant antihypertensive drugs in these patients as 
well. Thiazide diuretics should be preferred in 
patients with normal graft function, whereas loop 
diuretics should be given in patients with impaired 
graft function. Diuretics may also have detrimen-
tal metabolic effects such as hyperlipidemia, 
hyperuricemia, or hyperglycemia. Potassium-
sparing diuretics are used rarely due to their risk 
of hyperkalemia. 

 All fi ve major classes of antihypertensive 
drugs can therefore be used in transplanted 
patients. Posttransplant HTN has a multifactorial 
etiology and is often severe; therefore, combina-
tion therapy is usually needed to control it. Which 
drug should be used as a fi rst-line treatment 
remains the individual decision of the physician 
because it has not been consistently shown that 
one class is better than the other in renal trans-
plant recipients [ 141 ]. In most pediatric renal 
transplantation centers, the most commonly used 
antihypertensive drugs are CCB, which are given to 

38–65 % of transplanted children [ 113 ,  114 ,  118 ]. 
The second most commonly prescribed drugs are 
ACE inhibitors and beta-blockers. Diuretics and 
ARB are given less frequently to transplanted 
children. 

 Non-pharmacological lifestyle measures 
(reduction of increased body weight, reduction of 
salt intake, physical activity) should be encour-
aged even during antihypertensive drug therapy 
as they target the risk factors not only for HTN 
but also for cardiovascular morbidity and mortal-
ity of the patients (obesity, increased salt intake, 
physical inactivity). 

 It is still a matter of debate what should be the 
target BP for patients after renal transplantation. 
The National Kidney Foundation Task Force on 
Cardiovascular Disease recommends a target BP 
level <130/85 for adult renal allograft recipients 
and <125/75 for proteinuric patients similar to 
guidelines for the management of HTN in patients 
with diabetic nephropathy [ 151 ]. However, there 
are no prospective interventional trials showing 
that target BP lower than the conventional cutoff 
of 140/90 improves graft function or long-term 
graft survival. The same is true also for pediatric 
renal transplant recipients. The ESCAPE trial 
showed that reduction of ambulatory 24-h BP 
<50th percentile leads to signifi cantly slower pro-
gression of CKD in children compared to BP 
between the 50th and 95th percentiles [ 152 ]. 
However, it is not known whether these results can 
be extrapolated to transplanted children as no 
similar study has been performed in kidney graft 
recipients. The current recommendation of the 
European Society of Hypertension recommends 
target BP <75th percentile for children with CKDs 
without proteinuria and <50th percentile for 
children with proteinuria [ 111 ]. While no such 
consensus recommendation has yet been made 
for the management of HTN after renal trans-
plantation, we would recommend that the target 
BP for healthy children (<90th percentile) should 
be achieved in transplanted children [ 153 ,  154 ]. 

 The control of HTN in children after trans-
plantation is still not adequate. Only a minority 
of children treated for HTN after kidney trans-
plantation has BP at least below the target BP 
<95th percentile [ 32 ,  114 ,  117 ]. The prevalence of 
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persistent HTN despite antihypertensive treatment 
(i.e., prevalence of uncontrolled HTN) ranged 
between 27 % and 37 % in the recent pediatric 
studies using casual BP and as high as 45–82 % 
in pediatric studies using ABPM [ 32 ,  113 ,  114 , 
 117 ]. This means that only 18–55 % of children 
after renal transplantation had ambulatory HTN 
controlled by drugs with BP at least <95th percen-
tile. These data suggest that there is a high poten-
tial for the improvement of antihypertensive 
therapy in children after renal transplantation. 

 The reasons for the insuffi cient antihyperten-
sive therapy in transplanted patients have not 
been thoroughly investigated. Many factors, 
such as chronic allograft dysfunction, need for 
lifelong use of immunosuppressive drugs that 
increase BP (steroids, cyclosporine, tacrolimus), 
obesity, salt retention, renin secretion from dis-
eased native kidneys, and the fear of ACE inhibi-
tors or ARB in transplanted patients are often 
discussed as the major reasons for inadequate 
BP control in transplanted patients. Lastly, non-
compliance can play an important role in the 
control of HTN, particularly in adolescent 
patients. Therefore, adherence not only to the 
recommended immunosuppressives but also to 

antihypertensive drugs should be checked during 
every outpatient visit. 

 An important issue is whether the poor control 
of HTN can be improved and whether improved 
control of HTN can stabilize or even improve graft 
function or cardiac complications. Results from the 
CTS group showed that improved control of BP is 
associated with improved long-term graft and 
patient survival in adults [ 155 ]. Three recent stud-
ies have demonstrated promising result on this 
issue also in children. In the fi rst prospective inter-
ventional trial on intensifi ed treatment of HTN, it 
was shown that the ambulatory BP could be signifi -
cantly reduced after 2 years by increasing the num-
ber of antihypertensive drugs, especially ACE 
inhibitors and diuretics and that children who 
remained hypertensive during a 2-year interven-
tional trial on BP control lost signifi cant graft 
function compared to children in whom BP was 
lowered to normotensive range despite similar 
graft function at the beginning of the trial 
(Fig.  23.3 ) [ 154 ]. Therefore, adequate BP control 
is as essential as immunologic surveillance in the 
long-term care of transplanted children.

   In the second study, left ventricular mass 
index improved and the prevalence of LVH 

  Fig. 23.3    Graft function in children being normotensive and hypertensive at 2 years during a 2-year interventional 
study (Reprinted from Seeman et al., [ 153 ], Fig. 3)       
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decreased from 54 % to 8 % in transplanted 
children in comparison to the same children 
being on dialysis, and these positive changes in 
cardiac structure were associated with the 
decrease of systolic and diastolic BP index [ 156 ]. 
An even more impressive result was seen in an 
observational long-term study, where the regular 
annual use of ABPM over 9 years resulted in an 
improvement of the control of HTN to 82 %, with 
a decrease of prevalence of LVH to 4 % [ 157 ]. 
These most recent encouraging data show that in 
transplanted children, the control of HTN and 
development of cardiac target-organ damage can 
be improved in clinical practice. 

 Supported by the project CZ.1.05/2.1.00/03.0076 
from European Regional Development Fund and 
by the project (Ministry of Health, Czech 
Republic) for conceptual development of research 
organization 00064203 (University Hospital 
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     The causes of vascular hypertension include 
 narrowing of the renal arteries, narrowing of the 
abdominal part of the aorta, mid-aortic syndrome, 
or narrowing of the aortic arch, coarctation of the 
aorta [ 1 ,  2 ]. I will here discuss these different 
entities. 

    Renovascular Disease 

 Renovascular disease (RVD) is a relatively 
uncommon but important cause of hypertension 
in children as it is, in many cases, possible to treat 

with angioplasty or surgery; for a more extensive 
review, please see [ 3 ]. The extent of RVD ranges 
from narrowing of only one renal artery, found 
in a relatively small group of children, to the 
larger group of children with extensive involve-
ment of several parts of their vascular tree [ 4 ]. 
Both renal arteries are affected in between 53 % 
and 78 % of cases, and intrarenal small artery 
disease is found in a third of the children [ 5 ,  6 ]. 
A large percentage (20–48 %) have associated 
mid-aortic syndrome (MAS) [ 7 ,  8 ], which 
includes narrowing of the abdominal aorta. 
Stenosis of the celiac axis and the superior and 
inferior mesenteric arteries occurs in 53 % of 
cases with RVD, and cerebral artery disease is 
found in at least 20 %. 

 The mechanisms for the hypertension in reno-
vascular disease are increased secretion of renin 
due to hypoperfusion, with consequent retention 

        K.   Tullus ,  M.D., Ph.D., FRCPCH         (*) 
  Consultant Paediatric Nephrologist , 
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    Abstract 

   High blood pressure in children is in a signifi cant proportion caused by 
some vascular abnormality. The underlying causes are mostly unknown 
but thought to be an abnormality in the blood vessel wall often called 
fi bromuscular dysplasia. Infl ammation in the vessel wall, vasculitis, can 
also cause hypertension. The vascular abnormalities are important to diag-
nose as in most cases they are amenable to surgery or angioplasty.  

  Keywords 

   Renovascular hypertension   •   Renal artery stenosis   •   Mid-aortic syndrome   
•   Angiography   •   Renal vein renins   •   Angioplasty   •   Stenting   •   Coarctation 
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of sodium, leading to volume expansion. 
Increased sympathetic nerve activity can also 
play a role. 

    Etiology 

 There are many causes for RVD in children, and 
they are quite different from those in adults, 
where atherosclerotic disease is the predominant 
diagnosis (Table  24.1 ) [ 3 ,  9 ]. Certain syndromes, 
in particular neurofi bromatosis type 1 and 
William’s syndrome, are overrepresented among 
children with RVD even if most children with 
these syndromes do not show RVD [ 10 – 12 ]. 
Acquired conditions like tumors, radiation, and 
trauma can also cause signifi cant RVD.

   The two main diagnosis causing RVD are 
fi bromuscular dysplasia (FMD) and Takayasu 
arteritis (TA). The occurrence of these diagnoses 
varies quite markedly in different parts of the 
world [ 9 ]. In many centers, FMD is most 

common [ 13 ,  14 ] while in other parts of the 
world, e.g., India, TA is the most common diag-
nosis [ 15 ,  16 ]. The reason for these regional dif-
ferences is not clear. It does not seem to be related 
to genetic differences, as TA is not common in 
children who have moved from East Asia to 
Europe. Different infectious disease patterns or 
different diagnostic traditions are two other pos-
sible explanations. 

 FMD is a disease affecting one or several lay-
ers of the blood vessel wall without any known 
cause. It is mostly a diagnosis of exclusion as the 
typical pattern on angiography with so-called 
beading (Fig.  24.1a ) often is not present. It is also 
uncommon to have pathological confi rmation of 
the diagnosis as only a minority of children will 
have surgery. TA is an autoimmune condition 
affecting large blood vessels.

   The differential diagnosis between FMD and 
TA is, however, in many cases not as straightfor-
ward as one might think. The diagnostic criteria 
overlap to a large extent and involvement of simi-
lar blood vessels is often seen [ 9 ]. Many cases of 
TA are diagnosed in the silent phase, and no signs 
of infl ammation can be detected, either by clini-
cal symptoms or by laboratory testing. Imaging 
of the thickness of the blood vessel wall with 
intravascular ultrasound, computed tomography 
angiography (CTA), or magnetic resonance angi-
ography (MRA) can sometimes be helpful in dis-
tinguishing these two entities from each other by 
demonstrating edema of the vessel wall. A [ 18 F] 

   Table 24.1    Causes of renovascular hypertension in 
 children [ 3 ,  9 ]   

 Fibromuscular dysplasia 
 Syndromic 

 Neurofi bromatosis type 1 (NF-1) 
 William’s syndrome 
 Tuberous sclerosis 
 Marfan’s syndrome 
 Other syndromes 

 Vasculitis 
 Takayasu’s disease 
 Polyarteritis nodosa 
 Kawasaki disease 
 Other systemic vasculitides 

 Extrinsic compression 
 Wilms’ tumor 
 Pheochromocytoma 
 Lymphoma 
 Other tumors 

 Other causes 
 Post radiation 
 Post umbilical catheters 
 Trauma 
 Rubella syndrome 

 Transplant renal artery stenosis 

  Fig. 24.1    ( a ) Typical beaded appearance of a renal 
artery with severe stenosis, ( b ) after treatment with 
angioplasty       
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fl uorodeoxyglucose positron emission tomogra-
phy (FDG PET) scan can also be helpful in some 
cases to establish the presence of infl ammation in 
the blood vessel wall. 

 The vascular disease in many children with 
FMD is progressive. The number of blood ves-
sels, renal and extra renal, that are involved can 
increase, and the severity of the lesion is often 
seen to worsen over time. There are no known 
ways to predict the further course in a single child.  

    Presentation 

 Children with RVH often present with very high 
BP; it is not uncommon with systolic blood pres-
sure well above 200 mmHg with maximum 
blood pressure even reaching 300 mmHg. 
Symptoms at presentation are very variable. 
Importantly a large group of the children (26–
70 %) are totally asymptomatic at the time of 
diagnosis, and the hypertension is discovered as 
an incidental fi nding [ 17 ,  18 ]. At the other side of 
the spectrum, some children present with very 
severe potentially life-threatening cerebral or 
cardiac symptoms such as stroke and heart fail-
ure [ 6 ,  17 ,  19 ,  20 ]. 

 We have seen several children with docu-
mented blood pressures above 200 mmHg sys-
tolic sustained over several years without any 
treatment or investigations having been initiated. 
These children have all been asymptomatic, and 
it seems as if the treating doctor did not believe 
that the blood pressure could really be true.  

    Diagnostic Imaging 

 Digital subtraction angiography (DSA) is the 
most reliable way to diagnose RVD, and it is the 
only method that can defi ne the full extent of the 
vascular disease (Fig.  24.1 ) [ 4 ,  21 ]. The sensitiv-
ity and specifi city of other imaging methods is 
presented in Table  24.2 . Angiography is, how-
ever, invasive and general anesthesia is needed in 
most cases. Other less-invasive investigations can 
therefore be used to help to defi ne the group of 
children that need to undergo DSA. Table  24.3  

list situations where we recommend performing a 
DSA. We also recommend that all children who 
do not have their BP well controlled on two anti-
hypertensive drugs and where no other known 
diagnosis can explain the high BP should have a 
formal angiogram.

    Renal Doppler ultrasound may in some cases 
be very helpful in detecting RVD, but in many 
cases, it is unable to detect the renal artery steno-
sis (Fig.  24.2 ) [ 22 – 24 ]. The resistive index has 
been used to measure blood fl ow in kidneys, but 
the sensitivity is too low for it to defi nitively rule 
out a need for angiography [ 25 ]. This procedure 
is highly operator dependent, and even in the best 
hands at the present time, only has a sensitivity of 
73–85 % and a specifi city of 71–92 % [ 26 ].

   Pre- and post-captopril renal scintigraphy has 
been widely used to screen for RVD. This elegant 

   Table 24.2    Diagnostic accuracy of ultrasound, pre- and 
post-captopril isotope studies, CTA and MRA   

 Technique  Sensitivity  Specifi city 

 US  73–85 %  71–92 % 
 Captopril renography  52–93 %  63–92 % 
 CTA  64–94 %  62–97 % 
 MRA  64–93 %  72–97 % 

   Table 24.3    Recommendation on when the suspicion of 
renal artery stenosis is strong enough to perform a formal 
angiography   

 1. Very high BP 
 2. Secondary symptoms of high BP 

 including cerebral symptoms, cardiac failure, and 
facial palsy 

 3. Hypertension not controlled on ≥ 2 antihypertensive 
drugs 

 4. Diagnosis of a syndrome with a higher risk of 
vascular disease – such as neurofi bromatosis and 
Williams’ syndrome 

 5. Signs of vasculitis 
 in particular Takayasu disease 

 6. Known or suspected previous vascular insult 
 such as renal artery thrombosis or umbilical artery 
catheterization 

 7. Transplanted kidneys 
 8. Bruit heard over the renal artery or arteries 
 9. Elevated peripheral plasma renin or moderate 

hypokalemia 
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idea works through the reduction of the blood 
fl ow to the kidney or part of the kidney from the 
treatment with the angiotensin-converting enzyme 
inhibitor (ACEi) [ 27 ]. This can is some cases can 
this be seen as reduced relative function of one 
kidney or as an uptake defect in one or both kid-
neys. The sensitivity (50–73 %) of this investiga-
tion is, however, not good enough to make this 
procedure useful in clinical practice [ 23 ,  28 – 32 ]. 

 Newer imaging modalities such as computed 
tomography angiography (CTA) and magnetic 
resonance angiography (MRA) can be helpful in 
detecting and monitoring vascular lesions 
(Fig.  24.3 ). No studies on MRA or CTA exist in 
children with suspected RVD. The sensitivity and 
specifi city in adult patients is between 64–93 % 
and 64–94 %, respectively [ 3 ,  23 ,  33 ,  34 ]. Both 
these methods have problems with smaller blood 
vessels with a sensitivity of 85 % in detecting 
clinically signifi cant stenosis of the coronary 
arteries in adult patients [ 35 ]. As children have 
even smaller blood vessels, this might be a bigger 
problem in the younger population. We do expe-
rience that CTA and MRA can both over- and 
under-diagnose RVD in children.

       Renal Vein Renins 

 Measurement of renal vein renin concentrations is 
in many cases helpful in deciding how to treat a 
child with RVD [ 36 – 38 ]. It is performed at the 
same time as the angiography where the femoral 

vein is catheterized and blood is sampled from the 
inferior vena cava and from both the main renal 
veins and their main branches. Different ratios 
between the renin levels in the two main renal 
veins or between one renal vein and the vena cava 
have been proposed to diagnose signifi cant renal 
artery stenosis. These ratios are in our clinical 
experience helpful only in a very small group of 
children. We do instead use renal vein renin levels 
to try to defi ne which part of the kidney(s) that 
produces increased levels and with that help us in 
deciding which, of often several, artery stenoses 
that should be given priority in the treatment.  

    Treatment 

 The treatment of children with RVD should be 
managed by a multidisciplinary team and should 
be based on a combination of antihypertensive 
drugs, angioplasty, and surgery. Antihypertensive 
medications are useful in most children with 
RVH and are often needed as an adjunct to ther-
apy even in children who have had successful sur-
gery or angioplasty. It is important not to use an 
ACE inhibitor in these children as this very often 
can cause a major deterioration in the function of 
the affected kidney or kidneys [ 39 ]. It is, in cases 
with unilateral renal artery stenosis, very diffi cult 
to detect deterioration of the function in that kid-
ney with measurements of serum creatinine. The 
other kidney with normal blood fl ow will com-
pensate for the failing kidney and keep the serum 
creatinine level normal or near normal. 

 Children with active TA should be treated 
with immunosuppressive medication to control 
the infl ammatory process. Many different drugs 
have been used including cyclophosphamide, 
azathioprine, mycophenolate mofetil, and TNFα 
blockers [ 9 ]. Frequently a combination of immu-
nosuppressive therapy and endovascular proce-
dures will be needed to successfully treat the 
hypertension in patients with TA [ 40 ]. 

    Angioplasty 
 It is not uncommon that children with RVD are 
treated with 6–7 antihypertensive drugs still 
without effective control of their blood pressure. 

  Fig. 24.2    Narrowed aorta in mid-aortic syndrome clearly 
shown on ultrasound       
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Angioplasty is in these cases the most commonly 
used treatment, and it can, with modern technol-
ogy, cure or improve the blood pressure in at least 
50 % of children [ 17 ,  41 ,  42 ]. The artery can, in 
some children, after successful angioplasty, 
recoil and cause a residual stenosis. Placement of 
a stent will, in such cases, help to keep the artery 
open [ 17 ,  43 – 45 ] (Fig.  24.4 ). The lumen of the 
stent can, however, reduce in size with time. This 
can be due to intimal hyperplasia within the stent, 
stent thrombosis, or even stent fracture. Stents 
coated with antiproliferative agents like sirolimus 
have, in adult coronary arteries, been used to 
reduce the intimal hyperplasia [ 46 ].

   Angioplasty will, in most cases, improve the 
blood pressure. It is important to try to under-
stand the reason in children where that does not 
happen. Restenosis can cause failure of the 
angioplasty to improve the blood pressure. 
Unfortunately many children have such a wide-
spread vascular disease that even successful 
treatment of some stenotic arteries is not enough. 

The remaining disease continues to drive the high 
blood pressure [ 17 ]. This can be vascular disease 
in the other kidney or intrarenal vascular disease 
that is not amenable to treatment. 

 Children with severe MAS can also benefi t 
from angioplasty. We have seen cases diagnosed 

  Fig. 24.4    Renal artery stented after angioplasty       

  Fig. 24.3    MRA picture showing a narrowed aorta and a suspicion of left-sided renal artery stenosis       
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with an atretic aorta that have been possible to 
recanalize and give the child a reasonable aorta, a 
normal blood pressure, and normal quality of life 
(Fig.  24.5 ) [ 47 ].

   Some children with stenotic vascular lesions 
that are not amenable to angioplasty can be 
treated with ethanol ablation of a part of a kidney 
[ 38 ,  48 ]. This is particularly useful in polar arter-
ies supplying only a small part of the kidney.  

    Surgery 
 Surgery should be used in children where angio-
plasty has not achieved good enough blood pres-
sure control. There are many different surgical 
revascularization procedures. It can be performed 
using autologous or synthetic grafts [ 18 ,  49 – 51 ]. 
The autologous grafts can be the splenic or the 
gastro-duodenal artery that is pulled down to the 
kidney or the use of a part of the saphenous vein 
or internal iliac artery. Dacron is often used for 
the synthetic grafts (Fig.  24.6 ). The surgery on 
the renal arteries can sometimes be so compli-
cated and time-consuming that it needs to be 
done outside of the child with an ensuing auto-
transplantation. With very complicated pathol-
ogy, e.g., stenosis of both renal arteries and MAS, 
a so-called trouser graft can be used. This starts 

from the aorta above the MAS and goes down to 
the aorta below the stenotic lesion and to one or 
both renal arteries (Fig.  24.6 ).

   Nephrectomy can, in cases where nothing else 
is possible, be another surgical option. This can 
be very successful and cure the blood pressure in 
children with unilateral disease and a small non-
functioning kidney [ 51 ,  52 ]. A word of caution is, 
however, warranted; we do sometimes see kid-
neys that on a pretreatment DMSA scan show 
less than 10 % function that after successful 
angioplasty or revascularization surgery recover 
function even up to 50 % relative function 
(Fig.  24.7 ) [ 53 ]. These kidneys do thus seem to 
be able to survive on collateral circulation that 
does not give any meaningful kidney function as 
measured with DMSA. We use the size of the 
affected kidney measured on ultrasound to decide 
when to try to recover function or to go directly 
to nephrectomy.

   With increasing use of angioplasty, the chil-
dren needing surgery have become more and 
more complicated. Despite this, the results of 
revascularization surgery are generally very 
good. We and other authors achieve cure or 
improvement of the blood pressure in 90 % of 
these children [ 18 ,  51 ].    

  Fig. 24.5    ( a ) Mid-aortic syndrome with severely nar-
rowed aorta, no contrast passing by the narrowed part, 
contrast injected from below. ( b ) Contrast injected 

from above, note collaterals, ( c ) after angioplasty show-
ing an open but not normal looking aorta that functions 
very well       
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  Fig. 24.6    A so-called trouser graft from upper aorta linking on to lower aorta and right renal artery       

  Fig. 24.7    Recovery of kidney function as measured by DMSA after revascularization of kidney with severely stenosed 
renal artery       
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    Coarctation of the Aorta 

 Coarctation of the aorta (CoA) accounts for a few 
percent of children with high blood pressure, 
occurring in approximately one in 2,500 live births. 
It is amenable to potentially curable surgical treat-
ment and therefore important to diagnose early 
[ 54 ,  55 ]. CoA is mostly diagnosed in newborn 
children or infants but may be detected later in life. 
The classical lesion is narrowing of the aorta just 
below the origin of the left subclavian artery. CoA 
is not normally associated with narrowing of other 
blood vessels. The cause of hypertension is renal 
hypoperfusion with increased activity of the renin-
angiotensin- aldosterone system [ 55 – 58 ]. 

 The presenting symptoms are mostly detec-
tion of a murmur or raised blood pressure on 
measurement. Some infants present with acute 
heart failure following the closure of the arterial 
duct. Later in life, many patients are asymptom-
atic or have more diffuse symptoms related to 
their increased blood pressure in the upper part of 
the body. Some may have symptoms related to 
the reduced blood fl ow in the legs (claudication). 

 Diagnosis of CoA is normally suspected clini-
cally from the combination of higher blood pres-
sures in the arms compared to the legs, absent 
femoral pulses, and a systolic ejection murmur, 
which sometimes is heard better in the back. The 
diagnosis is confi rmed with echocardiography. 
Angiography is still the method that best can both 
defi ne anatomy and give hemodynamic data, but 
MRA and CTA are increasingly used [ 54 ]. 

 Most of these children display signs of left 
ventricular hypertrophy. The optimal treatment 
has with time become controversial [ 59 ]. The 
treatment of choice used to be surgical with exci-
sion of the narrowed part of the aorta and end-to- 
end anastomosis. This seems to still be the 
preferred method in neonates and infants. In 
older children and in adults, balloon angioplasty 
is used more and more sometimes also with stent-
ing [ 60 ]. This is, however, in particular in smaller 
children quite controversial [ 55 ]. 

 Narrowing can occur also in other parts of the 
aorta, typically the abdominal aorta. This was pre-
viously called abdominal coarctation, but the 

modern preferred term is mid-aortic syndrome 
(MAS). MAS is in most cases related to other vas-
cular pathology and seems in children to fall into 
the same spectrum as renovascular disease (see 
above). 

 The BP in children with CoA usually normal-
izes post surgery. About 65 % of children will, 
however, experience a paradoxical rise of their 
blood pressure in the postoperative period. This 
can be successfully treated with a beta-blocker 
like propranolol or esmolol [ 61 ]. 

 A signifi cant proportion of children will need 
some antihypertensive treatment after the sur-
gery. This risk seems to increase over several 
decades. In one study, 30 % of children with 
repaired CoA at a mean age of 12 years had 
hypertension defi ned by 24 h blood pressure 
recording. These children had had their surgical 
repair at a mean age of 0.2 years [ 62 ]. The chance 
for hypertension was higher in children treated at 
an age of more than 1 year compared to children 
who were treated earlier [ 57 ,  63 ]. This late reoc-
currence of hypertension is only in a few children 
caused by reappearance of the stenosis. Reduced 
aortic compliance and a blunted baroreceptor 
refl ex response are other likely mechanisms [ 64 ]. 
Beta-blockade seems to be the preferred treat-
ment of this hypertension [ 65 ,  66 ]. 

 There are also other long-term complications 
after surgery for CoA; in a Danish study 35 out of 
156 patients needed cardiovascular reinterven-
tions, 16 showed a low ejection fraction, 37 
reduced exercise performance, and 33 had aneu-
rysms in their ascending aorta or distal aortic 
arch. In summary only fi ve patients had normal 
study fi ndings, were normotensive, and without 
reinterventions. [ 67 ]     
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    Abstract 

   Hypertension may be caused by abnormal synthesis of, or response to, vari-
ous hormones. The proportion of pediatric hypertension cases resulting 
from such problems probably represents at most a few percent of cases 
overall but a higher fraction of cases of severe hypertension, those occur-
ring in the very young, or cases clustering in families. Most endocrine 
hypertension involves the adrenal gland and its hormones. The adrenal 
gland is composed of two endocrine tissues: the medulla (secreting cate-
cholamines) and the cortex (synthesizing cortisol and aldosterone). 
Pheochromocytoma is mainly a disease of the adrenal medulla, although 
extramedullary sites may be involved. Many different diseases affecting the 
adrenal cortex can cause hypertension. These include hypertensive forms 
of congenital adrenal hyperplasia, primary aldosteronism due to hyperpla-
sia of the zona glomerulosa or to adenomas, and Cushing syndrome (exces-
sive glucocorticoid exposure) due to iatrogenic etiologies, to pituitary or 
adrenal adenomas, or other tumors secreting excessive ACTH. Hypertension 
can also be caused by thyrotoxicosis due to Graves disease or to the thyro-
toxic phase of Hashimoto’s thyroiditis. It is important to accurately diag-
nose these disorders because the associated hypertension requires, and 
usually responds well to, specifi c treatment of the underlying condition.  

  Keywords 

   ACTH   •   Adrenal   •   Aldosterone   •   Catecholamines   •   Congenital adrenal 
hyperplasia   •   Cortisol   •   Cushing syndrome   •   Graves disease   •   Thyrotoxicosis   
•   Thyroxine  
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     Hypertension may be caused by abnormal 
 synthesis of, or response to, various hormones. 
The proportion of pediatric hypertension cases 
resulting from such problems is not known. 
It probably represents at most a few percent of 
cases overall but a higher fraction of cases of 
severe hypertension, those occurring in the very 
young, or cases clustering in families. 

    Pheochromocytoma 

 The vast majority of endocrine hypertension 
involves the adrenal gland and its hormones. 

 The adrenal gland is composed of two endo-
crine tissues: the medulla and the cortex. 
Pheochromocytoma is mainly a disease of the 
adrenal medulla although extramedullary sites 
may be involved. 

  Pathophysiology . The medulla consists mainly of 
neuroendocrine (chromaffi n) cells and glial (sus-
tentacular) cells with some connective tissue and 
vascular cells. The principal hormones of the 

adrenal medulla are the catecholamines dopa-
mine, norepinephrine, and epinephrine 
(Fig.  25.1 ). Catecholamine synthesis also occurs 
in the brain, in sympathetic nerve endings, and in 
chromaffi n tissue outside the adrenal medulla.

   The effects of catecholamines are mediated 
through a series of G protein–coupled adrenergic 
receptors [ 1 ]. Both epinephrine and norepineph-
rine raise mean arterial blood pressure, but only 
epinephrine increases cardiac output. By increas-
ing peripheral vascular resistance, norepineph-
rine increases systolic and diastolic blood 
pressures with only a slight reduction in the pulse 
rate. Epinephrine increases the pulse rate and, by 
decreasing the peripheral vascular resistance, 
decreases the diastolic pressure. The hyperglyce-
mic and hypermetabolic effects of norepineph-
rine are much less pronounced than are those of 
epinephrine. 

 Pheochromocytomas are catecholamine- 
secreting tumors arising from chromaffi n cells. 
The most common site of origin (approximately 
90 %) is the adrenal medulla; however, tumors 
may develop anywhere along the abdominal 

  Fig. 25.1    Biosynthesis ( right side of fi gure ) and 
metabolism ( left side of fi gure ) of the catecholamines 
norepinephrine and epinephrine. COMT, catechol-

 O -methyltransferase; MAO monoamine oxidase. Planar 
structures of phenylalanine and epinephrine are shown at 
the top and bottom of the fi gure, respectively       
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sympathetic chain and are likely to be located 
near the aorta at the level of the inferior mesen-
teric artery or at its bifurcation. They also appear 
in the peri-adrenal area, urinary bladder or ure-
teral walls, thoracic cavity, and cervical region. 
They are rare in children, in whom they present 
most frequently between 6 and 14 years of age. 
Tumors vary from 1 to 10 cm in diameter; they 
are found more often on the right side than on the 
left. In more than 20 % of affected children, the 
adrenal tumors are bilateral; in 30–40 % of chil-
dren, tumors are found in both adrenal and extra- 
adrenal areas or only in an extra-adrenal area [ 2 ]. 

 Pheochromocytomas may be associated with 
genetic syndromes such as von Hippel–Lindau 
disease, as a component of multiple endocrine 
neoplasia (MEN) syndromes MEN 2A and MEN 
2B, and more rarely in association with neurofi -
bromatosis, tuberous sclerosis, Sturge–Weber 
syndrome, and ataxia-telangiectasia. Mutations 
in the SDHB, SDHD, and rarely the SDHC genes 
encoding subunits of the mitochondrial enzyme, 
succinate dehydrogenase, can cause pheochro-
mocytomas and also paragangliomas, particu-
larly at sites in the head and neck. 

 Somatic mutations of many of these genes, 
particularly  VHL , have been found in some spo-
radic cases of pheochromocytoma [ 3 – 6 ]. 

  Clinical manifestations . Pheochromocytomas 
detected by surveillance of patients who are 
known carriers of mutations in tumor-suppressor 
genes may be asymptomatic [ 6 ,  7 ]. Otherwise, 
patients are detected due to hypertension, which 
results from excessive secretion of epinephrine 
and norepinephrine. Paroxysmal hypertension is 
characteristic of pheochromocytoma, but in con-
trast to adults, the hypertension in children is more 
often sustained rather than paroxysmal. When 
paroxysms of hypertension do occur, the attacks 
are usually infrequent at fi rst but become progres-
sively more frequent until continuous hyperten-
sion supervenes. Between attacks of hypertension, 
the patient may be free of symptoms. During 
attacks, the patient complains of headache, palpi-
tations, abdominal pain, and dizziness; pallor, 
vomiting, and sweating also occur. Blood pressure 
may range from 180 to 260 mmHg systolic and 

from 120 to 210 mmHg diastolic. Convulsions 
and other manifestations of hypertensive encepha-
lopathy may occur. Severely hypertensive patients 
may complain of precordial pain and may develop 
pulmonary edema and cardiac and hepatic 
enlargement. Symptoms may be exacerbated by 
exercise or with use of over-the- counter medica-
tions containing stimulants such as pseudoephed-
rine. Patients have a good appetite but because of 
the hypermetabolic state may not gain weight or 
grow well, and severe cachexia may develop. 
Polyuria and polydipsia can be suffi ciently severe 
to suggest diabetes insipidus. Ophthalmoscopic 
examination may reveal papilledema, hemor-
rhages, exudate, and arterial constriction. 

  Laboratory fi ndings . Pheochromocytomas pro-
duce norepinephrine and epinephrine. Normally, 
norepinephrine in plasma is derived from both 
the adrenal gland and adrenergic nerve endings, 
whereas epinephrine is derived primarily from 
the adrenal gland. In contrast to adults with pheo-
chromocytoma in whom both norepinephrine and 
epinephrine are elevated, children with pheo-
chromocytoma predominantly excrete norepi-
nephrine in the urine. Total urinary catecholamine 
excretion usually exceeds 300 μg/24 h. Urinary 
excretion of metanephrines (particularly normeta-
nephrine) is also increased [ 6 ,  8 ]. Daily urinary 
excretion of these compounds by unaffected chil-
dren increases with age. Although urinary excre-
tion of vanillylmandelic acid (VMA, 
3-methoxy-4-hydroxymandelic acid), the major 
metabolite of epinephrine and norepinephrine, is 
increased, vanilla-containing foods and fruits can 
produce falsely elevated levels of this compound, 
which therefore is no longer routinely measured. 

 Elevated levels of free catecholamines and 
metanephrines can also be detected in plasma. In 
children, the best sensitivity and specifi city are 
obtained by measuring plasma normetanephrine 
using gender-specifi c pediatric reference ranges, 
with plasma norepinephrine being next best [ 9 ]. 
Plasma metanephrine and epinephrine are not 
reliably elevated in children. Additionally, the 
patient should be instructed to abstain from 
 caffeinated drinks and to avoid acetamino-
phen, which can interfere with plasma 
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normetanephrine assays. If possible, the blood 
sample should be obtained from an indwelling IV 
catheter, to avoid acute stress associated with 
venipuncture [ 10 ,  11 ]. 

 Most tumors in the area of the adrenal gland 
are readily localized by CT or MRI, but extra- 
adrenal tumors may be diffi cult to detect. 
 131 I-metaiodobenzylguanidine (MIBG) is taken up 
by chromaffi n tissue anywhere in the body and is 
useful for localizing small tumors [ 12 ,  13 ]. Venous 
catheterization with sampling of blood at different 
levels for catecholamine determinations is now 
only rarely necessary for localizing the tumor. 

  Differential diagnosis . Various causes of hyper-
tension in children must be considered, such as 
renal or renovascular disease, coarctation of the 
aorta, other forms of endocrine discussed in this 
chapter, and primary hypertension. A nonfunc-
tioning kidney may result from compression of a 
ureter or of a renal artery by a pheochromocy-
toma. Paroxysmal hypertension may be associ-
ated with porphyria or familial dysautonomia. 
Cerebral disorders, diabetes insipidus, diabetes 
mellitus, and hyperthyroidism must also be con-
sidered in the differential diagnosis. Hypertension 
in patients with neurofi bromatosis may be caused 
by renal vascular involvement or by concurrent 
pheochromocytoma [ 14 ]. 

 Neuroblastoma, ganglioneuroblastoma, and 
ganglioneuroma frequently produce catechol-
amines, but urinary levels of most catecholamines 
are higher in patients with pheochromocytoma, 
although levels of dopamine and homovanillic 
acid are usually higher in neuroblastoma. 
Secreting neurogenic tumors often cause hyper-
tension, excessive sweating, fl ushing, pallor, 
rash, polyuria, polydipsia, and – particularly with 
ganglioneuroma – chronic diarrhea. 

  Treatment . Pheochromocytomas must be removed 
surgically [ 10 ,  11 ]. Because these tumors are often 
multiple in children, a thorough transabdominal 
exploration of all the usual sites offers the best 
opportunity to fi nd them all. Manipulation and 
excision of these tumors result in marked increases 
in catecholamine secretion that increase blood 
pressure and heart rate. Therefore, preoperative 

α- and β-adrenergic blockade are required [ 6 ,  15 ]. 
The recommended approach is to produce 
 complete alpha-blockade with either phenoxy-
benzamine or doxazosin before adding 
 beta-blockade. Blood volume must be expanded 
with appropriate fl uids before and during 
 surgery to avoid a precipitous drop in blood 
 pressure during the operation or within 48 h 
postoperatively. 

 Although these tumors often appear malignant 
histologically, the only accurate indicators of 
malignancy are the presence of metastatic dis-
ease, local invasiveness that precludes complete 
resection, or both [ 16 ]. Approximately 10 % of 
all adrenal pheochromocytomas are malignant, 
but such tumors are rare in childhood. Pediatric 
malignant pheochromocytomas occur more fre-
quently in extra-adrenal sites and are often asso-
ciated with mutations in the SDHB gene encoding 
a subunit of succinate dehydrogenase [ 4 ,  17 ].  

    Diseases of the Adrenal Cortex 
Causing Hypertension 

  Physiology . The adrenal cortex consists of three 
concentric zones: the zona glomerulosa outer-
most, then the zona fasciculata (which comprises 
around three-fourth of the cortex), and fi nally the 
zona reticularis, lying next to the adrenal medulla. 
The zona glomerulosa synthesizes aldosterone, 
the most potent mineralocorticoid. The zona fas-
ciculata produces cortisol, and the zona fascicu-
lata and zona reticularis synthesize adrenal 
androgens. 

  Adrenal steroidogenesis.  Cholesterol is the start-
ing substrate for all steroid biosynthesis 
(Fig.  25.2 ) [ 18 ]. In mitochondria, the side chain 
of cholesterol is cleaved to yield pregnenolone, 
which then diffuses out of the mitochondria and 
enters the endoplasmic reticulum. The subse-
quent reactions that occur depend on the zone of 
the adrenal cortex.

   In the zona glomerulosa, pregnenolone is 
 successively converted to progesterone and 
deoxycorticosterone. Deoxycorticosterone then 
reenters mitochondria and is converted to 

P.C. White



383

aldosterone by aldosterone synthase (P450aldo, 
CYP11B2), a P450 enzyme which carries out 
three successive oxidations: 11β-hydroxylation, 
18-hydroxylation, and further oxidation of the 
18-methyl carbon to an aldehyde [ 19 ]. 

 In the endoplasmic reticulum of the zona 
 fasciculata, pregnenolone is converted by 17α- 
hydroxylase (P450c17, CYP17) to 17-hydroxy-
pregnenolone. This enzyme is not expressed in the 
zona glomerulosa, which consequently cannot syn-
thesize 17-hydroxylated steroids. 17-hydroxypreg-
nenolone is converted to 17-hydroxyprogesterone 

and then 11- deoxycortisol which fi nally 11-deoxy-
cortisol reenters mitochondria and is converted to 
cortisol by steroid 11β-hydroxylase (P450c11, 
CYP11B1). This enzyme is closely related to aldo-
sterone synthase but has low 18-hydroxylase and 
nonexistent 18-oxidase activity [ 19 ]. Thus, under 
normal circumstances, the zona fasciculata cannot 
synthesize aldosterone. 

  Regulation of cortisol secretion.  Glucocorticoid 
secretion is regulated mainly by adrenocortico-
tropic hormone (corticotropin, ACTH), which is 

  Fig. 25.2    Adrenal steroid biosynthesis. Reactions occur-
ring in the zonae glomerulosa and fasciculata are enclosed 
by labeled dotted lines; several reactions take place in 
both zones. Many of the involved enzymes are cyto-
chromes P450 (CYP). CYP11B2 mediates successive 

11β-hydroxylase, 18-hydroxylase, and 18-oxidase reactions 
in the zona glomerulosa for the conversion of deoxycortico-
sterone to aldosterone. Planar structures of cholesterol, 
aldosterone, and cortisol are illustrated; relevant carbon 
positions on the latter two molecules are marked       
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secreted by the anterior pituitary gland in pulses 
which vary diurnally in amplitude. Pulses of 
ACTH and cortisol are highest at about the time 
of waking, are low in late afternoon and evening, 
and reach their lowest point 1 or 2 h after sleep 
begins. 

 ACTH acts through a specifi c G protein–cou-
pled receptor (also termed the melanocortin 
receptor 2, encoded by the  MCR2  gene) to acti-
vate adenylate cyclase and increase levels of 
cyclic adenosine monophosphate (cAMP) [ 20 ]. 
Cyclic AMP has short-term (minutes to hours) 
effects on cholesterol transport into mitochondria 
by increasing expression of steroidogenesis acute 
regulatory (StAR) protein [ 21 ]. The long-term 
effects (hours to days) of ACTH stimulation are 
to increase the uptake of cholesterol and the 
expression of genes encoding the enzymes 
required to synthesize cortisol. 

  Regulation of aldosterone secretion.  The rate of 
aldosterone synthesis, which is normally 100- to 
1,000-fold less than that of cortisol synthesis, is 
regulated mainly by the renin–angiotensin–aldo-
sterone system (RAAS) and by potassium levels, 
with ACTH having only a short-term effect. In 
response to decreased intravascular volume, 
renin is secreted by the juxtaglomerular appara-
tus of the kidney. Renin is a proteolytic enzyme 
that cleaves angiotensinogen (renin substrate), an 
α 2 -globulin produced by the liver, to yield the 
inactive decapeptide angiotensin I. Angiotensin-
converting enzyme in the lungs and other tissues 
rapidly cleaves angiotensin I to the biologically 
active octapeptide angiotensin II. Cleavage of 
angiotensin II produces the heptapeptide angio-
tensin III. Angiotensin II and III are potent stimu-
lators of aldosterone secretion; angiotensin II is a 
more potent vasopressor agent. Angiotensin II 
and III occupy a G protein–coupled receptor acti-
vating phospholipase C [ 22 ]. The latter protein 
hydrolyzes phosphatidylinositol bisphosphate to 
produce inositol triphosphate and diacylglycerol, 
which raise intracellular calcium levels and acti-
vate protein kinase C and calmodulin-activated 
(CaM) kinases [ 23 ]. Similarly, increased levels of 
extracellular potassium depolarize the cell mem-
brane and increase calcium infl ux through 

voltage-gated L-type calcium channels. 
Phosphorylation of transcriptional regulatory 
factors by CaM kinases increases transcription of 
the aldosterone synthase (CYP11B2) enzyme 
required for aldosterone synthesis [ 24 ,  25 ]. 

  Adrenal steroid hormone actions.  Aldosterone and 
cortisol act through distinct receptors that belong 
to a larger superfamily of nuclear transcriptional 
factors. Hormone molecules diffuse through the 
cell membrane and bind to these receptors, chang-
ing their conformation and causing them to bind 
DNA at specifi c hormone response elements. 
Bound receptors may recruit other transcriptional 
co-regulatory factors to DNA. 

 The responses to each hormone are deter-
mined by the different genes that are regulated by 
the hormone in different tissues. Additionally, 
different combinations of co-regulators are 
expressed in different tissues, allowing each ste-
roid hormone to have many different effects. 
Moreover, enzymes may increase or decrease the 
affi nity of steroids for their receptors and thus 
modulate their activity. For example, 
11β-hydroxysteroid dehydrogenase type 1 
(HSD11B1) converts cortisone, which is not a 
ligand for the glucocorticoid receptor, to cortisol, 
which is an active glucocorticoid [ 26 ]. This 
increases local glucocorticoid concentrations in 
several tissues, especially the liver. Conversely, 
11β-hydroxysteroid dehydrogenase type 2 
(HSD11B2) oxidizes cortisol to cortisone, par-
ticularly in the kidney, preventing mineralocorti-
coid receptors from being occupied by high levels 
of cortisol [ 27 ,  28 ] (see Chap.   6    , and below). 

  Actions of glucocorticoids.  The term glucocorti-
coid refers to the glucose-regulating properties of 
these hormones. However, glucocorticoids such 
as cortisol have many other effects, including 
actions on circulatory and renal function, that 
may contribute to the development of 
hypertension. 

 Glucocorticoids have a positive inotropic 
infl uence on the heart, increasing the left ventric-
ular work index [ 1 ]. Moreover, they have a per-
missive effect on the actions of epinephrine and 
norepinephrine on both the heart and the blood 
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vessels [ 29 ]. In the absence of glucocorticoids, 
decreased cardiac output and shock may develop; 
in states of glucocorticoid excess, hypertension is 
frequently observed. This may be due in part to 
the activation of the mineralocorticoid receptor 
(see later), which occurs when renal 
11β-hydroxysteroid dehydrogenase is saturated 
by excessive levels of glucocorticoids. 

  Actions of mineralocorticoids.  The most impor-
tant mineralocorticoids are aldosterone and, to a 
lesser degree, deoxycorticosterone; corticoste-
rone and cortisol are normally not important as 
mineralocorticoids unless secreted in excess. 
Mineralocorticoids maintain intravascular vol-
ume by conserving sodium and eliminating 
potassium and hydrogen ions. They exert these 
actions in the kidney, gut, and salivary, and sweat 
glands [ 30 ]. Aldosterone may have distinct 
effects in other tissues. Mineralocorticoid recep-
tors are found in the heart and vascular endothe-
lium, and aldosterone increases myocardial 
fi brosis in heart failure [ 31 ]. 

 Mineralocorticoids have their most important 
actions in the distal convoluted tubules and corti-
cal collecting ducts of the kidney, where they 
induce reabsorption of sodium and secretion of 
potassium. In the medullary collecting duct, they 
act in a permissive fashion to allow vasopressin to 
increase osmotic water fl ux [ 30 ]. Thus, patients 
with mineralocorticoid excess may develop hyper-
tension, hypokalemia, and metabolic alkalosis. 

 The mechanisms by which aldosterone affects 
sodium excretion are incompletely understood. 
Most effects of aldosterone are presumably due 
to changes in gene expression mediated by the 
mineralocorticoid receptor, and indeed levels of 
subunits of both the Na + , K + -ATPase and the epi-
thelial sodium channel (ENaC) increase in 
response to aldosterone. Additionally, aldoste-
rone increases expression of the serum and 
glucocorticoid- regulated kinase (SGK), which 
indirectly reduces turnover of ENaC subunits and 
thus increases the number of open sodium chan-
nels [ 32 ] (see also Chap.   6    ). 

 The mineralocorticoid receptor has similar 
affi nities in vitro for cortisol and aldosterone, yet 
cortisol is a weak mineralocorticoid in vivo. This 

discrepancy results from the action of 
11β-hydroxysteroid dehydrogenase type 2, which 
converts cortisol to cortisone. Cortisone is not a 
ligand for the receptor, whereas aldosterone is not 
a substrate for the enzyme. Pharmacologic inhibi-
tion or genetic defi ciency of this enzyme allows 
cortisol to occupy renal mineralocorticoid recep-
tors and produce sodium retention and hyperten-
sion. Pharmacologic inhibition is most often 
caused by excessive licorice ingestion (the active 
compounds are glycyrrhizic acid and glycyrrhet-
inic acid) or licorice-fl avored chewing tobacco; 
the genetic condition is termed apparent mineralo-
corticoid excess syndrome [ 27 ,  28 ] (see Chap.   6    ). 

    Hypertensive Forms of Congenital 
Adrenal Hyperplasia 

  Congenital adrenal hyperplasia due to 
11β-hydroxylase defi ciency . Defi ciency of 
11β-hydroxylase is caused by mutations in the 
 CYP11B1  gene located on chromosome 8q24 
[ 33 ,  34 ]. Its incidence has been estimated to be 
1/250,000 to 1/100,000.  CYP11B1  mediates 
11-hydroxylation of 11-deoxycortisol to cortisol. 
Because 11-deoxycortisol is not converted to cor-
tisol, levels of corticotropin are high. In conse-
quence, precursors accumulate and are shunted 
into androgen biosynthesis, so that females may 
be born with ambiguous genitalia. However, the 
adjacent  CYP11B2  gene encoding aldosterone 
synthase is generally unaffected in this disorder, 
so patients are able to synthesize aldosterone nor-
mally. Plasma levels of 11-deoxycortisol and 
deoxycorticosterone are elevated. Because 
deoxycorticosterone and metabolites have miner-
alocorticoid activity, plasma renin activity is sup-
pressed. Consequently, aldosterone levels are 
low, even though the ability to synthesize aldo-
sterone is intact. Approximately two-thirds of 
patients become hypertensive, although this can 
take several years to develop. Hypokalemic alka-
losis occasionally occurs. 

  Congenital adrenal hyperplasia due to 
17-hydroxylase defi ciency . This is a very rare dis-
order caused by mutations in the  CYP17  gene 
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[ 35 ]. The encoded enzyme catalyzes two distinct 
reactions: 17-hydroxylation of pregnenolone and 
progesterone to 17-hydroxypregnenolone and 
17-hydroxyprogesterone, respectively, and the 
17, 20-lyase reaction mediating conversion of 
17-hydroxypregnenolone to dehydroepiandros-
terone. The enzyme is expressed in both the adre-
nal cortex and the gonads. Most mutations affect 
both the hydroxylase and lyase activities. 

 Patients with 17-hydroxylase defi ciency can-
not synthesize cortisol, but their ability to synthe-
size corticosterone is intact. Because corticosterone 
is an active glucocorticoid, patients do not develop 
adrenal insuffi ciency. Deoxycorticosterone, the 
immediate precursor of corticosterone, is synthe-
sized in excess. This can cause hypertension, 
hypokalemia, and suppression of renin and aldo-
sterone secretion, as occurs in 11-hydroxylase 
defi ciency. However, in contrast to 11-hydroxy-
lase defi ciency, patients with 17-hydroxylase defi -
ciency are unable to synthesize sex hormones. 
Affected males are incompletely virilized and 
present as phenotypic females (but gonads are 
usually palpable in the inguinal region or the 
labia) or with sexual ambiguity. Affected females 
usually present with failure of sexual development 
at the expected time of puberty. 

  Treatment . Patients are treated with hydrocorti-
sone in doses of 15–20 mg/M 2 /d. Hypertension 
often resolves with glucocorticoid treatment but 
may require additional therapy if it has been long 
standing. Calcium channel blockers may be ben-
efi cial under these circumstances. Additionally, 
females with 17-hydroxylase defi ciency require 
estrogen replacement at puberty, whereas genetic 
males with this condition may require either 
estrogen or androgen supplementation depending 
on the sex of rearing.  

    Primary Aldosteronism 

  Clinical manifestations . Primary aldosteronism 
encompasses disorders caused by excessive 
aldosterone secretion independent of the 
RAAS. These disorders are characterized by 
hypertension, hypokalemia, and suppression of 

the RAAS. The three main etiologies are 
aldosterone- secreting adenomas, bilateral 
micronodular adrenocortical hyperplasia, and 
glucocorticoid-suppressible (or remediable) 
aldosteronism. 

 Aldosterone-secreting adenomas are usually 
unilateral and have been reported in children as 
young as 3 1/2 years of age. Bilateral micronodu-
lar adrenocortical hyperplasia tends to occur in 
older children. Primary aldosteronism due to uni-
lateral adrenal hyperplasia may also occur. 

 Glucocorticoid-suppressible aldosteronism 
(also discussed in Chap.   6    ) is an autosomal domi-
nant form of low-renin hypertension in which 
aldosterone secretion is rapidly suppressed by 
glucocorticoid administration, suggesting that it 
is regulated by ACTH instead of by the RAAS. 
The disorder is caused by unequal meiotic cross-
ing over events between the adjacent  CYP11B1  
(11β-hydroxylase) and  CYP11B2  (aldosterone 
synthase) genes, which produces a third chimeric 
gene with regulatory sequences of  CYP11B1  jux-
taposed with coding sequences of  CYP11B2  [ 36 , 
 37 ]. This results in the inappropriate expression 
of a  CYP11B2 -like enzyme with aldosterone syn-
thase activity in the adrenal fasciculata. 

 These conditions are thought to be rare in chil-
dren, but they may account for 5–10 % of cases of 
hypertension in adults. Although adenomas and 
bilateral hyperplasia are usually sporadic, kin-
dreds with several affected members have been 
reported. Genetic linkage to chromosome 7p22 
has been identifi ed in some of these kindreds, but 
the involved gene has not yet been identifi ed. 
Mutations in the KCNJ5 gene on chromosome 
11q24 have been identifi ed in several kindreds; 
these mutations (G151R and G151E) altered 
channel selectivity, producing increased Na +  con-
ductance and membrane depolarization, which 
increases aldosterone production and prolifera-
tion of adrenal glomerulosa cells [ 38 ]. Moreover, 
such mutations have been identifi ed in a subset of 
sporadic aldosterone-producing adenomas [ 39 ]. 

 Some affected children have no symptoms, the 
diagnosis being established after incidental dis-
covery of moderate hypertension. Others may 
have severe hypertension (up to 240/150 mmHg), 
with headache, dizziness, and visual disturbances. 
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  Laboratory fi ndings . Hypokalemia occurs often 
but not invariably; it is exacerbated by thiazide 
diuretics. Chronic hypokalemia may lead to poly-
uria, nocturia, enuresis, and polydipsia. Muscle 
weakness and discomfort, intermittent paralysis, 
fatigue, and growth failure affect children with 
severe hypokalemia. 

 Serum pH and the carbon dioxide and sodium 
concentrations may be elevated and the serum 
chloride and magnesium levels decreased. Serum 
levels of calcium are normal. Plasma levels of 
aldosterone may be normal or elevated. 
Aldosterone concentrations in 24 h urine collec-
tions are always increased. Plasma levels of renin 
are consistently low. The ratio of plasma aldoste-
rone concentration to renin activity is always 
high, and this represents a cost-effective screen-
ing test for primary aldosteronism [ 40 ]. However, 
both renin and aldosterone levels may vary by 
time of day, posture, and sodium intake, making 
it diffi cult to establish consistent reference 
ranges. Therefore, a consistent sampling protocol 
should be used, for example, midmorning after 
the patient has been sitting for 15 min. If possi-
ble, antihypertensive drugs or other medications 
that can affect aldosterone or renin secretion 
should be avoided for several weeks prior to test-
ing, including diuretics, β-blockers, angiotensin- 
converting enzyme inhibitors, angiotensin 
receptor blockers, clonidine, and nonsteroidal 
anti-infl ammatory agents. Calcium channel 
blockers have smaller effects on the biochemical 
measurements. 

 Urinary and plasma levels of 18-oxocortisol 
and 18-hydroxycortisol – 17-hydroxylated homo-
logs of aldosterone and 18- hydroxycorticosterone, 
respectively – are markedly increased in 
glucocorticoid- suppressible aldosteronism and to 
a lesser extent in other forms of primary 
aldosteronism. 

 Primary aldosteronism should be distin-
guished from glucocorticoid-suppressible hyper-
aldosteronism, which is specifi cally treated with 
glucocorticoids. An autosomal dominant pattern 
of inheritance should raise suspicion for the latter 
disorder. Glucocorticoid-suppressible aldosteron-
ism is diagnosed by dexamethasone suppression 
tests or by specifi c genetic testing (see Chap.   6    ). 

 Provocative testing may increase the accuracy 
of diagnosis of primary aldosteronism; aldoste-
rone will not decrease with administration of 
saline solution or fl udrocortisone. Selective adre-
nal vein sampling may establish whether the 
abnormal aldosterone secretion is originating 
from one or both adrenals and thus distinguish 
between adenomas and bilateral hyperplasia. 
MRI may detect an adenoma but should be inter-
preted cautiously (particularly in adults) because 
adrenal incidentalomas are not uncommon (in 
adults) and can confuse the diagnosis [ 41 ,  42 ]. 

  Treatment.  The treatment of an aldosterone- 
producing adenoma is surgical removal. 
Aldosteronism due to bilateral adrenal hyperpla-
sia is treated with the mineralocorticoid antago-
nists spironolactone or eplerenone, often 
normalizing blood pressure and serum potassium 
levels. There is greater experience with spirono-
lactone, but this agent has antiandrogenic proper-
ties that may be unacceptable in pubertal males. 
Eplerenone is a more specifi c antimineralocorti-
coid that is safe and effective in children with 
hypertension, but has not been examined specifi -
cally in those with aldosteronism [ 43 ]. As an 
alternative, an epithelial sodium channel blocker 
such as amiloride may be used and other antihy-
pertensive agents, such as calcium channel block-
ers, added as necessary [ 41 ,  42 ,  44 ]. 

 Glucocorticoid-suppressible aldosteronism is 
managed by daily administration of a glucocorti-
coid, usually dexamethasone, 25 μg/kg/day in 
divided doses. Hypertension resolves in patients 
in whom the hypertension is not severe or of long 
standing. If necessary, additional antihyperten-
sive medications may be used, such as spirono-
lactone or eplerenone.  

    Cushing Syndrome 

  Pathophysiology.  Cushing syndrome is the result 
of abnormally high blood levels of cortisol or 
other glucocorticoids. This can be iatrogenic or 
the result of endogenous cortisol secretion, due 
either to an adrenal tumor or to hypersecretion 
of corticotropin (adrenocorticotropic hormone 
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[ACTH]) by the pituitary (Cushing disease) or by 
a tumor. 

 The most common cause of Cushing syn-
drome is prolonged exogenous administration of 
glucocorticoid hormones, especially at the high 
doses used to treat lymphoproliferative disorders. 
Endogenous Cushing syndrome is most often 
caused in infants by a functioning adrenocortical 
tumor. Patients with these tumors often exhibit 
signs of hypercortisolism along with signs of 
hypersecretion of other steroids such as andro-
gens, estrogens, and aldosterone. 

 Although extremely rare in infants, the most 
common etiology of endogenous Cushing syn-
drome in children older than 7 years of age is 
Cushing disease, in which excessive ACTH 
secreted by a pituitary adenoma causes bilateral 
adrenal hyperplasia. Such adenomas are often 
too small to detect by imaging techniques and 
are termed microadenomas. ACTH-dependent 
Cushing syndrome may also result from ectopic 
production of ACTH, although this is uncommon 
in children. Ectopic ACTH secretion in children 
has been associated with islet cell carcinoma of 
the pancreas, neuroblastoma or ganglioneuro-
blastoma, hemangiopericytoma, Wilms tumor, 
and thymic carcinoid. Hypertension is more com-
mon in the ectopic ACTH syndrome than in other 
forms of Cushing syndrome because very high 
cortisol levels may overwhelm 11β-hydroxysteroid 
dehydrogenase type 2 in the kidney and thus have 
an enhanced mineralocorticoid (salt-retaining) 
effect. 

 Several syndromes are associated with the 
development of multiple autonomously hyper-
functioning nodules of adrenocortical tissue, 
rather than single adenomas or carcinomas. 
Primary pigmented nodular adrenocortical dis-
ease (PPNAD) is a distinctive form of ACTH- 
independent Cushing syndrome. It may occur as 
an isolated event or, more commonly, as a famil-
ial disorder with other manifestations. The adre-
nal glands have characteristic multiple, small 
(<4 mm in diameter), pigmented nodules con-
taining large cells with cytoplasm and lipofuscin; 
there is cortical atrophy between the nodules. 
This adrenal disorder occurs as a component of 
Carney complex, an autosomal dominant disor-
der also consisting of centrofacial lentigines and 

blue nevi; cardiac and cutaneous myxomas; pitu-
itary, thyroid, and testicular tumors; and pig-
mented melanotic schwannomas. Carney 
complex is inherited in an autosomal dominant 
manner, although sporadic cases occur. Genetic 
loci for Carney complex have been mapped to the 
gene for the type 1α regulatory subunit of protein 
kinase A (PRKAR1A) on chromosome 17q22–
24 [ 45 ] and less frequently to chromosome 2p16. 
Patients with Carney complex and PRKAR1A 
mutations generally develop PPNAD as adults, 
and those with the disorder mapping to chromo-
some 2 (and most sporadic cases) develop 
PPNAD less frequently and later. Conversely, 
children presenting with PPNAD as an isolated 
fi nding rarely have mutations in PRKAR1A or 
subsequently develop other manifestations of 
Carney complex. Some patients with isolated 
PPNAD have mutations in the PDE8B [ 46 ] or 
PDE11A [ 47 ]genes encoding different phospho-
diesterase isozymes. 

 ACTH-independent Cushing syndrome with 
nodular hyperplasia and adenoma formation 
occurs rarely in cases of McCune–Albright syn-
drome, with symptoms beginning in infancy or 
childhood. McCune–Albright syndrome is 
caused by a somatic mutation of the GNAS gene 
encoding the G protein, G s α, through which the 
ACTH receptor (MCR2) normally signals. This 
results in inhibition of guanosine triphosphatase 
activity and constitutive activation of adenylate 
cyclase, thus increasing levels of cyclic adenos-
ine monophosphate (cAMP). When the mutation 
is present in adrenal tissue, cortisol and cell divi-
sion are stimulated independently of ACTH. 
Other tissues in which activating mutations may 
occur are bone (producing fi brous dysplasia), 
gonads, thyroid, and pituitary. Clinical manifes-
tations depend on which tissues are affected. 

 In summary, where the genes causing nodular 
adrenocortical hyperplasia have been identifi ed, 
they all produce overactivity of the ACTH signal-
ing pathway either by constitutively activating 
G s α (McCune-Albright syndrome), by reducing 
the breakdown of cAMP and thus increasing its 
intracellular levels (mutations of PDE8B or 
PDE11A), or by disrupting the regulation of 
the cAMP-dependent enzyme, protein kinase A 
(PRKAR1A mutations). 
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 Additionally, adrenocortical lesions including 
diffuse hyperplasia, nodular hyperplasia, ade-
noma, and rarely carcinoma may occur as part of 
the multiple endocrine neoplasia type 1 syndrome, 
an autosomal dominant disorder, in which there is 
homozygous inactivation of the menin (MEN1) 
tumor-suppressor gene on chromosome 11q13. 
Adrenocortical carcinomas can occur in infancy 
or later in childhood in patients with Li-Fraumeni 
syndrome, which is caused by heterozygous muta-
tions in the TP53 tumor-suppressor gene on chro-
mosome 17p13.1. 

  Clinical manifestations . The disorder appears to 
be more severe and the clinical fi ndings are more 
fl agrant in infants than in older children. The face 
is rounded, with prominent cheeks and a fl ushed 
appearance (moon facies). Generalized obesity is 
common in younger children. Hypertension is 
common (occurring in approximately half of 
affected children) [ 48 ] and may occasionally lead 
to heart failure. In children with adrenal tumors, 
signs of abnormal masculinization occur fre-
quently; accordingly, there may be hirsutism on 
the face and trunk, pubic hair, acne, deepening of 
the voice, and enlargement of the clitoris in girls. 
Growth is impaired, with length falling below the 
third percentile, except when signifi cant viriliza-
tion produces normal or even accelerated growth. 

 In older children, in addition to obesity, short 
stature is a common presenting feature. Gradual 
onset of obesity and deceleration or cessation of 
growth may be the only early manifestations. 
Older children most often have more severe obe-
sity of the face and trunk compared with the 
extremities. Purplish striae on the hips, abdomen, 
and thighs are common. Hypertension and hyper-
glycemia usually occur; hyperglycemia may 
progress to frank diabetes. Pubertal development 
may be delayed, or secondary amenorrhea may 
occur in girls past menarche. Weakness, head-
ache, and emotional lability may be prominent. 
Osteoporosis is common and may cause patho-
logic fractures. 

  Laboratory fi ndings.  Cortisol levels in blood are 
normally elevated at 8 a.m. and decrease to less 
than 50 % by midnight except in infants and 
young children in whom a diurnal rhythm is not 

always established. In patients with Cushing syn-
drome, this circadian rhythm is lost; midnight 
cortisol levels >4.4 mcg/dl strongly suggest the 
diagnosis. It is diffi cult to obtain diurnal blood 
samples as part of an outpatient evaluation, but 
cortisol can be measured in saliva samples, which 
can be obtained at home at the appropriate times 
of day. Elevated nighttime salivary cortisol levels 
raise suspicion for Cushing syndrome [ 49 ,  50 ]. 

 Excretion of free cortisol is increased. This is 
best measured in a 24 h urine sample and is 
expressed as a ratio of micrograms of cortisol 
excreted per gram of creatinine. This ratio is 
independent of body size and completeness of 
the urine collection. 

 A single-dose dexamethasone suppression test 
is often helpful; a dose of 25 μg/kg (maximum of 
2 mg) given at 11 p.m. results in a plasma cortisol 
level of less than 5 μg/dL at 8 a.m. the next morn-
ing in normal individuals but not in patients with 
Cushing syndrome. It is prudent to measure the 
dexamethasone level in the same blood sample to 
ensure adequacy of dosing [ 49 ,  50 ]. 

 A glucose tolerance test is often abnormal. 
Levels of serum electrolytes are usually normal, but 
potassium may be decreased, especially in patients 
with tumors that secrete ACTH ectopically. 

 After the diagnosis of Cushing syndrome has 
been established, it is necessary to determine 
whether it is caused by a pituitary adenoma, an 
ectopic ACTH-secreting tumor, or a cortisol- 
secreting adrenal tumor. ACTH concentrations 
are usually suppressed in patients with cortisol- 
secreting tumors, are very high in patients with 
ectopic ACTH-secreting tumors, but may be nor-
mal in patients with ACTH-secreting pituitary 
adenomas. After an intravenous bolus of 
corticotropin- releasing hormone (CRH), patients 
with ACTH-dependent Cushing syndrome have 
an exaggerated ACTH and cortisol response, 
whereas those with adrenal tumors show no 
increase in ACTH and cortisol. The two-step 
dexamethasone suppression test consists of 
administration of dexamethasone, 30 and 120 μg/
kg/24 h in four divided doses, on consecutive 
days. In children with pituitary Cushing syn-
drome, the larger dose, but not the smaller dose, 
suppresses serum levels of cortisol. Typically, 
patients with ACTH-independent Cushing 
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syndrome do not show suppressed cortisol levels 
with dexamethasone. 

 CT detects virtually all adrenal tumors larger 
than 1.5 cm in diameter. MRI may detect ACTH- 
secreting pituitary adenomas, but many are too 
small to be seen; the addition of gadolinium con-
trast increases the sensitivity of detection. Bilateral 
inferior petrosal blood sampling to measure con-
centrations of ACTH before and after CRH 
administration may be required to localize the 
tumor when a pituitary adenoma is not visualized; 
this is not routinely available in many centers. 

  Differential diagnosis.  Cushing syndrome is fre-
quently suspected in children with obesity, par-
ticularly when striae and hypertension are 
present. Children with simple obesity are usually 
tall, whereas those with Cushing syndrome are 
short or have a decelerating growth rate. Although 
urinary excretion of cortisol is often elevated in 
simple obesity, salivary nighttime levels of corti-
sol are normal and cortisol secretion is sup-
pressed by oral administration of low doses of 
dexamethasone. 

 Elevated levels of cortisol and ACTH without 
clinical evidence of Cushing syndrome occur in 
patients with generalized glucocorticoid resis-
tance [ 51 ]. Affected patients may be asymptom-
atic or exhibit hypertension, hypokalemia, and 
precocious pseudopuberty; these manifestations 
are caused by increased mineralocorticoid and 
adrenal androgen secretion in response to ele-
vated ACTH levels. Mutations in the glucocorti-
coid receptor have been identifi ed. 

  Treatment . Transsphenoidal pituitary microsur-
gery is the treatment of choice in pituitary 
Cushing disease in children [ 52 ,  53 ]. The overall 
success rate with follow-up of less than 10 years 
is 60–80 %. Low postoperative serum or urinary 
cortisol concentrations predict long-term remis-
sion in the majority of cases. Relapses are treated 
with reoperation or pituitary irradiation. 

 Cyproheptadine, a centrally acting serotonin 
antagonist that blocks ACTH release, has been 
used to treat Cushing disease in adults; remis-
sions are usually not sustained after discontinua-
tion of therapy. Experience with this agent is 
limited in children [ 54 ], given that surgical cure 

is attempted whenever possible. Inhibitors of 
adrenal steroidogenesis (metyrapone, ketocon-
azole, aminoglutethimide, etomidate) have been 
used preoperatively to normalize circulating cor-
tisol levels and reduce perioperative morbidity 
and mortality. 

 If a pituitary adenoma does not respond to 
treatment or if ACTH is secreted by an ectopic 
metastatic tumor, the adrenal glands may need to 
be removed. This can often be accomplished lap-
aroscopically. Adrenalectomy may lead to 
increased ACTH secretion by an unresected pitu-
itary adenoma, evidenced mainly by marked 
hyperpigmentation; this condition is termed 
Nelson syndrome. 

 Management of patients undergoing adrenalec-
tomy requires adequate preoperative and postop-
erative replacement therapy with a corticosteroid. 
Tumors that produce corticosteroids usually lead 
to atrophy of the normal adrenal tissue, and 
replacement with cortisol (10 mg/M 2 /24 h in three 
divided doses after the immediate postoperative 
period) is required until there is recovery of the 
hypothalamic–pituitary–adrenal axis.   

    Hyperthyroidism 

    Pathophysiology 

  Synthesis, regulation, and actions of thyroid hor-
mones.  Thyroid hormones are synthesized in fol-
licular cells. Adjacent tyrosine residues on 
thyroglobulin (which has around 120 tyrosines) 
are iodinated by thyroid peroxidase; the adjacent 
phenolic rings are conjugated and the hormones 
released by proteolysis. There are two active hor-
mones, thyroxine (T4) and triiodothyronine (T3); 
the latter is approximately four times as active as, 
but has a much shorter half-life than, thyroxine. 
Both are synthesized de novo; additionally, a 
deiodinase enzyme can convert T4 to T3 [ 55 ]. 

 Synthesis is regulated at the hypothalamic and 
pituitary levels by thyrotropin-releasing hormone 
(TRH) and thyroid-stimulating hormone (TSH), 
respectively. Thus, TSH levels are high in patients 
with primary hypothyroidism and suppressed in 
patients with hyperthyroidism. TSH signals via a 
G protein–coupled receptor on the surface of 
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follicular cells to increase thyroid hormone syn-
thesis [ 56 ,  57 ]. 

 Thyroid hormones act via thyroid hormone 
receptors that are members of the nuclear hormone 
receptor superfamily. There are two distinct genes, 
THRA and THRB, encoding receptors that are 
expressed in different tissues; each can bind DNA 
as monomers, homodimers, or as heterodimers 
with the retinoid X receptor (RXR). Thyroid hor-
mones have important permissive effects on neural 
development, skeletal maturation, and somatic 
growth, and they increase rates of cellular metabo-
lism [ 58 ]. Most importantly in the context of this 
chapter, they regulate sensitivity to catecholamines 
in both the cardiovascular and nervous systems 
[ 59 ]. Thus, hyperthyroidism (if symptomatic, 
termed thyrotoxicosis) causes signs and symptoms 
very similar to those of catecholamine excess as 
might be seen in pheochromocytoma. 

  Thyrotoxicosis.  Two autoimmune diseases can 
cause thyrotoxicosis. Graves disease is caused by 
antibodies to the thyroid-stimulating hormone 
(TSH) receptor that interact with the receptor to 
activate it in the same way that would occur by 
occupation by its physiologic ligand (TSH). 
These are termed thyroid-stimulating antibodies 
(TSI). Chronic lymphocytic (Hashimoto’s) thy-
roiditis is more often associated with hypothy-
roidism, but it can present with a thyrotoxic 
phase, in which autoimmune destruction of thy-
roid cells by cytotoxic lymphocytes causes them 
to release their contents of thyroxine (T4) and 
triiodothyronine (T3). Finally, hyperfunctioning 
(“hot”) thyroid nodules can cause thyrotoxicosis; 
these are rare in children. 

  Clinical manifestations . Patients have typically 
lost weight. They have tachycardia and hyperten-
sion (mainly systolic) with wide pulse pressure. 
Hyperpyrexia is present only in very severe cases 
and is an indication for hospitalization to stabi-
lize the patient. Thyroid enlargement is highly 
variable and need not be present. The gland may 
have a fi rm or micronodular consistency; a single 
palpable nodule should raise suspicion for a 
hyperfunctioning nodule and prompt a thyroid 
scan (see below). There is often a bruit or 
thrill over the thyroid. The precordium is 

hyperdynamic. Patients appear nervous and often 
give a history of poor school performance with 
inability to pay attention in class. They are usu-
ally tremulous, with tremors most easily elicited 
by having the patient extend the hands or the 
tongue, and they have brisk refl exes, often with a 
mild to moderate degree of clonus. 

 A lid lag can often be elicited by having the 
patient look rapidly downward (the lids do not 
immediately drop as they would normally). Other 
ocular fi ndings are pathognomonic for Graves 
disease, including conjunctival injection, puffy 
eyelids, and proptosis. 

  Laboratory fi ndings . TSH levels are usually 
undetectably low. Total and free T4 levels are 
elevated. Total T3 levels are also elevated, and 
because T3 has a much shorter half-life than T4, 
it is particularly useful for monitoring the short- 
term response to treatment. Levels of antibodies 
to thyroid proteins – antithyroid peroxidase and 
antithyroglobulin – are usually elevated in both 
Graves disease and Hashimoto’s thyroiditis, but 
thyroid-stimulating antibodies are elevated only 
in Graves disease and are useful for distinguish-
ing the two conditions. Radioactive iodine (I-123) 
uptake is increased in Graves disease but 
decreased in Hashimoto’s thyroiditis, even in the 
thyrotoxic phase. A thyroid scan after I-123 
administration may detect a hot nodule. 

  Treatment . The hypertension, tachycardia, and 
tremulousness may all be treated by beta- 
blockade, typically with 25–50 mg per day of 
atenolol. This is continued until thyroid hormone 
levels have returned to normal with specifi c treat-
ment. There are three long-term treatments for 
thyrotoxicosis [ 60 ]. Thioamide drugs can sup-
press thyroid hormone synthesis and are useful 
for both Graves disease and the thyrotoxic phase 
of Hashimoto’s thyroiditis. In the United States, 
methimazole is the main agent used (initially 
~0.5 mg/kg/d in two divided doses); propylthio-
uracil was extensively used in the past but is no 
longer recommended, particularly in children, 
because of the risk of liver failure [ 61 ]. 
Methimazole frequently causes rashes or other 
allergic reactions and may rarely cause agranulo-
cytosis or liver failure; thus, complete blood 
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counts and transaminases should be monitored. 
The dose of medication can usually be decreased 
after the patient is euthyroid, and approximately 
one quarter of patients with Graves disease even-
tually remit and can be completely weaned off 
medication. Patients with Hashimoto’s thyroid-
itis typically “burn out” after a few months and 
must be weaned off methimazole and usually 
require thyroid replacement with levothyroxine. 

 The two other approaches are relevant mainly 
to Graves disease; their relative merits are some-
what controversial. Radioactive iodine (I-131) is 
specifi cally taken up by the thyroid gland and can 
ablate thyroid cells with relatively limited whole- 
body radiation exposure. Rarely used in children 
20 years ago, it is becoming increasingly accepted 
in teenagers and older schoolchildren, even as 
initial treatment [ 62 ]. Risks of causing a thyroid 
adenoma may be minimized by aiming to com-
pletely ablate thyroid function rather than trying 
to render the patient euthyroid. Nevertheless, the 
author believes that a risk of subsequent thyroid 
tumors may exist before 8 years of age (based on 
data from atomic bombs and Chernobyl) and that 
it is more prudent in a young child to temporize 
with methimazole until the patient is older, as 
long as the drug is well tolerated. Alternatively, 
the thyroid may be removed surgically [ 63 ]. This 
has a low risk of long-term complications but 
requires an experienced surgeon to avoid hypo-
parathyroidism or damage to the recurrent laryn-
geal nerve. Hemithyroidectomy is the treatment 
of choice for a hyperfunctioning nodule.   

    Conclusion 

 Endocrine disorders such as pheochromocytoma, 
congenital adrenal hyperplasia, Cushing syn-
drome, primary aldosteronism, and hyperthy-
roidism collectively account for a small 
proportion of cases of hypertension in children, 
but the hypertension is often relatively severe. It 
is important to accurately diagnose these disor-
ders because the associated hypertension usually 
requires, and responds well to, specifi c treatment 
of the underlying condition.     
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  Abbreviations 

   ABPM    Ambulatory blood pressure monitoring   
  ACE    Angiotensin-converting enzyme   
  ECMO    Extracorporeal membrane oxygenation   
  HP    Hewlett-Packard   
  IV    Intravenous   
  MAP    Mean arterial pressure   
  NICU    Neonatal intensive care unit   

  PDA    Patent ductus arteriosus   
  RAAS    Renin-angiotensin-aldosterone system   
  RVT    Renal vein thrombosis   
  UAC    Umbilical artery catheter   
  VLBW    Very low birth weight infants   

          Measurement of Blood Pressure 

 The gold standard blood pressure measurement 
technique in neonates is direct intra-arterial mon-
itoring. Common sites for catheterization in neo-
nates are the umbilical artery and radial or 
posterior tibial arteries, which have all demon-
strated comparable blood pressure values in this 
population [ 2 ]. Direct intra-arterial monitoring 
may be necessary in the most acutely ill neonates 
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although there has been a shift to noninvasive 
blood pressure monitoring for the majority of the 
neonates within a neonatal intensive care unit 
(NICU). Indirect methods for measuring blood 
pressure include ultrasonic Doppler and oscillo-
metric methods. Palpation and auscultation using 
a sphygmomanometer are not practical within the 
NICU setting but may be used in older infants in 
a clinic setting. Ultrasonic Doppler assessment 
involves infl ation then defl ation of a sphygmo-
manometer with detection of blood fl ow or 
motion of the vessel wall with a Doppler device. 
With experienced users, the systolic blood pres-
sure can easily be detected, but diastolic blood 
pressure is often unmeasurable. The technique 
that has become more common within the NICU 
and follow-up clinics is the oscillometric method. 
A blood pressure cuff infl ates above systolic 
blood pressure, and then as it defl ates, the oscil-
lometric device detects the pressure oscillations 
within the artery determining the mean arterial 
pressure (MAP) when the oscillations are maxi-
mal. The machine then uses an algorithm specifi c 
to each device to calculate systolic and diastolic 
blood pressure. When oscillometric blood pres-
sures were compared to radial arterial blood pres-
sures in infants and children, there was good 
correlation between the two methods, and the 
oscillometric readings were better than values 
determined by auscultation [ 3 ]. Even in prema-
ture infants, these noninvasive blood pressures 
correlate well with intra-arterial monitoring [ 4 ]. 

 As each oscillometric blood pressure monitor 
uses independent algorithms for determination of 
blood pressure values, several studies have com-
pared multiple devices for accuracy. Dannevig 
and colleagues compared three monitors: 
Dinamap Compact™, Hewlett-Packard™ (HP), 
and Criticare™ models. When compared to intra- 
arterial blood pressures, they found that the HP 
model had lower values than invasive monitoring 
while the Dinamap™ and Criticare™ tended to 
read higher and that the deviance was dependent 
on the size of the infant [ 5 ]. The HP™ showed 
lower values in the larger infants, while the 
Criticare™ and Dinamap™ values were too high 
in the smallest infants which could lead to under- 
recognition of hypotension. Another study 

comparing three oscillometric devices to intra-
arterial monitoring found that all three devices 
overestimated mean blood pressure by 3.3–
8.4 mmHg [ 6 ]. Oscillometric devices overestimat-
ing low blood pressure were confi rmed in a study 
of critically ill premature neonates that showed 
good correlation of invasive and noninvasive mean 
blood pressures except when the MAP was less 
than or equal to 30 mmHg where the oscillometric 
device readings were too high leading to potential 
under-recognition of hypotensive events [ 7 ]. 

 Other less common methods of blood pressure 
measurement have been used by practitioners 
experienced in the techniques. A recent study 
compared blood pressure values by oscillometry, 
fl ush method, and pulse oximetry to Doppler 
ultrasound and found the best correlation with 
fl ush method and pulse oximetry [ 8 ]. Another 
area of debate within some NICU settings is 
around the use of calf blood pressure measure-
ments. Systolic blood pressure by calf measure-
ments is slightly lower but similar to arm 
measurements until about 6 months of age when 
the calf pressures begin to exceed arm blood 
pressures [ 9 ]. Unfortunately, the calf blood pres-
sure values show more variability than arm blood 
pressures and therefore should only be used in 
exceptional circumstances when arm blood pres-
sure values are not feasible prior to 6 months of 
age and not used after 6 months of age. 

 The state of the infant at the time the blood 
 pressure is being measured is important and can 
infl uence the blood pressure value. Early observa-
tions of blood pressures in neonates showed that 
the blood pressure was lower when the neonate was 
in deep sleep and rose above baseline when crying, 
being held head up, and during feeding [ 10 ]. The 
elevation of blood pressure with feeding is rela-
tively consistent with an increase of up to 20 mmHg. 
This observation has been confi rmed in more recent 
studies with neonates within the fi rst days of life 
having blood pressures increasing signifi cantly 
during feeding, and the magnitude of elevation may 
be infl uenced by the volume of fl uid intake within 
the fi rst few minutes of feeding [ 11 ]. In follow-up 
clinics of infants and children 1–3 years of age, the 
non- calm state has been associated with signifi -
cantly higher blood pressures (17–30 mmHg 
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higher) than when the infant is calm [ 12 ]. It is 
sometimes necessary to attempt blood pressures on 
several occasions or in different settings in order to 
achieve an accurate calm measurement. 

 Accurate blood pressure measurement is 
important in neonates and infants, especially when 
blood pressure assessment factors into clinical 
decision making. Some authors suggest that the 
median of three oscillometric blood pressure mea-
surements should be used [ 13 ] while others state 
that one blood pressure during routine vitals is 
adequate, in calm healthy term newborns [ 14 ]. The 
cuff size is critically important to accurate blood 
pressure measurement, and the cuff width/arm cir-
cumference ratio should be between 0.45 and 0.70 
[ 15 ]. Use of a standard protocol for newborn blood 
pressure measurement has been suggested by 
Nwankwo and colleagues [ 16 ] (see Table  26.1 ). 
They found in infants weighing less than 2,500 g, 
when compared to routine nursing care, standard-
ized blood pressures were signifi cantly lower and 
showed less variability. In addition, the fi rst blood 
pressure reading was signifi cantly higher than the 
third reading. Other than waiting for one and a half 
hours after a feed or medical intervention to take a 
blood pressure reading, the protocol is reasonable 
for use within the NICU setting, especially when 
clinical assessment and decisions are being based 
on the blood pressure values.

       Factors Infl uencing Blood Pressure 

 Various factors, both extrinsic (maternal) and 
intrinsic (infant), can infl uence newborn blood 
pressure values, and while this is discussed in 

more detail in Chap.   7     on Perinatal Programming, 
it also deserves brief mention here. Maternal 
blood pressure and/or hypertension have been 
related to higher newborn blood pressures in sev-
eral studies [ 17 – 19 ]. In an early study, a signifi -
cant correlation was found for blood pressure of 
maternal-infant pairs after delivery and at 1 year 
of age [ 20 ]. Maternal age has been positively cor-
related with newborn blood pressure in one study 
[ 17 ] but not consistently in other studies [ 21 ,  22 ]. 
Maternal diabetes may be related to higher new-
born blood pressure especially when born earlier 
in gestation [ 19 ]. The effect of maternal smoking 
on infant and childhood blood pressure are con-
fl icting, but a more recent birth cohort study dem-
onstrated male infants of maternal smokers had 
blood pressures more than 8 mmHg higher than 
maternal nonsmokers, although the increase was 
not seen in female offspring [ 23 ]. The prenatal 
exposure to “second-hand smoke” seems to lead 
to alterations in infant circulatory control mecha-
nisms [ 24 ]. In a Nigerian study of term neonates, 
maternal body mass index > 30 and low socioeco-
nomic status were associated with higher newborn 
systolic blood pressure, although birth weight was 
still the strongest predictor of neonatal blood 
 pressure [ 22 ]. Likely, even maternal nutritional 
intake has an effect on infant blood pressure, and 
early fi ndings suggest a u-shaped curve for infant 
blood pressure at 6 months of age and maternal 
carbohydrate intake with the highest blood pres-
sures in infants whose mothers’ carbohydrate con-
sumption was in the lowest and highest quartiles 
of intake [ 25 ]. Maternal protein intake does not 
seem to have the same effect [ 26 ]. 

 Perinatal events may also infl uence newborn 
blood pressures with the most controversial being 
antenatal steroids administered during threatened 
preterm delivery. Antenatal steroids given within 
7 days of birth can reduce respiratory distress 
syndrome, but the effect on newborn blood pres-
sure has been controversial, with some studies 
fi nding higher newborn blood pressures [ 18 ,  27 ], 
while others did not [ 28 ,  29 ]. A recent random-
ized double-blind, placebo-controlled trial 
showed no difference in newborn blood pressures 
in infants that were exposed to repeated doses of 
prenatal corticosteroids compared to single dose 

    Table 26.1    Protocol for blood pressure measurement in 
neonates using an oscillometric device   

•  Prone or supine position 
•  Use right upper arm 
•  Cuff width/arm circumference ratio between 0.45 

and 0.70 
•  Apply cuff and leave infant undisturbed for 15 min 
•  Take readings when infant asleep or quiet awake state 
•  Three blood pressure readings at 2 min intervals 
•  (1.5 h after feed or medical intervention) 

  Adapted from [ 16 ]  
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[ 30 ]. As antenatal steroids may have an effect on 
function of the infant hypothalamic-pituitary- 
adrenal axis, the way in which the placenta han-
dles the steroids seems to also play a role in how 
steroids may infl uence infant blood pressure [ 31 ]. 
Maternal hemolysis, elevated liver enzymes, and 
low platelets or HELLP syndrome have been 
associated with lower blood pressures in neo-
nates [ 27 ]. Even the mode of delivery and type of 
maternal anesthetic may have an impact on new-
born blood pressures, with elective caesarean 
section and spinal anesthesia being related to 
lower systolic blood pressures in newborns [ 21 ]. 

 The most strongly correlated intrinsic or infant 
factors consistently associated with newborn 
blood pressure are birth weight and gestational 
age. The earlier in gestation that the neonate is 
born, the lower the expected initial blood pres-
sure values with essentially a linear relationship 
demonstrating lower newborn blood pressure 
with lower gestational age [ 32 ,  33 ]. This same 
relationship has been shown for birth weight and 
blood pressure as most neonates who are born 
premature are also born at a low birth weight, but 
being born small for gestational age may also be 
associated with lower initial blood pressure val-
ues [ 32 – 34 ]. Congenital renal, cardiac, or endo-
crine anomalies may infl uence blood pressure 
and are associated with a higher prevalence of 
neonatal hypertension. The infl uence of fl uid vol-
ume and vasoactive substances on neonatal blood 
pressure is demonstrated in infant pairs of twin- 
twin transfusion syndrome where newborn blood 
pressures in recipients are signifi cantly higher 
than donors [ 35 ]. In fact, 14 % of twin-twin 
transfusion recipients are hypertensive. 

 Not surprisingly, genetics also likely plays a 
role in which infants develop hypertension. 
Cytochrome P450 CYP2D6 ‘CC’ genotype was 
associated with increased risk of elevated blood 
pressure in infants born less than 32 weeks gesta-
tion during neonatal and follow-up periods [ 28 ]. 
Likely all these various factors, including antena-
tal and postnatal exposures, cumulative time with 
the exposure, gestational age, clinical condition, 
and genetic predisposition, interact in complex 
ways to infl uence neonatal blood pressures.  

    Normative Data 

    Day 1 of Life 

 Newborn blood pressure on the fi rst day of life is 
strongly positively correlated with both birth 
weight and gestational age. The Philadelphia 
Neonatal Blood Pressure Study Group clearly 
demonstrated this correlation when they studied 
all infants admitted to 14 level III NICUs and ana-
lyzed blood pressure values of over 300 infants on 
day l of life [ 32 ]. Their blood pressure nomo-
grams have been the most widely used reference 
values, but similar to the blood pressure standards 
used in older children, the preference should be to 
use reference values determined from stable neo-
nates as a better predictor of what is expected in 
healthy newborns. A more recent study of almost 
400 hemodynamically stable infants has shown a 
similar correlation of gestational age and birth 
weight with blood pressure in neonates on day 1 
of life, presented with 95 % confi dence limits, 
which may be a better reference for newborn 
blood pressure values [ 33 ] [see Fig.  26.1 ].

       First Days of Life 

 In very low birth weight infants (VLBW), sys-
tolic, diastolic, and mean blood pressure increase 
by more than 30 % over the fi rst few days of life 
which demonstrates the physiologic changes that 
occur as neonates adapt to the ex utero environ-
ment [ 29 ]. The mechanisms responsible for these 
dramatic changes are still being determined, but 
likely involve loss of vasodilator substances 
important during the in utero environment and 
maturation of factors controlling vascular tone 
[ 29 ,  36 ]. The Philadelphia study showed that all 
infants in the NICU, regardless of gestational age, 
have a rapid increase in blood pressure over the 
fi rst 5 days of life with increments around 1.5–
2.5 mmHg/day [ 32 ]. This differs from healthy 
term infants on the postnatal ward where blood 
pressure values are higher on day 2 compared to 
day 1 of life but not consistently thereafter [ 37 ].  
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    First Weeks of Life 

 In the fi rst weeks of life, the rate of blood pres-
sure change and the length of time over which the 
blood pressure is rapidly increasing may differ 
based on gestational age at birth or birth weight. 

The study by Pejovic and colleagues found that 
the neonates with the lowest gestational age at 
birth had the most rapid rate of rise of blood pres-
sure with an average increase in mean blood pres-
sure of 26 % in the fi rst week and 51 % in the fi rst 
month in infants born at less than 28 weeks 

  Fig. 26.1     Neonatal blood pressure on day 1 of life is 
positively correlated with birth weight  (1)  and gestational 
age  (2). Systolic ( a ), diastolic ( b ), and mean ( c ) blood 

pressures are presented with 95 % confi dence limits 
(Reproduced from Pejovic et al. [ 33 ] with kind permission 
from Springer Science + Business Media)       
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gestational age compared to 13 % and 22 % in 
full- term infants [ 33 ]. Another study of stable 
premature infants showed that the infants born at 
28–31 weeks gestational age had a signifi cant 
increase in blood pressure over the fi rst 2–3 
weeks of life, while the infants born at 32–36 
weeks gestational age had a rapid increase in 
blood pressure over only 1 week [ 38 ]. The 
authors suggested that the blood pressure values 
at the end of the rapid increase were similar to 
term infants in the fi rst days of life. 

 These studies are consistent with an earlier 
study that determined VLBW infants had similar 
blood pressure values to other NICU graduates at 
4 months corrected age despite remaining smaller 
in length and weight [ 39 ]. As blood pressures 
were not measured between discharge and 4 
months of age, we do not know when the catch-
 up occurred. The appropriateness of weight at 
birth and blood pressure was assessed in a study 
of full-term newborns whose birth weights varied 
from < 2,500 to > 3,500 g [ 34 ]. They found that 
the term infants with the lowest birth weights had 
the lowest blood pressures initially but then had 
the most rapid rate of rise of blood pressure so 
that by 1 month of age, all term infants had simi-
lar blood pressures that remained comparable 
throughout the fi rst year of life. This multitude of 
variations in blood pressure patterns over the fi rst 
weeks of life is represented in Fig.  26.2 

   Infant blood pressures have also been 
described as increasing with postconceptional 
age (gestational age plus postnatal age) which is 

now referred to as postmenstrual age. The 
Philadelphia Study Group developed a clinically 
useful graphical reference of blood pressure by 
postconceptual age to be used in neonates after 
the fi rst day of life while still in the neonatal and 
early infant period [ 32 ]. Recognizing that infant 
blood pressures over the fi rst 2 weeks are rapidly 
changing and could infl uence nomograms by 
postmenstrual age, we recently derived norma-
tive values for infant blood pressures after 2 
weeks of life based on current postmenstrual age 
from the available published literature [ 40 ,  41 ] 
[see Table  26.2 ]. 95th and 99th percentiles were 
calculated as a reference for clinicians to use to 
determine which infants may require treatment 
(discussed in more detail later in this chapter).

       First Year of Life 

 Blood pressure changes over the fi rst year of life 
are less marked than in the newborn period. 
Blood pressure values increase steadily until 3–6 
months of age at which time the values remain 
stable up to 1 year of age. The most widely used 
nomograms for infant blood pressure come from 
the Report of the Second Task Force on Blood 
Pressure from the 1980s [ 42 ] [see Fig.  26.3 ]. 
Unfortunately, the infant blood pressures were 
measured using the Doppler method, which 
likely provides slightly lower readings than by 
the oscillometric method commonly used today. 
As well, the diastolic blood pressures are less 
likely to be reliably determined with Doppler 
method so that the number of readings is less 
than systolic, although this reference still pro-
vides data based on the largest number of infants 
to date (systolic  n  = 7,643, diastolic  n  = 3,048). 
A more recent study of over 400 healthy term 
infants whose blood pressures were measured by 
oscillometric method shows a similar trend in 
blood pressure values over the fi rst year of life 
[ 43 ] [see Fig.  26.4 ]. The blood pressures were 
only measured on day 2 of life, at 6 and 12 
months of age and therefore do not provide nor-
mative data for ages in between, but the advan-
tage is that the blood pressures were measured 
using the most commonly used method today. 

  Fig. 26.2    Illustration of patterns of neonatal blood pres-
sure changes when born at term or premature, extremely 
premature, or small for gestational age (SGA)       
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Large-scale studies of oscillometric blood pres-
sure values over the fi rst year of life are desper-
ately needed.

         Defi nition of Hypertension 

 Various defi nitions of infant hypertension have 
been used since high blood pressure was recog-
nized as an issue in neonates and infants. This has 
made the comparison of studies and the determi-
nation of the incidence of hypertension challeng-
ing. Earlier studies used set blood pressure values 

for all term or preterm infants, but as we now 
know, values vary based on factors such as gesta-
tional age, birth weight, and postnatal age. As 
studies were published of normative values with 
percentiles, such as Zubrow and the Philadelphia 
Neonatal Blood Pressure Study Group or the 
Second Task Force Report on Blood Pressure, 
then clinicians applied the concepts used in stud-
ies of older children and adopted the 95th percen-
tile blood pressure as the defi nition of 
hypertension [ 32 ,  42 ]. Unfortunately, we do not 
have outcome studies in infants to support or 
refute the use of this arbitrary defi nition of 

    Table 26.2     Infant blood pressures by postmenstrual age after 2 weeks of life;  systolic (SBP), mean (MAP), and 
 diastolic (DBP) blood pressures are presented by 50th, 95th, and 99th blood pressure percentiles   

 Postmenstrual age  Blood pressure  50th percentile  95th percentile  99th percentile 

 44 weeks  SBP  88  105  110 
  MAP    63    80    85  
 DBP  50  68  73 

 42 weeks  SBP  85  98  102 
  MAP    62    76    81  
 DBP  50  65  70 

 40 weeks  SBP  80  95  100 
  MAP    60    75    80  
 DBP  50  65  70 

 38 weeks  SBP  77  92  97 
  MAP    59    74    79  
 DBP  50  65  70 

 36 weeks  SBP  72  87  92 
  MAP    57    72    77  
 DBP  50  65  70 

 34 weeks  SBP  70  85  90 
  MAP    50    65    70  
 DBP  40  55  60 

 32 weeks  SBP  68  83  88 
  MAP    49    64    69  
 DBP  40  55  60 

 30 weeks  SBP  65  80  85 
  MAP    48    63    68  
 DBP  40  55  60 

 28 weeks  SBP  60  75  80 
  MAP    45    58    63  
 DBP  38  50  54 

 26 weeks  SBP  55  72  77 
  MAP    38    57    63  
 DBP  30  50  56 

  Adapted from [ 41 ]  
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  Fig. 26.3    Blood pressure percentiles for ( a ) male infants and ( b ) female infants from birth to 12 months of age 
(Reprinted from the Task Force on Blood Pressure Control in Children [ 42 ])       

  Fig. 26.4     Healthy term infant blood pressure values by 
oscillometric method at 2 days, 6 months, and 12 months of 
age.  Diastolic ( blue ), mean ( red ), and systolic ( green ) values 

are indicated with the median ( horizontal bar ) and 5th to 
95th percentiles ( box ) (Reproduced from Kent et al. [ 43 ] with 
kind permission from Springer Science + Business Media)       
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hypertension although in the future this may 
come from the neurocognitive or cardiovascular 
literature [ 44 ,  45 ]. In addition, the use of antihy-
pertensive medications in the neonatal and infant 
population is associated with defi ned risks, and 
very few studies have been completed on use of 
blood pressure medications in this population. 
Therefore, at this time the best recommendation 
for defi nition of hypertension in neonates would 
be blood pressure values consistently above the 
95th percentile based on postmenstrual age [ 41 ] 
[see Table  26.2 ]. In infants, blood pressure val-
ues consistently above the 95th percentile 
based on curves from the Second Task Force on 
Blood Pressure [see Fig.  26.3 ] or oscillometric 
values from the study by Kent and colleagues 
[see Fig.  26.4 ] should be considered as hyper-
tension and investigated and managed as 
 appropriate [ 42 ,  43 ].  

    Incidence of Hypertension 

 The incidence of hypertension in general healthy 
newborns is low, likely around 0.2 %, and routine 
screening of blood pressure is recommended 
only in infants considered “at risk” which 
includes NICU graduates, infants with congenital 
heart or kidney disease, or with other childhood 
diseases [ 46 ,  47 ]. In one of the fi rst studies of 
neonatal hypertension, Adelman found an inci-
dence of 2.5 % of NICU infants when hyperten-
sion was defi ned as a blood pressure > 90/60 mmHg 
in term infants or > 80/45 mmHg in preterm 
infants [ 1 ]. Other NICU studies have found a 
lower incidence between 0.7 % and 0.8 % [ 48 , 
 49 ]. A recent Australian study of all newborns 
admitted to a tertiary level NICU found an inci-
dence of neonatal hypertension of 1.3 % when 
more than 2,500 infants were reviewed [ 18 ]. The 
median gestational age of these infants was 34 
weeks, and the hypertension was diagnosed on 
average at postnatal day 5 although the range was 
2–144 days. This is similar to an earlier study 
with a mean age of onset of 11 days suggesting 
that many infants that will develop hypertension 
do so within the fi rst 1–2 weeks of life [ 48 ]. A 
recent large database study of more than 120,000 

NICU encounters found an incidence of hyper-
tension of 1.7 % in all patients, and 1.0 % after 
infants with congenital cardiac disorders were 
excluded [ 50 ]. It is interesting that the incidence 
does not seem to be increasing despite the 
increasing complexity of patients within the 
NICU. It may be more likely that the incidence of 
hypertension in this population will be higher 
during adolescence and adulthood.  

    Risk Factors for Hypertension 

 Various factors have been associated with an 
increased risk for hypertension in neonates. It is 
important to recognize that risk factors may not 
be equivalent to causes of hypertension as the 
data may come from sources where a primary 
cause of the hypertension was not able to be 
determined, as in a database, or multiple factors 
may have contributed to the development of 
hypertension in an individual patient. Also, the 
risk factor itself may not have been the cause of 
the hypertension but may be a surrogate for the 
state or condition of the infant. In an earlier study 
by Singh and colleagues, risk factors for hyper-
tension included use of an umbilical artery cath-
eter (UAC), chronic lung disease, patent ductus 
arteriosus, and intraventricular hemorrhage [ 49 ]. 
In the Australian study mentioned previously, 
risk factors for hypertension included acute renal 
failure, UAC, maternal hypertension, antenatal 
steroids, and lower gestational age with 76 % of 
the neonates with hypertension being premature 
[ 18 ]. In the large database study by Blowey and 
colleagues, the risk of hypertension was higher in 
infants with acute or chronic renal failure, con-
genital anomalies of the kidneys and urinary 
tract, intraventricular hemorrhage, neonatal 
asphyxia, seizures, necrotizing enterocolitis, 
UAC, and lower birth weight, and in those infants 
requiring extracorporeal membrane oxygenation 
(ECMO) [ 50 ]. Hypertension was also more com-
mon in infants with a higher severity of illness 
score, those with more coexisting diagnoses, lon-
ger lengths of hospital stay, and in infants that 
expired before discharge refl ecting a more com-
plex and ill population.  
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    Causes of Hypertension 

 The most common etiologies of neonatal hyper-
tension are renovascular and renal parenchymal 
disease, accounting for 50 % of cases [ 49 ] [see 
Table  26.3 ]. The most common renovascular 
causes include renal artery thrombosis, renal 
artery stenosis, and renal vein thrombosis (RVT), 

all of which may be idiopathic but are more often 
related to use of umbilical catheters. Renal paren-
chymal causes may be intrinsic conditions such 
as polycystic kidney disease or renal dysplasia, 
may be related to urologic abnormalities such as 
ureteropelvic junction obstruction or obstructive 
uropathy, may be acquired conditions such as 
acute tubular necrosis or cortical necrosis, or 
rarely monogenic forms of hypertension.

    Table 26.3    Causes of neonatal and infant hypertension   

  Renovascular    Neurologic  
 Renal artery thrombosis  Pain 
 Renal artery stenosis  Seizures 
 Renal vein thrombosis  Intracranial hypertension 
 Mid-aortic syndrome  Familial dysautonomia 
 Congenital rubella syndrome  Subdural hematoma 

 Idiopathic arterial calcifi cation of infancy   Endocrine  
 Renal myofi bromatosis  Congenital adrenal hyperplasia 

  Renal parenchymal   Cushing’s syndrome 
  Congenital   Neonatal hyperthyroidism 

 Polycystic kidney disease  Hyperaldosteronism 
 Renal dysplasia  Pheochromocytoma 
 Unilateral renal hypoplasia  Aldosterone synthase defi ciency 
 Multicystic dysplastic kidney  Argininosuccinate lyase defi ciency 
 Congenital and infantile nephrotic syndrome   Neoplastic  
 Renal tubular dysgenesis  Neuroblastoma 
 Atypical hemolytic uremic syndrome  Wilms tumor 

  Associated with urologic anomaly   Mesoblastic nephroma 
 Ureteropelvic junction obstruction  Adrenocortical carcinoma 

 Obstructive uropathy   Medications/drugs  
 Neurogenic bladder   Maternal  
 Megaureter  Cocaine 

  Acquired   Heroin 
 Acute tubular necrosis   Infant  
 Cortical necrosis  Corticosteroids 
 Pyelonephritis  Adrenergic agents 
 Interstitial nephritis  Caffeine 
 Nephrocalcinosis  Theophylline 

  Heritable hypertension   Phenylephrine 
 Liddle syndrome  Erythropoietin 
 Apparent mineralocorticoid excess  Pancuronium 
 Glucocorticoid- remediable aldosteronism  Vitamin D intoxication 

  Cardiovascular    Other causes  
 Coarctation of the aorta  Excess salt/saline intake 
 Patent ductus arteriosus  Hypercalcemia 
 Congenital aortic aneurysm  Total parenteral nutrition 
 ECMO  Closure of abdominal wall defect 

  Respiratory   Adrenal hemorrhage 
 Chronic lung disease  Traction 
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   The association between UACs and renal 
artery thrombosis has been recognized for 
decades [ 1 ]. The mechanism is likely related to 
disruption of the vascular endothelium by the 
catheter with subsequent development of throm-
bus and an associated risk of clot extension or 
release of emboli. The incidence of clot formation 
associated with umbilical catheters differs widely 
depending on decade of screening and method of 
detection. An early study of randomly selected 
infants found a 95 % incidence of clots associated 
with low thoracic UACs on aortograms [ 51 ]. 
Seibert and colleagues studied neonates with 
lower placement of UACs and found 26 % had an 
aortic thrombus by ultrasound, of which 29 % 
were asymptomatic, 24 % presented with hema-
turia, and 24 % had hypertension [ 52 ]. A recent 
Cochrane review of morbidity associated with 
UAC placement found high-placed UACs were 
associated with a lower incidence of clinical isch-
emic complications, but based on limited studies, 
it seems that hypertension and hematuria do not 
differ based on catheter position [ 53 ]. 

 Renal artery thrombosis is most commonly 
associated with use of UACs, and infants may 
present with a sudden increase in blood pressure. 
The incidence of hypertension in infants with a 
UAC has been reported between 1.6 % and 8.8 % 
[ 18 ,  49 ,  50 ]. In the study by Singh and colleagues, 
35 % of hypertensive infants with a UAC had 
associated thrombocytopenia and 25 % had lower 
limb ischemia [ 49 ]. When investigating for this 
complication, it is important to realize that when 
clots are found, they are often extending into or 
originating from the aorta, but sometimes no 
clots will be found on imaging when the infant is 
hypertensive, suggesting either the clot has 
resolved, emboli occluded peripheral renal arter-
ies, or the UAC caused renal arterial spasm or 
stenosis [ 54 ]. Renal venous thrombosis classi-
cally presents with gross hematuria, a palpable 
abdominal mass, and thrombocytopenia and is 
often associated with hypertension and acute 
renal failure. Risk factors for RVT include birth 
asphyxia, maternal diabetes, hypovolemia, sep-
sis, and indwelling catheters. Most RVTs present 
within the fi rst 3 days of life and over 70 % are 
unilateral with a predominance for the left kidney 
and male infants [ 55 ,  56 ]. 

 Renal arterial stenosis may be a complication 
of a UAC, or it may be related to fi bromuscular 
dysplasia, mid-aortic syndrome, or external com-
pression by a mass, or, less commonly in infants, 
associated with a vasculitis or disease syndrome 
such as neurofi bromatosis or Williams’ syn-
drome [ 57 ] [see Fig.  26.5 ]. Other uncommon 
causes associated with renal artery stenosis 
include congenital rubella syndrome, renal myo-
fi bromatosis, and idiopathic arterial calcifi cation 
of infancy [ 58 – 60 ]. Renal artery stenoses are 
most commonly unilateral if idiopathic or related 
to catheters but more commonly bilateral if 
related to syndromes or other disease processes.

   In hypertensive neonates within the NICU, 
between 25 % and 40 % will have a renal abnor-
mality on ultrasound [ 18 ,  49 ]. Lanzarini and col-
leagues studied nephro-urologic malformations 
in a tertiary care hospital and found an incidence 
of 0.89 % in all infants, with almost 20 % of 
affected neonates developing hypertension during 
the newborn period [ 61 ]. Congenital renal dis-
eases associated with hypertension include poly-
cystic kidney disease (both autosomal dominant 
and recessive) and renal dysplasia in isolation or 

  Fig. 26.5     Renal angiogram  demonstrating renal artery 
stenosis of a second-order renal artery branch with post-
stenotic dilation (Reproduced from Vo et al. [ 108 ] with 
kind permission from Springer Science + Business Media)       
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associated with urologic abnormalities such as 
posterior urethral valve or vesicoureteral refl ux, 
renal hypoplasia, multicystic dysplastic kidney, 
congenital or infantile nephrotic syndrome, and 
uncommonly renal tubular dysgenesis or atypical 
hemolytic uremic syndrome. Autosomal reces-
sive polycystic kidney disease is more often pre-
senting during the neonatal period in the recent 
decades [ 62 ] [see Fig.  26.6 ]. The median age at 
diagnosis of hypertension in these patients is 16 
days old, and hypertension is common in infants 
also presenting with hyponatremia which may 
refl ect severe tubular dysregulation. The hyper-
tension may be challenging to treat and often 
requires multiple agents [ 62 ]. Even autosomal 
dominant polycystic kidney disease, where com-
plications are less common during childhood, can 
cause hypertension in infants less than 1 year of 
age [ 63 ]. Multicystic dysplastic kidneys rarely 
cause hypertension as they are thought to be non-
functional but in some cases seem to have just 
enough renal blood fl ow or function to cause 
severe hypertension, likely renin mediated, and in 
these cases the hypertension resolves after 
nephrectomy [ 64 ]. Renal dysplasia may be asso-
ciated with hypertension and is common in 
obstructive uropathies such as posterior urethral 
value and prune belly syndrome but may not be 
seen in obstruction due to stones or tumors if the 

obstruction occurs after completion of renal 
development. Ureteropelvic junction obstruction 
has been associated with neonatal hypertension 
where correction of the abnormality is curative in 
most although infant pyeloplasty has also been 
related to a postoperative hyperreninemic hyper-
tension [ 65 ]. Other urologic abnormalities associ-
ated with infant hypertension include megaureter 
and neurogenic bladder, often in infants with a 
meningomyelocele [ 61 ,  66 ].

   Acquired renal causes of infant hypertension 
are less common but may include acute tubular 
necrosis related to moderate hypoxic, hypotensive, 
or nephrotoxic injury to the kidneys or if more 
severe injury, kidneys may develop cortical necro-
sis. Other acquired causes of renal parenchymal 
disease and infant hypertension include pyelone-
phritis, interstitial nephritis, and nephrocalcinosis 
[ 48 ,  67 ,  68 ]. Rare heritable forms of hypertension 
such as Liddle syndrome, apparent mineralocorti-
coid excess, and glucocorticoid- remediable aldo-
steronism may present during infancy, and clinical 
suspicion based on family history and/or sup-
pressed plasma renin is important to diagnose 
these rare causes as treatments are directed at the 
specifi c underlying pathophysiology [ 69 ,  70 ]. 

 Coarctation of the thoracic aorta may present 
with infantile hypertension and should be sus-
pected in the presence of discrepant arm and leg 

  Fig. 26.6     Renal ultrasound  image demonstrating an enlarged echogenic kidney with lack of corticomedullary differ-
entiation and numerous microcysts consistent with autosomal recessive polycystic kidney disease       
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pulses, perfusion, or blood pressures and a car-
diac murmur. Hypertension, as determined by a 
right upper arm blood pressure measurement, is 
present in 85 % of children with aortic coarcta-
tion and persisted in 38 % of infants after surgical 
repair [ 71 ]. This group is also at risk of restenosis 
and recurrent hypertension during childhood, and 
therefore, these children need careful long-term 
follow-up as systolic blood pressure has been 
correlated with residual obstruction and may be a 
clue to persistent stenosis [ 72 ]. Patent ductus 
arteriosus (PDA) as well as closure of the PDA 
have been associated with neonatal hypertension 
[ 1 ,  49 ]. The mechanism of the PDA-related 
hypertension has been suggested to be renal 
microthrombosis with the PDA as the nidus, 
while closure of the PDA and hypertension could 
be related to the use of nonsteroidal anti- 
infl ammatory drugs or the sudden increase in 
blood volume through the aorta. 

 ECMO deserves mention as a newer cause of 
infant hypertension as the technology becomes 
more widely utilized. An early study showed an 
incidence of 88 % hypertension in infants on 
ECMO, when hypertension was defi ned as sys-
tolic blood pressure greater than 90 mmHg, and 
44 % of infants developed intraventricular hem-
orrhage [ 73 ]. In this study, 15 % of infants still 
required some form of antihypertensive medica-
tion 1 month after ECMO. Other studies have 
found the incidence of hypertension to vary 
between 58 % and 94 %, but fewer hypertensive 
infants (0–5 %) developed intracranial hemor-
rhage [ 74 ,  75 ]. A more recent review of 500 neo-
nates treated with ECMO demonstrated that 
hypertension is the most common cardiovascular 
complication, occurring in almost 40 % of infants, 
but when aggressively treated with vasodilators 
did not adversely affect survival [ 76 ]. The mech-
anisms are thought to involve alterations in the 
barorefl ex and modulation of hormones [ 77 ]. 

 Chronic lung disease or bronchopulmonary 
dysplasia is another common cause of infant 
hypertension although it may present at neonatal 
follow-up clinics rather than during NICU admis-
sion. Of infants requiring home oxygen therapy 
for chronic lung disease, the incidence of 

hypertension during the fi rst year of life has been 
reported from 12 % to 43 % with an average age 
of onset of 3.5–5.9 months with approximately 
half of cases occurring after discharge from the 
NICU [ 78 – 80 ]. In addition, some infants with 
chronic lung disease, or at risk of developing 
chronic lung disease, are treated with corticoste-
roids or other medications for a period of time 
which can cause or exacerbate hypertension [ 81 ]. 

 Infant hypertension may also be found in dis-
orders of the neurologic and endocrine systems 
as well as in association with various tumors. 
Pain and seizures may both lead to elevations in 
blood pressure, but management should be 
directed at the underlying stimulus and antihy-
pertensive medications will likely not be neces-
sary [ 82 ]. Hypertension occurs in about 3 % of 
infants with intraventricular hemorrhage [ 49 ,  50 ]. 
Premature neonates are at particular risk due to 
the delicate germinal matrix in the brain, and 
intracranial hypertension may also develop after 
neonatal asphyxia [ 83 ]. Unfortunately, the clini-
cal signs of systemic hypertension and intraven-
tricular hemorrhage may be indistinguishable 
and include irritability, lethargy, apnea, hypoto-
nia, seizures, and coma [ 1 ]. In these situations, 
appropriate imaging studies may evaluate for 
central nervous system causes or complications 
of the high blood pressure. 

 Although rare, the most commonly associated 
endocrine etiology for neonatal hypertension is 
congenital adrenal hyperplasia related to defi cien-
cies in either 11β-hydroxylase or 17α-hydroxylase 
leading to over production of deoxycorticosterone 
which has mineralocorticoid activity [ 84 ,  85 ]. 
Other endocrine causes of hypertension include 
Cushing’s syndrome, neonatal hyperthyroidism, 
hyperaldosteronism, and pheochromocytoma 
[ 86 – 89 ]. Several neoplastic causes of infant 
hypertension have been recognized including 
Wilms tumor, neuroblastoma, and mesoblastic 
nephroma which may all present during infancy 
[ 90 – 94 ]. The mechanisms for the hypertension 
may include hyperreninemia related to renal 
parenchymal compression, renin release by the 
tumor, compression of the renal vasculature by the 
mass, or release of catecholamines by the tumor. 
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 Various other causes of neonatal and infant 
hypertension have been recognized, many of 
which are iatrogenic. Certain medications or 
drugs may cause infant hypertension and may be 
related to maternal ingestion, as in cocaine or 
heroin abuse, or medications may be prescribed 
to infants within the NICU for a specifi c indica-
tion [ 95 ,  96 ]. Infants with chronic lung disease 
may be treated with corticosteroids, caffeine, or 
theophylline, all of which may lead to hyperten-
sion [ 97 ,  98 ]. Vitamin D intoxication has been 
associated with infant hypertension although it is 
not clear if this is related to hypercalcemia or 
some other mechanism [ 46 ]. Excess saline 
administration or salt intake may increase blood 
pressures in neonates [ 46 ,  99 ]. Total parenteral 
nutrition has also been related to hypertension 
with the suspected mechanism either salt and 
water overload or hypercalcemia. Many of these 
iatrogenic causes of infant hypertension are based 
on clinically important indications, but when 
high blood pressures develop, the risk-benefi t 
ratio must be reevaluated to determine if the med-
ication or agent is still deemed essential.  

    Diagnostic Evaluation 

 Many infants with hypertension are asymptom-
atic, and common symptoms are often nonspe-
cifi c such as feeding intolerance, vomiting, 
irritability, or failure to thrive. In those with more 
obvious symptoms, cardiovascular signs related 
to the blood pressure can include tachypnea, 
respiratory distress, and congestive heart failure 
[ 1 ]. In some infants who present with cardiogenic 
shock, the elevated blood pressure is not detected 
until after the child is resuscitated and cardiac 
function improves [ 100 ]. Neurologic symptoms 
may be indistinguishable from intracranial hem-
orrhage and may include lethargy, apnea, trem-
ors, opisthotonus, facial palsy, hemiplegia, 
seizures, and coma [ 1 ,  101 ]. Infants may be oli-
guric or polyuric with renal parenchymal or reno-
vascular abnormalities [ 46 ]. Clinical signs and 
symptoms may provide clues to both the severity 
and the cause of the elevated blood pressure. 

 The infant’s medical history should be 
reviewed for prenatal exposures, complications 
of delivery, perinatal course including use of 
invasive monitoring (umbilical lines), comorbid 
conditions, and current and previous medica-
tions. Family history may be helpful particularly 
when other newborns have had complications in 
early life or when there is a history of hyperten-
sion at a young age. Fortunately, for infants 
within the NICU, review of the patient chart often 
reveals the likely cause or several contributing 
factors to the development of the hypertension. 

 The initial step in physical evaluation of the 
infant is to confi rm the blood pressure elevation 
by using a standardized blood pressure measure-
ment technique [see Table  26.1 ] and ensuring the 
proper cuff size is used. Blood pressures and 
pulses should be assessed in all four limbs with 
discrepancies suggestive of coarctation, stenoses, 
or thromboses. The general condition of the 
infant should be noted including hydration status 
and dysmorphic features. Further examination 
should focus on the differential diagnosis [see 
Table  26.3 ] as well as looking for signs of end 
organ damage including cardiac and neurologic 
abnormalities. Although procedurally challeng-
ing, signs of hypertensive retinopathy may be 
present even in neonates with hypertension [ 102 ]. 
Abdominal examination is critical in these infants 
and should include inspection, auscultation for 

   Table 26.4    Diagnostic investigations for neonatal and 
infant hypertension   

 Common investigations  Specifi c investigations 

 Urinalysis  Plasma renin activity, 
aldosterone 

 Serum electrolytes 
(Na, K, Cl, HCO 3 ) 

 Head ultrasound 

 Blood urea nitrogen, creatinine  Serum calcium 
 Complete blood count  Cortisol, thyroid studies 
 Renal ultrasound with Doppler  Renal scintigraphy 

(MAG3, DTPA) 
 Echocardiography  Angiography 

   Na  sodium,  K  potassium,  Cl  chloride,  HCO   3   bicarbonate, 
 DTPA-Tc 99m  diethylenetriamine pentaacetic acid, 

 MAG3-Tc 99m  mercaptoacetyltriglycine  
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bruits, and palpation of the size and symmetry of 
the kidneys and detection of masses. 

 Investigations should be tailored to the degree 
of hypertension and information gathered on his-
tory and physical examination. Basic laboratory 
investigations could include urinalysis, serum 
electrolytes, blood urea nitrogen, creatinine, and 
complete blood count [see Table  26.4 ]. Renal 
ultrasound with Doppler is a high yield initial 
investigation in this population. Renal parenchy-
mal abnormalities, such as polycystic kidney dis-
ease and renal dysplasia, and structural 
abnormalities, such as ureteropelvic junction 
obstruction, are easily diagnosed with basic renal 
ultrasonography. It is important to note that renal 
echogenicity and corticomedullary differentia-
tion are relatively increased in neonates [ 103 ], 
and therefore, interpretation should be conducted 
by radiologists with experience in pediatrics. 
Renovascular abnormalities may be suspected on 
ultrasound when there is abnormal renal size or 
echogenicity, but Doppler imaging is better at 
identifying a thrombus or stenosis, although lack 
of vascular anomaly with Doppler ultrasound 
does not exclude a renovascular cause.

   Echocardiography in infants with hyperten-
sion may help with diagnosis if cardiac abnor-
malities are identifi ed but may also demonstrate 
evidence of target organ damage with left ven-
tricular hypertrophy or congestive heart failure. 
In infants presenting with heart failure of 
unknown etiology, hypertension as a cause may 
be suspected by reduced left ventricle systolic 
function without chamber enlargement, increased 
left ventricular mass, diastolic dysfunction with-
out left atrial dilatation, and aortomegaly with 
Doppler suggestive of increased vascular resis-
tance [ 104 ]. Infants may not be hypertensive at 
presentation when cardiac function is compro-
mised but develop high blood pressure as cardiac 
function improves, although afterload reduction 
may improve both blood pressure and cardiac 
function [ 104 ]. 

 Plasma renin or plasma renin activity may be 
diffi cult to interpret with limited normal refer-
ence values available for neonates. In addition, 
various measurements have been used including 

direct renin, plasma renin activity, and active 
renin mass with differences in normal values for 
the different assays. A newborn’s renin is higher 
following a vaginal delivery and higher in pre-
term than term infants [ 105 ,  106 ]. In term infants, 
renin is highest in the fi rst 4 days of life and then 
levels decrease over the following weeks to 
months to values similar to older children [ 105 ]. 
A suppressed plasma renin may be suggestive of 
a monogenic form of hypertension, while an ele-
vated renin may suggest a renal stenosis or 
thrombosis although it is important to note that 
a normal plasma renin is common even in the 
presence of a renovascular abnormality so 
 clinicians need to be aware of the limitations 
of this test [ 107 ]. 

 When renovascular hypertension is suspected, 
angiography may be the best investigation but is 
not always feasible. A review of renal angiogra-
phy in a select group of hypertensive children 
without comorbid conditions revealed that 90 % 
had a single stenosis with only 25 % in the main 
renal artery, 50 % in a second order renal artery, 
and the remainder in more distal branches or 
accessory vessels indicating the importance of 
angiography for detection of most renal artery 
stenoses [ 108 ] [see Fig.  26.5 ]. Digital subtraction 
angiography is the most accurate for detection of 
arterial stenoses, and although it is invasive, it 
may be combined with differential renal vein 
renin sampling which may be helpful to localize 
the lesion and guide surgical management [ 57 ,  107 ]. 
Unfortunately, these procedures require a general 
anesthetic and may be technically challenging in 
small infants, and therefore, infants are often 
managed medically until they achieve a size 
where the procedure is technically feasible. Other 
imaging techniques include computed tomography 
angiography or magnetic resonance angiography, 
although they are not good at detection of 
 intrarenal vascular anomalies which are often 
present in infants [ 103 ]. Consideration must also 
be given to a prothrombotic workup in infants 
with proven thromboses as clotting factor abnor-
malities are common in infants with renal vein 
thrombosis regardless of other predisposing 
 perinatal conditions [ 56 ,  109 ].  

26 Neonatal Hypertension



410

    Management 

 Hypertensive    crises are life-threatening emergen-
cies that require prompt and careful management 
to avoid complications either of the hypertension 
or of the treatment and therefore are best man-
aged within an intensive care setting with intrave-
nous (IV) short-acting antihypertensive agents. 
Blood pressures should be reduced in a slow, 
controlled manner over days to avoid severe 
complications of relative hypotension [ 101 ]. 
Several classes of antihypertensive agents have 
been used in infants for management of severe 
hypertension including vasodilators, ACE inhibi-
tors, calcium channel blockers, and α- and 
β-antagonists [see Table  26.5 ]. Sodium nitroprus-
side has been used for decades in hypertensive 
crises and, due to the very short action of the 
medication, may be easily titrated to the desired 
effect. With prolonged use, infants need to be 
monitored for cyanide toxicity which can occur 
earlier in infants with renal failure. There is one 
case series of IV enalaprilat use in neonates, but 
given the high incidence of side effects, impor-
tance of the renin-angiotensin-aldosterone sys-
tem (RAAS) in neonates, and lack of established 
dose, we cannot endorse its use [ 110 ]. 
Nicardipine, a dihydropyridine calcium channel 
blocker, has been used safely and effectively in 
premature and term infants with hypertension but 
requires administration through a central venous 
line and should be avoided in perinatal asphyxia 
[ 111 ,  112 ]. Labetalol is a selective alpha-1- 
adrenergic antagonist and nonselective beta- 
adrenergic antagonist that has been used for 
decades to treat hypertensive crises. The effi cacy 
and safety of IV labetalol is comparable to IV 
nitroprusside or IV nicardipine in infants less 
than 24 months of age [ 113 ]. Side effects of 
labetalol included hypoglycemia, bradycardia, 
and hypotension, although the adverse events 
were not more common than in the other drug 
classes, but caution must be used in patients with 
preexisting brain injury. Esmolol, an IV cardiose-
lective short-acting beta-antagonist, is a newer 
agent but has been used in children undergoing 
cardiac surgery for repair of congenital anoma-
lies with good safety and effi cacy [ 114 ,  115 ].

   Unfortunately, there are occasions when intra-
venous infusions are not immediately available 
and other agents must be used. Hydralazine may 
be given IV or orally with a short onset of action 
of 5–20 min for IV administration and 20–30 min 
when given orally. Nifedipine has been studied in 
infants with hypertensive crises at a dose of 
2.5 mg with good effect [ 116 ] although caution 
must be used with this medication as others have 
found transient neurologic changes in children 
and small doses require extraction of the liquid 
from a capsule with estimation of dispensed dose. 
Isradipine is a newer calcium channel blocker 
that is being used for acute hypertension as it is 
available in an immediate release formulation 
with onset of action of 30–60 min [ 117 ,  118 ]. 
Other fast-acting medications to consider include 
oral captopril, clonidine, and minoxidil [ 47 ] [see 
Table  26.5 ]. Some of these agents may not be 
available in all countries, so one’s choice of agent 
may be partly driven by what is available. 

 As with many medications in pediatrics, most 
antihypertensive drugs are not approved for use 
in children, particularly infants, as adequate stud-
ies have not been conducted involving this age 
group [ 119 ]. In neonates, the physiology of the 
immediate postnatal life is very different from 
older children, and therefore, drug dosages and 
side effects can be quite different. Many older 
antihypertensive drugs have been used for 
decades to treat infant hypertension and are 
unlikely to be formally studied, but small studies 
of other antihypertensive medications can be 
used for guidance when trying to manage infant 
hypertension. Captopril, a short-acting ACE 
inhibitor, is much more potent in neonates, and 
they require a lower dose for clinical effect [see 
Table  26.5 ]. Infants may have signifi cant 
decreases in blood pressure associated with cap-
topril as well as acute renal failure and neuro-
logic consequences [ 120 ]. Similar caution should 
be used for longer-acting ACE inhibitors such as 
enalapril, lisinopril, and quinapril when used in 
infants. In addition, we are learning more about 
the importance of the RAAS during renal devel-
opment [ 121 ], and concern has been raised about 
persistent use of inhibitors of this developmen-
tally important system in neonates and long-term 
consequences that have yet to be determined. 

J.M. Dionne



411

     Table 26.5    Antihypertensive medications and recommended dosages for neonatal and infant hypertension   

 Drug class  Medication and route  Dose  Interval  Comments 

 Direct 
vasodilators 

 Sodium 
nitroprusside (IV) 

 Initial: 0.25 mcg/kg/min 
 Max: 8 mcg/kg/min 

 Infusion  May cause hypotension, 
tachycardia. Monitor for 
cyanide toxicity. Caution in 
renal failure 

 Hydralazine (IV) 
(PO) 

 0.2–1.0 mg/kg/dose 
 0.25–1.0 mg/kg/dose 
 Max: 5 mg/kg/day 

 Q 4–6 h 
 TID to QID 

 May cause tachycardia, fl uid 
retention, diarrhea, emesis, 
agranulocytosis 

 Minoxidil (PO)  0.05–2.0 mg/kg/day  BID  May cause tachycardia, fl uid 
retention, hypertrichosis 

 ACE inhibitors  Captopril (PO)  Neonates: 
 Initial: 0.01 mg/kg/dose 
 Max: 1.5 mg/kg/day 
 Infants: 
 Initial: 0.1–0.3 mg/kg/dose 
 Max: 6 mg/kg/day 

 TID to QID 
 
BID to TID 

 May cause hypotension, 
oliguria, acute renal failure, 
hyperkalemia, neurologic 
complications 

 Enalapril (PO) 
 Lisinopril (PO) 
 Quinapril (PO) 

 Infants: 0.1–0.6 mg/kg/day 
 0.1–0.5 mg/kg/day 
 Initial: 0.1–0.2 mg/kg/day 

 Daily to BID 
 Daily 
 Daily 

 All may cause hypotension, 
oliguria, acute renal failure, 
hyperkalemia, agranulocytosis, 
angioedema. Caution in 
preterm neonates 

 Calcium 
channel 
blockers 

 Nicardipine (IV)  0.5–4 mcg/kg/min  Infusion 
(Central Line) 

 May cause hypotension, 
tachycardia, and fl ushing. 
Caution in perinatal asphyxia 

 Amlodipine (PO)  Initial: 0.1 mg/kg/dose 
 Max: 0.6 mg/kg/day 

 Daily to BID  May cause edema, tachycardia, 
gingival hypertrophy 

 Isradipine (PO)  Initial: 0.05–0.15 mg/kg/
dose 

 Max 0.8 mg/kg/day 

 TID to QID  May cause hypotension, 
tachycardia, edema. Caution 
with QTc prolongation 

 Nifedipine (PO)  Initial: 0.25 mg/kg/dose 
 Max: 2.5 mg 

 Q 4–6 h  May cause hypotension, 
tachycardia, transient 
neurologic changes 

 α- and 
β-antagonists 

 Labetalol (IV) 

 Labetalol (PO) 
 Carvedilol (PO) 

 0.2–1.0 mg/kg/dose 
 0.25–3.0 mg/kg/h 
 1.0–10 mg/kg/day 
 0.05–0.4 mg/kg/dose 

 Load 
 Infusion 
 BID 
 BID to TID 

 May cause hypotension, 
hyperkalemia. Caution in 
chronic lung disease, heart 
block, unstable heart failure 
 May cause hypotension, 
bradycardia, edema, 
hyperglycemia 

 β-Antagonists  Esmolol (IV) 
 Propranolol (IV) 
 Propranolol (PO) 

 125–1,000 mcg/kg/min 
 0.01–0.15 mg/kg/dose 
 0.5–6 mg/kg/day 

 Infusion 
 QID 
 BID to QID 

 All may cause hypotension, 
bradycardia. Caution in chronic 
lung disease, unstable heart 
failure 

 α-Antagonist  Prazosin (PO)  Initial: 5 mcg/kg/dose 
 25–400 mcg/kg/day 

 TID to QID  May cause hypotension, 
somnolence 

 Central α-agonist  Clonidine (PO)  2–10 mcg/kg/day  QID  May cause hypotension, 
bradycardia, rebound 
hypertension, somnolence, 
xerostomia 

 Diuretics  Amiloride (PO)  0.4–0.625 mg/kg/day  Daily to BID  May cause hyperkalemia. 
Caution in renal failure 

 Furosemide (PO)  1–6 mg/kg/dose  Daily to QID  May cause hyponatremia, 
hypokalemia, ototoxicity, 
nephrocalcinosis 

 Hydrochlo ro-
thiazide (PO) 

 1–3 mg/kg/day  BID  May cause hyponatremia, 
hypokalemia, alkalosis 

 Spironolactone (PO)  1–3 mg/kg/day  Daily to BID  May cause hyperkalemia. 
Caution in renal failure 

   ACE  angiotensin-converting enzyme,  BID  twice daily,  IV  intravenous,  PO  oral,  QID  four times daily,  TID  three times daily  
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 Amlodipine, a third-generation dihydropyri-
dine calcium channel blocker, is generally safe 
and effective for management of childhood 
hypertension. It can be compounded in a suspen-
sion for use in young children and has a long 
half-life although may need to be dosed twice 
daily in younger children [ 122 ]. Isradipine, a 
second-generation dihydropyridine calcium 
channel blocker, has been used in hospitalized 
neonates, infants, and children with good effect 
[ 117 ,  118 ]. Dosage based on size produced a rel-
atively larger decrease in blood pressure in the 
infants compared to older children, but only 1 % 
of patients developed clinically signifi cant hypo-
tension. Isradipine can be compounded into a 
stable suspension preparation improving its util-
ity in neonates and infants. 

 Diuretics are used commonly in NICUs, often 
for indications other than blood pressure. They 
have modest effects on blood pressure reduction 
but may be fi rst-line agents in infants with chronic 
lung disease or fl uid retention. Electrolyte abnor-
malities are not uncommon and require labora-
tory monitoring. 

 Although most antihypertensive medications 
are not approved for use in infants, physicians 
have had to treat blood pressure with various 
agents to prevent the complications of uncon-
trolled hypertension. Hydralazine has been the 
most commonly used medication for neonatal 
hypertension since the 1970s [ 1 ]. In an Australian 
study of neonates with hypertension, 82 % were 
treated during the initial hospitalization and the 
most commonly prescribed medications were 
hydralazine, followed by captopril, labetalol, and 
atenolol [ 18 ]. This is consistent with observed 
management in the large database study by 
Blowey and colleagues where vasodilators, pri-
marily hydralazine, were prescribed in 64 % of 
infants, ACE inhibitors in 51 %, then calcium 
channel blockers (24 %), alpha- and beta- blockers 
(18 %), and clonidine (5 %) [ 50 ]. Medications 
were prescribed at a median age of 15 days of 
life, the median duration was 10 days, and 45 % 
were treated with two or more drugs [ 50 ]. 

 In some cases, surgical or interventional man-
agement can be curative for hypertension in 
infants. For renal artery stenosis, percutaneous 

transluminal renal angioplasty to correct the ste-
nosis may be curative when the lesion is unilat-
eral and not associated with a systemic disease 
process although the procedure is technically 
more diffi cult in small infants who are often man-
aged medically awaiting further growth [ 57 , 
 107 ]. Surgical correction of coarctation of the 
thoracic aorta improves blood pressure in many 
but not all infants with this congenital malforma-
tion [ 71 ]. For infants with tumors such as 
Wilms tumor, neuroblastoma, and mesoblastic 
nephroma, surgery usually results in normaliza-
tion of the blood pressure [ 90 ,  92 ,  94 ]. Rarely 
structural or function anomalies of the kidney 
and urinary tract associated with severe hyperten-
sion may require surgery, and it has been reported 
as curative in some cases of ureteropelvic junc-
tion obstruction, multicystic dysplastic kidney, 
and unilateral renal hypoplasia [ 64 ,  67 ,  123 , 
 124 ]. In exceptional circumstances, nephrectomy 
has been used for management of hypertension 
related to autosomal recessive polycystic kidney 
disease, which is often diffi cult to treat in infants, 
although may become easier with time [ 125 ].  

    Long-Term Outcome 

 Few follow-up studies of neonatal hypertension 
have been published. The review published by 
Adelman in 1978 of 17 infants with neonatal 
hypertension found that 13 (76 %) were normo-
tensive off antihypertensive medications by 3–6 
months after the onset [ 1 ]. Results were similar 
in a slightly later study of infants hypertensive in 
the NICU where 56 % were normotensive within 
the fi rst month of life, 67 % by 6 months of age, 
and 81 % by 1 year of age [ 48 ]. In a recent 
Australian study of neonates with hypertension, 
more than 40 % of infants were still receiving 
antihypertensive medications at discharge and 
15 % were still on treatment at follow-up at 3–6 
months of age [ 18 ]. 

 Attention has been given to certain infant dis-
ease states with reported longer-term blood pres-
sure outcomes. While in some conditions the 
blood pressures improve with time, others are 
associated with increasing hypertension. 
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Follow-up on infants discharged from the NICU 
with chronic lung disease has shown that infants 
with hypertension in the NICU or at follow-up 
had resolution of the elevated blood pressure at a 
mean of 7.8 months although the range was less 
than 1 month to just over 2 years [ 78 ]. In children 
with autosomal recessive polycystic kidney dis-
ease who survive the neonatal period, almost 
40 % require antihypertensive medications by 1 
year, 50 % by 3 years, and 60 % by 15 years of 
age [ 125 ]. Several long-term studies of renal vein 
thrombosis during infancy have found kidney 
outcomes are poor regardless of treatment with 
66–90 % showing irreversible kidney damage at 
follow-up and 19–34% of these patients had ele-
vated blood pressure long term [ 55 ,  56 ,  109 , 
 126 ]. Chronic renal failure was reported in 
around 30 %, proteinuria in 12 %, and urine- 
concentrating defects in almost 50 % [ 109 ,  126 ]. 

 Another concern is for the development of 
hypertension in high-risk infants after discharge 
from the NICU. Sheftel and colleagues screened 
infants who were normotensive during the NICU 
course at follow-up clinics during the fi rst year of 
life and found 9 % were hypertensive based on 
three separate systolic blood pressure readings 
[ 127 ]. After extending their cohort and follow-up 
period, they found 2.6 % were hypertensive at an 
average follow-up of 19 months [ 128 ]. Causes 
identifi ed included ureteropelvic junction 
obstruction, renal artery thrombosis, coarctation 
of the aorta, and neuroblastoma, but no cause was 
identifi ed in the majority of children. Another 
study followed up cohorts of VLBW infants at 1, 
2, and 3 years of age and found that the observed 
systolic blood pressure value did not differ 
between cohorts but that the percentage with 
blood pressure values exceeding the 95th percen-
tile decreased from 33 % at 1 year to 15 % at 2 
years and 8 % at 3 years [ 129 ]. A study of genetic 
and clinical risk factors for infant hypertension 
found discharge on supplemental oxygen, history 
of urinary tract infection during NICU, and cyto-
chrome P450 CYP2D6 ‘CC’ genotype to be 
independent risk factors for elevated blood pres-
sure at NICU follow-up clinics [ 28 ]. 

 We should not be surprised that the risks for 
development of hypertension in this population 

are likely multifactorial as these infants are often 
born prior to completion of nephrogenesis and 
may be susceptible to acute kidney injury from 
hypoxia, hypotension, and nephrotoxins in addi-
tion to a possible genetic predisposition. 
Following on the early hypothesis by Brenner 
and colleagues that reduced nephron endowment 
predisposes to the development of hypertension 
[ 130 ,  131 ], Rodriguez and colleagues examined 
renal autopsy specimens from premature and 
term neonates and found that glomerulogenesis is 
decreased in all preterm infants and correlates 
with gestational age [ 132 ]. In addition, active 
glomerulogenesis is absent in longer surviving 
premature infants and is further inhibited by 
acute kidney injury. This provides further support 
to the clinical recommendation that surviving 
premature infants need long-term follow-up that 
includes blood pressure assessment.  

    Neonatal Risk Factors for Later 
Renal and Cardiovascular Disease 

 It is becoming more widely recognized that peri-
natal events may alter risks for renal and cardio-
vascular disease in adolescence and adulthood. 
A few comments are included here, but for a 
more detailed review, see Chap.   7     on Perinatal 
Programming of Blood Pressure. In particular, 
there has been much focus recently on prematu-
rity, intrauterine growth restriction, and postnatal 
weight gain as risk factors for future renal and 
cardiovascular disease. Although there is still 
much controversy in the literature regarding 
which factors have a role and how much of an 
effect of perinatal factors compared to later health 
status. Studies that have followed up premature 
infants through childhood have found an 
increased incidence of hypertension (7–16 %), 
chronic renal insuffi ciency (11 %), and tubular 
dysfunction (10–15 %) in this population [ 133 , 
 134 ]. Using ambulatory blood pressure monitor-
ing (ABPM), it was found that children born pre-
maturely, particularly those that had intrauterine 
growth restriction, had higher nocturnal blood 
pressures and reduced dipping compared to con-
trols [ 135 ]. Young adults who were born very 
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premature (< 32 weeks) or at very low birth 
weight (< 1,500 g) have a very high rate of prehy-
pertension (approx. 40 %) and a higher preva-
lence of hypertension (approx. 10 %) when 
compared to the general population of a similar 
age [ 136 ]. As discussed above, hypertension may 
develop in children and adults who were born 
premature due to a reduced nephron endowment. 

 Several studies have shown that low birth 
weight or being born small for gestation age is 
inversely correlated with blood pressure in child-
hood and early adulthood and may be related to a 
higher prevalence of hypertension [ 137 – 139 ]. A 
large cohort study including almost 30,000 chil-
dren found that placental ratio percentage, as an 
indicator of intrauterine growth restriction, was a 
predictor of elevated blood pressure at 7 years of 
age while unadjusted birth weight was not [ 140 ]. 
ABPM in children born small for gestation age 
found blunted circadian and ultradian rhythms in 
addition to elevated blood pressure demonstrat-
ing altered cardiovascular regulation in children 
born growth restricted [ 141 ]. The exact mecha-
nism for the higher cardiovascular risk may differ 
depending on the etiology as suggested in a 
20-year follow-up study of premature neonates 
where offspring of hypertensive pregnancies 
showed impaired endothelial function and sub-
clinical atherosclerosis compared to normoten-
sive pregnancy preterm offspring who 
demonstrated increased aortic stiffness [ 142 ]. 
Differential vascular programming may infl u-
ence later cardiovascular risks. 

 The role of early weight gain in later develop-
ment of cardiovascular disease is still under 
debate. Studies have shown that accelerated 
infant weight gain during the fi rst several months 
of life is related to higher systolic blood pressure 
during childhood and adolescence, abnormal 
lipid profi le in adolescents, and abnormal glucose 
metabolism in those children born small for ges-
tational age suggesting effects of both prenatal 
and early postnatal programming [ 143 ,  144 ]. 
Another study of children who were born prema-
ture also showed that increased weight gain over 
the fi rst year was associated with a slightly higher 
systolic blood pressure in childhood, but the 
weight gain was also associated with improved 

neurocognition [ 145 ]. Exclusive breast feeding 
of infants has been associated with lower child-
hood systolic blood pressure with a dose-response 
relationship in one study [ 146 ], while others did 
not fi nd this association [ 147 ,  148 ] although 
breast feeding should still be encouraged for all 
the other health benefi ts. Several other studies 
have shown that early postnatal growth has an 
infl uence on childhood and early adulthood blood 
pressures but that the effect is small compared to 
later childhood growth or adult body mass index 
[ 136 ,  138 ,  139 ,  148 ,  149 ]. This has lead to the 
suggestion that the focus shift from perinatal 
growth to prevention of adiposity from later 
infancy through childhood as a more effective 
mechanism to reduce adulthood cardiovascular 
disease [ 139 ].  

    Conclusions 

 Neonatal and infant hypertension may be a chal-
lenging clinical issue, primarily because we are 
not certain of the defi nition of hypertension 
within this population and limited medication 
studies are available to guide treatment. Various 
factors, both intrinsic and extrinsic, can infl uence 
neonatal blood pressures with the strongest deter-
minants being birth weight, gestational age, and 
postmenstrual age. Newer data on normal blood 
pressure values are available based on stable 
infants, but larger multicenter studies are needed 
to confi rm and refi ne these reference values and 
more accurately determine abnormal values or 
hypertension. The incidence of neonatal hyper-
tension has remained fairly consistent over the 
last 30 years at 1–2 % despite changes in the 
complexity of the neonatal population with new 
technologic advances. The most common causes 
of hypertension remain renovascular, commonly 
related to umbilical catheters, renal parenchymal, 
coarctation of the aorta, and chronic lung disease 
although there are newer associations indentifi ed 
such as ECMO. Most causes can easily be deter-
mined by infant history and some basic investiga-
tions, and more antihypertensive agents are being 
trialed or used within this population creating 
more options for treatment. Most neonatal 
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hypertension will resolve over time although 
some disease states that may be identifi ed during 
infancy need long-term follow-up for the devel-
opment of hypertension or other complications. 
The exact impact of perinatal events on later renal 
and cardiovascular disease is still under investi-
gation, but appropriate management of neonatal 
and infant hypertension is important for both the 
short- and long-term health of these infants.     
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          Abstract 

   Obstructive sleep apnea (OSA) is the most severe form of sleep-disordered 
breathing (SDB) (Benninger and Walner, Clin Cornerstone 9:s6–12, 2007), 
which encompasses all forms of abnormal breathing during sleep (Marcus, 
Curr Opin Pediatr 12:208–12, 2000). Adults with OSA have a signifi cant 
association with cardiovascular disease, specifi cally hypertension (HTN) 
(Somers et al. Circulation 118:1080–111, 2008). The relationship between 
systemic HTN and OSA is well documented (Lavie et al. BMJ 320:479–82, 
2000, Nieto et al. JAMA 283:1829–36, 2000, Peppard et al. N Engl J Med 
342:1378–84, 2000), and one particular prospective population study, the 
Wisconsin Sleep Cohort Study, documented OSA preceded and predicted 
the development of HTN (Peppard et al. N Engl J Med 342:1378–84, 
2000). OSA has also been associated with drug- resistant HTN in adults 
(Grote et al. J Hypertens 18:679–85, 2000, Logan et al. J Hypertens 
19:2271–7, 2001) which may be partially mediated by aldosterone (Calhoun 
et al. Chest 125:112–7, 2004, Pratt-Ubunama et al. Chest 131:453–9, 
2007). The relationship between OSA and HTN is so well defi ned in adults 
that OSA is now recognized as an identifi able cause of HTN and should be 
considered during the evaluation for elevated blood pressure (BP) 
(Chobanian et al. Hypertension 42:1206–52, 2003). The National High 
Blood Pressure Education Program Working Group made a similar recom-
mendation to screen for OSA as a comorbid condition in children with 
HTN (National High Blood Pressure Education Program Working Group 
on High Blood Pressure in Children and Adolescents, Pediatrics 114:555–
76, 2004). However, the relationship between SDB and HTN is not as clear 
in children. Regardless, there is evidence to suggest an association between 
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        Defi nitions and Epidemiology 
of SDB 

 The American Thoracic Society defi nes OSA in 
children as a sleep-related breathing disorder 
“characterized by prolonged partial upper airway 
obstruction and/or intermittent complete obstruc-
tion (obstructive apnea) that disrupts normal ven-
tilation during sleep and normal sleep patterns” 
[ 13 ]. Specifi cally, an  obstructive apnea  is a ces-
sation in ventilation despite effort for 10 s or two 
breath cycles in older children or despite effort 
for 6 s or 1.5–2 breath cycles in infants [ 14 ]. An 
 obstructive hypopnea  is a decrease in airfl ow by 
at least 50 % despite effort occurring at the same 
time or during breath cycles associated with a 
desaturation or arousal [ 13 ]. Both of these events 
contribute to the apnea-hypopnea index (AHI), 
which is defi ned as the total number of apneas 
and hypopneas per hour of sleep (also referred to 
as the respiratory disturbance index, RDI) [ 14 ]. 
AHI can only be measured by polysomnography 
(PSG), the gold standard for diagnosing SDB. An 
AHI >1 is considered abnormal in children [ 15 ] 
contrary to adult guidelines which specify an 
AHI >5 as the cutoff for the diagnosis of OSA 
[ 16 ]. When partial upper airway obstruction 
results in hypercapnia, these episodes are referred 
to as  obstructive hypoventilation . Obstructive 
hypoventilation requires measurement of end- 
tidal CO2 (ETCO2) and is defi ned by an ETCO2 
>45 mmHg for more than 60 % of total sleep 
time or any ETCO2 >53 mmHg [ 15 ]. 

 Another form of SDB is the upper airway 
resistance syndrome (UARS) characterized by 

partial obstruction of the upper airway leading to 
arousals and sleep fragmentation without gas 
exchange abnormalities [ 17 ]. UARS was fi rst 
described in children in 1982, but the actual term 
was fi rst used in reference to adults [ 18 ,  19 ]. 
Despite the lack of abnormal ventilation or oxy-
genation, excessive daytime somnolence is a 
common symptom among adults and children 
with UARS [ 18 – 21 ]. Children can also present 
with hyperactivity [ 18 ]. For the diagnosis of 
UARS, certain techniques and measurements are 
required during PSG. A nasal cannula/pressure 
transducer and an esophageal catheter can mea-
sure the esophageal pressure, allowing for the 
detection of more subtle changes in breathing 
patterns during sleep [ 21 ]. If an esophageal cath-
eter is not available, UARS can be diagnosed by 
the presence of asynchronous movements of the 
chest and abdomen followed by arousal, but this 
paradoxical breathing can be a normal fi nding 
during sleep in children less than 3 years old [ 20 ]. 
In contrast to patients with OSA, these patients 
are less likely to be obese, have more orthostatic 
symptoms, and have low or normal BP [ 21 ]. 

 Lastly, snoring without obstructive apneas, 
frequent arousals, or gas exchange abnormalities 
defi nes  primary snoring  [ 22 ]. Inherent in the defi -
nition, primary snoring is a diagnosis of exclu-
sion requiring evaluation for other forms of SDB 
[ 14 ]. Historically, primary snoring was thought to 
be a benign condition, but studies do not always 
distinguish primary snoring from other forms of 
SDB [ 22 ]. One study made this distinction and 
excluded children with abnormalities on PSG 
other than snoring [ 23 ]. In this study, there were 
signifi cant differences in neurobehavioral testing 

these two conditions. There is also evidence suggesting an independent 
effect of SDB on left ventricular geometry changes which improve after 
treatment of SDB. Obesity is a suspected confounder in the associations 
between SDB, HTN, and left ventricular geometry changes, but the interac-
tion and causal relationship is still unknown.  

  Keywords 

   Sleep-disordered breathing   •   Sleep apnea   •   Hypertension   •   Blood pressure   
•   Left ventricular hypertrophy   •   Children and adolescents  
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between children with primary snoring and chil-
dren without snoring or SDB. Overall, both 
groups scored in the average range, but those 
with primary snoring scored signifi cantly lower 
than the normal controls. This study suggests that 
primary snoring may not be benign and should be 
considered separately from other forms of SDB 
and normal controls. Table  27.1  summarizes the 
terms and defi nitions of the conditions that con-
stitute SDB. Together, primary snoring, UARS, 
obstructive hypoventilation, and OSA represent 
the spectrum of SDB from mild to severe [ 20 ].

   The prevalence of SDB in children is diffi cult 
to determine because of the heterogeneity in the 
studies assessing prevalence. Despite the avail-
ability of defi nitions and normative values for 
SDB, there is still no universal consensus on the 
criteria required for the diagnosis [ 14 ,  17 ]. In 
addition, most prevalence studies were based pri-
marily on a variety of questionnaires, with few 
studies performing confi rmatory diagnostic test-
ing. Even when PSG was used in the study, the 
interpretation of the PSG scoring based on the 
AHI criterion used for diagnosis varied widely 
[ 24 ]. Lumeng and Chervin performed a system-
atic review of epidemiologic studies on SDB and, 

when applicable, performed a meta-analysis to 
adjust for the heterogeneity of results from the 
different studies [ 25 ]. They found the prevalence 
of snoring as reported by parents ranged from 
1.5 % to 14.8 %, and the meta-analysis of rele-
vant studies revealed a prevalence of almost 
7.5 % [95 % confi dence interval (CI), 5.75–9.61]. 
Parent-reported SDB ranged from around 
4–11 %, and this range extended even further in 
both directions to 0.1–13 % when SDB was diag-
nosed by PSG and other diagnostic testing. 
However, a majority of the studies that used diag-
nostic testing reported a prevalence of OSA 
around 1–4 %. Recent American Academy of 
Pediatrics Clinical Practice Guidelines for the 
Diagnosis and Management of Childhood 
Obstructive Sleep Apnea Syndrome reported a 
prevalence of OSA syndrome of 1.2–5.7 % [ 24 ].  

    Clinical Presentation and Diagnosis 

 Snoring is the most common presenting symp-
tom of SDB in children [ 18 ], but there is no cor-
relation between the loudness or intensity of 
snoring and the severity of SDB [ 22 ]. Parents 
may also report the child having diffi culty breath-
ing while asleep or even witness apneas described 
as pauses in breathing usually followed by gasp-
ing, choking, or arousal [ 2 ]. Arousals may occur 
frequently without apneic spells manifesting as 
nighttime restlessness [ 26 ]. Parents may also 
observe paradoxical breathing movements repre-
senting continued attempts at respiration during 
upper airway obstruction. Other clinical features 
during sleep include sweating and posturing with 
a hyperextended neck to promote airway patency 
[ 20 ,  26 ]. A higher prevalence and association of 
nocturnal enuresis has been reported in children 
with SDB [ 27 ,  28 ] with improvement after ade-
notonsillectomy [ 29 ,  30 ]. Daytime symptoms 
may include morning headache, chronic mouth 
breathing, or behavior and attention problems 
resembling attention defi cit hyperactivity disor-
der (ADHD) [ 14 ,  18 ]. Older children may also 
present with an ADHD symptoms, but they will 
more likely complain of daytime somnolence and 
fatigue, especially if obesity is also present [ 26 ]. 

   Table 27.1    Sleep-disordered breathing: terms and 
defi nitions   

 SDB term  Defi nition 

 Obstructive apnea  Complete or partial upper 
airway obstruction with 
cessation in ventilation despite 
respiratory effort 

 Obstructive hypopnea  Decrease in airfl ow by at least 
50 % despite effort 

 Apnea hypopnea 
index (respiratory 
disturbance index) 

 Total number of apneas and 
hypopneas per hour of sleep 

 Primary snoring  Snoring without abnormalities 
on PSG 

 Upper airway 
resistance syndrome 

 Partial upper airway obstruc-
tion causing arousals without 
gas exchange abnormalities 

 Obstructive 
hypoventilation 

 Partial upper airway obstruc-
tion resulting in hypercapnia 

 Obstructive sleep 
apnea 

 Obstructive apneas disrupting 
normal sleep patterns and 
normal ventilation during sleep 

27 Obstructive Sleep Apnea and Hypertension
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 Physical exam fi ndings for SDB include cra-
niofacial disorders, retro/micrognathia, and obe-
sity. The most common feature seen on physical 
exam is adenotonsillar hypertrophy, a fi nding 
more common in younger children because of the 
progressive increase in lymphoid tissue till about 
12 years of age [ 2 ]. The degree of hypertrophy 
has been shown to correlate with the duration of 
obstructive apneas but not with the number of 
obstructive apneas [ 31 ]. Adenotonsillar hypertro-
phy may be less important in obese children. In a 
retrospective review of over 400 children with a 
mean age of 6.5 years and OSA, adenotonsillar 
size correlated with the AHI for nonobese chil-
dren but not for obese children [ 32 ]. The obese 
group had a signifi cantly higher Mallampati 
score than the nonobese group. The Mallampati 
score is based on how much the visual site of the 
soft palate, fauces, uvula, and tonsillar pillars is 
obscured with tongue protrusion. The higher the 
score, the more obscured the view, which sug-
gests crowding of the upper airway even in the 
absence of adenotonsillar hypertrophy. The pres-
ence of any of these symptoms on history or 
physical exam should prompt further evaluation 
for SDB (Table  27.2 ).

   Further evaluation for SDB typically includes 
referral to a sleep medicine clinic and/or a PSG. 
There have been many alternative diagnostic 
methods studied to confi rm the presence of SDB 

without having to endure the burden and cost of a 
full overnight PSG in a sleep laboratory. 
Questionnaires are a good screening tool but can-
not distinguish between primary snoring and 
OSA [ 26 ]. Audiotaping and/or videotaping may 
again screen for OSA and perhaps even detect 
apneas, but other abnormalities such as hypoven-
tilation and hypopneas cannot accurately be 
detected without additional monitoring. Other 
techniques include continuous pulse oximetry 
recording and electrocardiography, but both tech-
niques are limited because of technical applica-
tion or lack of larger validation studies. Home 
monitoring studies have been used with some 
success proving to be both reproducible and valid 
in the context of a research protocol [ 33 ]. 
Regardless, no substitute has proven to be as sen-
sitive and specifi c in diagnosing SDB as the gold 
standard, an overnight PSG in a sleep laboratory 
[ 22 ,  24 ,  34 ]. Initially, the respiratory indices and 
values used to diagnose OSA in adults were 
applied to children. However, because children 
have different physiology and respiratory rates 
than adults, guidelines for defi ning the various 
respiratory events were developed specifi cally 
for pediatrics [ 13 ]. Subsequently, normal values 
were published to aid in the interpretation of PSG 
in children [ 15 ], but the correlation of these val-
ues to adverse outcomes is not established [ 22 ]. 
Therefore, the diagnostic criteria and the classifi -
cation for the severity of SDB are not consistent 
in the pediatric literature, making it diffi cult to 
compare multiple studies. Regardless, recent 
clinical guidelines from the American Academy 
of Pediatrics recommend screening for snoring 
and symptoms of SDB at every health mainte-
nance visit followed by referral for a polysom-
nography for further evaluation [ 24 ]. 
Hypertension is included in the symptoms for 
SDB in these guidelines.  

    Pathophysiology 

 The pathophysiology of SDB in children is com-
plex and not entirely understood, but the two pri-
mary abnormalities of the upper airway appear to 
be structural and functional. Structurally, when 

   Table 27.2    Clinical signs and symptoms   

 Snoring 
 Diffi culty breathing while sleeping 
 Witnessed apneas 
 Paradoxical breathing movements 
 Arousals/restlessness 
 Sweating during sleep 
 Posturing to promote airway patency 
 Enuresis 
 Chronic mouth breathing 
 Morning headache 
 Behavior or attention problems 
 Daytime somnolence 
 Obesity 
 Adenotonsillar hypertrophy 
 Craniofacial disorders 
 Micrognathia/retrognathia 
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measured endoscopically or noninvasively by 
pharyngometry or MRI, children with SDB have 
smaller cross-sectional areas and/or volumes of 
the upper airway than children without SDB [ 35 –
 37 ]. On MRI, affected children were also found to 
have larger adenoids, tonsils, and soft palates 
[ 35 ]. Functionally, upper airway patency is main-
tained during sleep by neuromuscular responses 
to ventilation, oxygenation, and airway pressure 
[ 17 ,  38 ]. The neuromuscular response seems to 
wane with age. On a cross-sectional analysis of 
children and adults, the response to subatmo-
spheric (negative) airway pressure decreased with 
increasing age and increasing body mass index 
(BMI) [ 39 ]. Therefore, children were able to 
maintain open airways at subatmospheric pres-
sures better than adults, and a similar relationship 
was observed for BMI. As BMI increased, the 
response to subatmospheric airway pressure 
decreased. Additionally, when compared to con-
trols, children with OSA had a decreased neuro-
muscular response to hypercapnia and intermittent, 
acute negative pressure during sleep [ 40 ]. Not 
only is the response affected during sleep, but 
Gozal et al. demonstrated more upper airway col-
lapsibility during wakefulness in children with an 
AHI ≥5 [ 41 ]. The combination of narrower air-
ways and increased susceptibility to upper airway 
collapse from a diminished neuromuscular 
response during sleep is a major contributing 
 factor for the development of SDB in children. 

 The pathophysiologic mechanisms linking 
SDB and HTN are complex and multifactorial, 
with most available information coming from 
studies performed in adults. The autonomic ner-
vous system plays a major role, but other factors 
have been identifi ed, including vasoactive sub-
stances, endothelial dysfunction, and intrathoracic 
changes. Normally, during sleep, heart rate, BP, 
and sympathetic activity decline, but intermittent 
hypoxemia, hypercapnia, and arousals activate the 
sympathetic nervous system (SNS) [ 42 ,  43 ]. The 
surges in sympathetic activity during sleep result 
in increased BP and heart rate that can persist into 
wakefulness [ 44 ]. Vasoactive substances found to 
correlate with OSA in adults include endothelin 
[ 45 ] and aldosterone, although evidence of 
increased aldosterone has been limited to studies 

performed in adults with resistant HTN [ 9 ,  10 ]. 
Other vasoactive substances, including nitric 
oxide, are believed to contribute to endothelial 
dysfunction in adults. In response to nocturnal 
hypoxemia, an altered production of these sub-
stances by the endothelial cells (decreased nitric 
oxide and increased endothelin- 1) results in vaso-
constriction [ 46 ]. There is evidence in children 
to suggest endothelial dysfunction in those with 
OSA and moderate to severe hypoxemia in 
whom signifi cantly lower nitric oxide levels were 
measured [ 47 ]. 

 Finally, the negative intrathoracic pressure cre-
ated with sustained breathing efforts during upper 
airway obstruction may contribute to the auto-
nomic responses during sleep in patients with 
OSA, leading to activation of the SNS and, ulti-
mately, increased BP [ 43 ]. In addition to raising 
BP, the negative intrathoracic pressure may also 
have an effect on cardiac ventricular remodeling 
because of the transmural gradients created across 
the atria, ventricles, and aorta. Left ventricular 
transmembrane pressure is a refl ection of the 
afterload on the left ventricle, and elevated left 
ventricular transmembrane pressures were 
detected during the ventilatory period following 
an obstructive apnea in adults with congestive 
heart failure [ 48 ]. This increase in cardiac after-
load following obstructive apneas may explain the 
presence of left ventricular hypertrophy (LVH) in 
patients with OSA independent of BP [ 49 ].  

    Sleep-Disordered Breathing 
and Hypertension 

 Similar to the epidemiologic studies of SDB in 
children, studies evaluating the association of BP 
with SDB are heterogeneous and differ in the 
methods and criteria used to diagnose SDB and 
to measure BP. Some studies measured casual BP 
either with oscillometric devices [ 50 ,  51 ], cali-
brated sphygmomanometers [ 52 ], or mercury 
manometers [ 53 ]. One study monitored BP con-
tinuously using fi nger photoplethysmography 
[ 54 ]. The remaining studies measured ambula-
tory blood pressure (ABP) during wake and sleep 
[ 55 – 60 ] or only in relation to the PSG [ 61 ,  62 ]. 

27 Obstructive Sleep Apnea and Hypertension
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Most of the studies analyzed raw BP values for 
systolic, diastolic, and/or mean arterial BP sepa-
rately, but some studies indexed BP to the 95th 
percentile according to various reference values 
in order to assess HTN status. 

 In regards to SDB, most studies divided par-
ticipants into two or three groups depending on 
AHI or snoring, but one study only included 
patients with SDB [ 60 ]. Among the studies ana-
lyzing the association between BP and SDB 
([Table  27.3 ]6.3), even with recent additions to 
the literature, there remains no clear consensus 
on how the two conditions relate. One of the ear-
liest reports of HTN in the presence of SDB was 
a case series by Guilleminault et al. where fi ve of 
the eight children with sleep apnea had HTN 
[ 63 ]. A later study assessing BP during PSG 
found children with OSA had signifi cantly higher 
wake and sleep diastolic BP than those with pri-
mary snoring [ 62 ]. There was no difference in 
systolic BP between the two groups. However, 
when the groups were combined, both systolic 
and diastolic BP signifi cantly correlated with the 
AHI. Recently, Weber et al. also compared simi-
lar groups (PS vs. SDB) but only found a differ-
ence in the sleep diastolic and mean BP [ 59 ].

   Subsequent studies reported similar fi ndings 
but also detected a difference in systolic BP 
among SDB groups [ 52 ,  57 ,  60 ,  61 ]. One study in 
Japan divided the participants into high AHI 
(AHI > = 10) and low AHI (AHI <10) groups and 
examined relationships between the AHI and BP 
during sleep [ 61 ]. A BP index was calculated by 
subtracting age-specifi c cutoff BP values desig-
nated as hypertensive in Japanese children from 
the subjects’ mean measured sleep systolic and 
diastolic BP. Those with high AHI had a signifi -
cantly increased systolic and diastolic BP index, 
but only the diastolic BP index correlated with 
the AHI. A more recent study evaluating the 
prevalence of hypertension among children with 
OSA demonstrated similar results [ 60 ]. The AHI 
correlated with the sleep systolic and diastolic 
BP and also with the wake diastolic BP obtained 
by ABP monitoring. Li et al. defi ned three SDB 
groups by AHI but excluded primary snorers 
[ 57 ]. Group 1 had an AHI <1; Group 2 had an 
AHI between 1 and 5; and Group 3 had an AHI 

>5. The mean BP levels in this study were 
 converted to z-scores according to the LMS 
method described by Wuhl et al. [ 64 ]. There was 
no difference in the BP z-score between Groups 1 
and 2, but Group 3 had a signifi cantly higher 
wake and sleep systolic, diastolic, and mean arte-
rial BP z-score than Groups 1 and 2. Furthermore, 
Group 3 had a signifi cant association with wake 
systolic BP which was no longer signifi cant after 
controlled for BMI. A similar study included pri-
mary snorers, mild OSA, and moderate/severe 
OSA compared to controls using continuous BP 
monitoring with fi nger photoplethysmography 
and consistently found an elevated mean arterial 
pressure and diastolic BP for wake and sleep for 
all three groups [ 54 ]. Only primary snorers had 
an elevated systolic BP for wake and sleep. When 
evaluating BP as a component of the metabolic 
syndrome in adolescents, Redline et al. also dem-
onstrated patients with SDB (AHI ≥5) had sig-
nifi cantly higher systolic and diastolic BP even 
after adjusting for age and BMI percentile [ 52 ]. 

 Differences in diastolic BP have been less 
consistent in other studies [ 50 ,  55 ,  56 ,  58 ]. Leung 
et al. compared a high AHI (AHI ≥5) and a low 
AHI group (AHI <5) by 24 h ABP variables with 
a BP index defi ned as the measured BP divided 
by the 95th percentile for ABP [ 58 ]. This study 
also detected greater systolic and diastolic BP 
indices in the high AHI group, but the difference 
in diastolic BP was isolated to sleep measure-
ments. Another study with the largest population 
to complete PSG did not fi nd a difference in dia-
stolic BP among the three study groups (no SDB, 
mild SDB, and moderate SDB) [ 50 ]. However, 
there was a signifi cant increasing trend in the sys-
tolic and mean arterial BP across the groups. 
Furthermore, to delineate a threshold in AHI, the 
authors compared BP across SDB groups with 
incremental increases in AHI (i.e., AHI ≥1, AHI 
>≥2); the strongest association was between sys-
tolic BP and the group with an AHI ≥5. For this 
study, BP was not indexed to reference levels to 
account for the differences in age, gender, and 
height, and sleep BP was not measured. 

 Two studies failed to detect any differences in 
BP between participants with and without SDB. 
One study defi ned the groups by questionnaire 
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alone into habitual and non-habitual snorers [ 51 ]. 
The second study used PSG and casual BP mea-
surements only when awake [ 65 ]. Amin et al. 
actually detected a lower diastolic BP in the 
group with the highest AHI [ 55 ]. This study 
defi ned three groups by AHI into primary snor-
ers, mild SDB, and severe SDB. For this study, 
24 h ABP was measured and BP index [(mea-
sured BP – 95th percentile)/95th percentile x 
100] was compared across the three groups. Of 
all the BP variables including average wake and 
sleep systolic, diastolic, and mean arterial BP, 
only wake diastolic BP was signifi cantly differ-
ent among the three SDB groups with the lowest 
diastolic BP in the severe SDB group. The 
authors also analyzed BP variability defi ned as 
the average standard deviation of awake and 
sleep systolic, diastolic, and mean arterial BP. 
With this analysis, there was a dose-dependent 
increase in wake systolic and mean BP variabil-
ity, as well as for all sleep BP, across the three 
groups. The authors proposed that variability in 
BP during both sleep and wakefulness suggests 
autonomic instability in children with SDB, 
resulting in BP dysregulation. The same group of 
authors later performed a separate but similar, 
more rigorous study and did detect signifi cantly 
elevated BPs (except for sleep systolic BP) in 
those with a severe SDB compared to controls 
[ 56 ]. Furthermore, the relative predictive contri-
butions of AHI and BMI were similar for all mea-
sures of BP except sleep diastolic BP, where AHI 
had a signifi cantly greater effect. In the latter 
study, an additional BP variable was evaluated, 
the morning surge, defi ned as the slope of BP 
from the beginning of the last hour of sleep to the 
end of the fi rst hour of awakening. In adults, the 
morning surge has been associated with cardio-
vascular events such as myocardial infarction and 
stroke [ 66 – 68 ]. The children in this study with 
severe SDB had a morning BP surge signifi cantly 
higher for systolic, diastolic, and mean arterial 
BP than the controls. Echocardiographic mea-
sures of the left ventricle were also assessed in 
this study, but had no reported relationship to the 
morning surge. This is the fi rst study evaluating 
the association of the morning surge with SDB in 
children, so further exploration of its implication 
in children is needed. 

 Despite the various studies reporting signifi -
cant BP differences among a variety of SDB 
groups, none of the studies reported SDB groups 
with mean BP values consistent with HTN 
defi ned by a BP ≥95th percentile according to 
reference values for casual measurement [ 12 ] or 
for ambulatory measurements [ 64 ,  69 ]. Enright 
et al. dichotomized BP into HTN or normal [ 53 ]. 
In their study, the RDI was a signifi cant predictor 
for systolic and/or diastolic HTN but HTN was 
defi ned as a BP ≥90th percentile for age, gender, 
and height [ 70 ]. Two of the previously mentioned 
studies defi ned HTN by 95th percentile. Leung 
et al. estimated HTN prevalence [ 58 ], defi ned as 
a mean wake, sleep, and/or total ABP ≥95th per-
centile for ABP reference values. They found the 
prevalence of HTN was signifi cantly greater in 
the high AHI group. However, when the partici-
pants were combined regardless of AHI group, 
AHI was a signifi cant predictor of HTN only 
when obesity was included in the model. 
Archbold et al. defi ned HTN by a casual BP 
≥95th percentile for age, gender, and height [ 65 ]. 
Although the presence of SDB did not have an 
association with HTN, BP was signifi cantly ele-
vated in participants with SDB, and this elevation 
positively correlated with BMI and inversely cor-
related with total sleep time. 

 Obesity must be considered when evaluating 
the relationship between SDB and HTN since 
obesity is associated with both conditions [ 71 , 
 72 ]. In the previous study by Li et al., BMI was 
found to be a confounding factor for wake sys-
tolic BP [ 57 ], i.e., the association was no longer 
signifi cant when BMI was included in the model. 
However, the other previously mentioned studies 
that used PSG to determine SDB status found 
both BMI and SDB variables (i.e., AHI) to have 
an independent effect on BP [ 46 ,  50 ,  51 ,  55 – 58 , 
 61 ,  62 ]. In one of the studies, SDB remained a 
signifi cant predictor of BP when BMI was con-
trolled for, but the effect of BMI on BP was not 
reported [ 52 ]. Yet another study, not previously 
mentioned, specifi cally addressed the interaction 
between SDB, BP, and obesity [ 73 ]. The objec-
tive was to assess if OSA was associated with an 
increased risk of HTN in obese children on a ret-
rospective analysis of children who had under-
gone PSG, BP, and anthropometric measurement. 
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OSA was defi ned as an apnea index >1 or the 
lowest oxygen saturation associated with an 
obstructive apnea <90 %. A BP score was defi ned 
as the ratio of the measured BP to the 95th per-
centile for age, gender, and height [ 70 ], and BMI 
score was the ratio of measured BMI to the 95th 
percentile. Participants were classifi ed and ana-
lyzed in three separate manners: (1) OSA versus 
non-OSA, (2) obese versus nonobese, and (3) 
obese hypertensives versus obese normotensives. 
For the three separate analyses, there was a sig-
nifi cantly higher prevalence of HTN and obesity 
in the OSA group, a higher prevalence of HTN 
and OSA in the obese group, and a higher preva-
lence of OSA in the obese hypertensives. 
Furthermore, on multiple regression analysis, the 
hypopnea index and BMI score were signifi cant 
predictors for systolic and diastolic BP score in 
the OSA and obese groups. Among obese hyper-
tensives, only BMI was signifi cant for systolic 
BP score. All of these studies suggest there is an 
independent effect of BP and BMI on SDB. An 
interaction between BMI and SDB on BP also 
exists, but the causal relationship of this interac-
tion and the effect on BP is yet to be elucidated.  

    Nocturnal Dipping 

 Nocturnal dipping refers to the normal physio-
logic decline in BP during sleep [ 74 ]. Normally, 
the mean nocturnal dip is 10–20 % lower than the 
mean daytime BP [ 75 ]. Abnormal nocturnal BP 
patterns can vary from a minimal decline in mean 
nocturnal BP (<10 % dip) to a rise in nocturnal BP 
above normal daytime values (reversed dipping) 
[ 74 ]. The prevalence of non-dipping in adults with 
OSA is 48–84 % [ 8 ,  76 ,  77 ]. When compared to 
controls in one study, only patients with OSA 
were non-dippers, even though one of the controls 
had HTN. After controlling for several variables 
including age and BMI, only the RDI was a sig-
nifi cant predictor of non-dipping status [ 77 ]. In 
children, the relationship between nocturnal dip-
ping status and SDB has not been consistent [ 55 , 
 57 – 59 ,  61 ,  62 ]. From the previously mentioned 
studies evaluating 24 h ABP, most do not show a 
statistically signifi cant difference in the propor-
tion of non-dippers among children with SDB 

compared to those without SDB [ 57 ,  58 ,  61 ,  62 ]. 
Two of the studies demonstrated a higher propor-
tion of non-dippers in the SDB group compared to 
the group without SDB (29 % vs. 19 % and 12 % 
vs. 4 %, respectively), but the difference was not 
statistically signifi cant [ 61 ,  62 ]. 

 Rather than comparing the proportion of non- 
dippers, other studies have examined the mean 
nocturnal dip according to SDB, either in multi-
ple groups defi ned by AHI [ 55 ,  57 ] or according 
to the presence or absence of SDB [ 59 ]. In the 
fi rst study, the average nocturnal dip per group 
signifi cantly decreased for systolic, diastolic, and 
mean arterial BP across the three groups [ 55 ]. 
The proportion of non-dippers per group was not 
reported, but the mean nocturnal dip was blunted 
(<10 %) for systolic BP in both groups with an 
AHI >1. In the second study, there was no differ-
ence in the mean nocturnal dip nor the proportion 
of non-dippers per group [ 57 ]. The third and fi nal 
study detected a difference in dipping percentage 
for diastolic and mean arterial BP as well as a sig-
nifi cant difference in the proportion of non- 
dipping among those with OSA [ 59 ]. The inability 
to consistently demonstrate signifi cant differ-
ences in the nocturnal dip among SDB groups is 
likely another result of the heterogeneity among 
studies. Regardless, a child or adolescent under-
going evaluation for elevated BP with an abnor-
mal nocturnal dip on ABP monitoring warrants 
further screening and/or evaluation for SDB, 
especially in the presence of other risk factors.  

    Left Ventricular Geometry 

 In children and adolescents with systemic HTN, 
LVH is recognized as the most common surro-
gate marker of end organ damage [ 12 ]. In adults 
with OSA, the intermittent obstructive apneas 
lead to increased afterload [ 48 ], possibly contrib-
uting to the development of LVH. Therefore, 
patients with both HTN and OSA may have an 
even greater risk of LVH. Adult data suggests 
LVH is independently associated with OSA [ 49 , 
 78 ]. One of the fi rst studies addressing left ven-
tricular geometry and SDB in children reported 
patients with OSA had a signifi cantly increased 
left ventricular mass index (LVMI) without a 
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difference in right ventricular dimensions when 
compared to primary snorers [ 79 ]. Furthermore, 
AHI was the only signifi cant predictor of LVMI. 
Participants with an AHI >10 were about 11 
times more likely to have LVH independent of 
age, gender, and BMI (resting BP was not 
included in the fi nal model because it was not a 
signifi cant predictor of LVMI). This dose- 
dependent effect of the severity of SDB on LVMI 
was consistent in a later report from the same 
group with additional participants [ 80 ]. A sepa-
rate study from the same group with different 
participants measured ABP in addition to resting 
BP and divided the study population into three 
SDB groups according to AHI severity (controls, 
moderate SDB, and severe SDB) [ 56 ]. There was 
a progressive, but insignifi cant, increase in LVMI 
across the three groups as AHI worsened. There 
was a difference in left ventricular relative wall 
thickness between controls and the severe SDB 
group, and all BP parameters (wake and sleep 
systolic, diastolic, and mean arterial BP) were 
signifi cant predictors for this relationship. One 
additional study evaluated echocardiographic 
parameters in adolescents with SDB compared to 
controls and found a correlation between the RDI 
and left ventricular posterior wall thickness, but 
LVMI was similar in the two groups [ 81 ]. The 
most recent study including echocardiography 
found LVM was normal for all participants, even 
for the few detected to have HTN [ 60 ]. Although 
some evidence suggests that LVMI increases 
with worsening AHI, there has not been a clear, 
independent association demonstrated between 
LVH and SDB in children and adolescents.  

    Treatment 

 Adenotonsillectomy is the recommended fi rst- 
line treatment for OSA in children [ 24 ]. Other 
surgical treatment options include uvulopalato-
plasty, nasal surgery, maxillofacial surgery, or 
even in extreme cases tracheotomy, but these are 
rarely necessary [ 17 ]. For those who are not sur-
gical candidates or fail to have a response to sur-
gery, continuous positive airway pressure (CPAP) 
is a nonsurgical alternative [ 22 ,  24 ]. CPAP is 

fairly well tolerated in children, but compliance 
is necessary and can be poor secondary to minor 
side effects such as rhinorrhea, nasal congestion, 
or dryness [ 2 ]. Alternatively, intranasal steroids 
are recommended for nonsurgical candidates or 
those with mild postsurgical OSA (AHI <5); 
however, the long-term use and effectiveness of 
intranasal steroids is unknown [ 24 ]. Study par-
ticipants have shown a signifi cant improvement 
in the AHI and in behavioral and cognitive symp-
toms after treatment of SDB [ 82 ,  83 ], and some 
studies have even shown an improvement in left 
ventricular geometry and/or function [ 80 ,  84 ]. 
For example, one of the previously mentioned 
studies by Amin et al. compared pretreatment 
and posttreatment left ventricular diastolic func-
tion by mitral infl ow velocity [ 80 ]. Treatment for 
SDB either consisted of adenotonsillectomy +/− 
uvulopalatoplasty or CPAP. Pretreatment there 
was a progressive decline in diastolic function 
across the SDB groups correlating with increas-
ing severity. Posttreatment, regardless of therapy, 
the SDB groups had an improvement in diastolic 
function to a level similar to controls (primary 
snorers). Another study reported signifi cant base-
line differences between the SDB and control 
groups in regards to left ventricular measures and 
compliance, but after adenotonsillectomy, mea-
surements in the SDB group were no longer dif-
ferent from controls [ 84 ]. 

 Few studies have reported the treatment effect 
of SDB on BP in children. In the aforementioned 
case series by Guilleminault et al., fi ve of the 
eight patients with OSA had HTN at presentation 
[ 63 ]. Those who underwent adenotonsillectomy 
and demonstrated improvement of symptoms on 
follow-up PSG were no longer hypertensive. Two 
patients with HTN had extreme cases of OSA 
and required tracheotomy. Both cases also 
showed signifi cant improvement in SDB symp-
toms and resolution of HTN after surgery. Two 
studies have specifi cally evaluated the effect of 
adenotonsillectomy on BP in children [ 85 ,  86 ]. 
The fi rst study used casual BP measurements [ 85 ]. 
Children with complete resolution of SDB after 
surgery (AHI <1) had a signifi cant decrease in 
diastolic BP but not in systolic BP. The second 
study, which utilized ABPM, found that the 24 h 
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diastolic ABP load was reduced after surgery 
[ 86 ]. A subgroup analysis of those with HTN 
prior to surgery demonstrated an improvement in 
sleep BP loads for both systolic and diastolic BP. 

 Although an association between drug- 
resistant HTN and OSA has been described in 
adults [ 7 ,  8 ], there are currently no similar reports 
in children. However, in a child with risk factors 
for SDB and diffi cult to control HTN, the pres-
ence of SDB should be considered.  

    Conclusions 

 Despite the heterogeneity and confl icting data, 
the studies in children and adolescents suggest 
that a relationship exists between elevated BP/BP 
variability and SDB. This relationship is signifi -
cantly independent of obesity, but obesity also has 
an independent association with SDB and with 
HTN [ 71 ,  72 ]. How the three conditions interact 
and whether there is a causal relationship among 
the conditions is unknown and requires further 
investigation. Furthermore, changes in left ven-
tricular structure and function have been found to 
occur in childhood. Similar to obesity, these left 
ventricular changes are associated with both HTN 
and SDB, and after treatment of SDB alone, the 
changes improve. Therefore, the evaluation of a 
child with HTN should identify clinical signs and 
symptoms of SDB during the history and physical 
exam. Snoring and adenotonsillar hypertrophy 
are the two most common risk factors for SDB in 
children, and the presence of either sign in a child 
with HTN warrants further evaluation for SDB, 
especially in the presence of obesity.     
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  Abstract 

   Hypertension occurs in approximately 15–20 % of pregnancies and is 
associated with signifi cant maternal and fetal morbidity. Most importantly, 
it results in preterm delivery and is associated with other conditions in the 
spectrum of placental ischemic disease such as intrauterine growth retar-
dation and placental abruption. Chronic hypertension increases the risk for 
gestational hypertension and preeclampsia. Hypertension during preg-
nancy is also associated with increased future cardiovascular risk in the 
mother and her offspring. Topics to be discussed in this chapter include the 
classifi cation of hypertensive orders in pregnancy, normal blood pressure 
patterns during pregnancy, the pathophysiology of gestational hyperten-
sion and preeclampsia, features unique to the pregnant adolescent, the epi-
demiology and outcome of hypertension during pregnancy, and treatment 
guidelines.  

  Keywords 

   Gestational hypertension   •   Preeclampsia   •   Preeclampsia superimposed 
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  Placental ischemia  
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  DBP    Diastolic BP   
  GFR    Glomerular fi ltration rate   
  HELLP    Hemolysis, elevated liver enzymes, 

low platelets syndrome   
  HIF    Hypoxia-inducible factor-1   
  MAP    Mean arterial pressure   
  OR    Odds ratio   
  PlGF    Placental growth factor   
  SBP    Systolic BP   
  sEng    Endoglin   
  sFlt1    Soluble fms-like tyrosine kinase 1   
  VEGF    Vascular endothelial growth factor   

          Introduction 

 About 15–20 % of pregnancies are complicated 
by hypertension, which may lead to signifi cant 
maternal and fetal morbidity. Most importantly, it 
results in preterm delivery and is associated with 
other conditions in the spectrum of placental 
ischemic disease such as intrauterine growth 
retardation and placental abruption [ 1 ,  2 ]. 
Preexisting chronic hypertension and obesity can 
increase both the risk for worsening hypertension 
during pregnancy (including preeclampsia) and 
higher rates of preterm birth and fetal growth 
insuffi ciency. 

 Blood pressure (BP) levels during the fi rst half 
of pregnancy are lower than before pregnancy, a 
physiological change that challenges the clini-
cian in the choice of BP thresholds in which to 
initiate or to achieve with antihypertensive ther-
apy. Hypertension during pregnancy is associated 
with increased future cardiovascular risk in the 
mother and her offspring as can be viewed as a 
stress test for future cardiovascular risk. Topics to 
be discussed in this chapter include the care of 
the pregnant adolescent with hypertension, clas-
sifi cation of hypertensive orders in pregnancy, 
normal blood pressure (BP) patterns during preg-
nancy, the pathophysiology of preeclampsia, fea-
tures unique to the pregnant adolescent, the 
epidemiology and outcome of hypertension dur-
ing pregnancy, and treatment guidelines. There 
are very few studies which focus on the adoles-
cent with hypertension, and therefore, most of the 
references cited in this chapter relate to 

hypertension during pregnancy in general. If 
available, studies which specifi cally address the 
pregnant teenager will be discussed.  

    Case 

 A 16-year-old female was followed in the pediat-
ric nephrology clinic since the age of 9 years for 
hypertension secondary to renal scarring and vesi-
coureteral refl ux. She was treated with valsartan 
160 mg daily and amlodipine 5 mg daily. Past 
medical history was remarkable for imperforate 
anus, s/p repair as an infant, linear growth delay, 
delayed puberty, and recurrent urinary tract infec-
tions. Her electrolytes were normal and serum 
creatinine 0.7 mg/dl. Her urine protein excretion 
was abnormal with a baseline urine protein/creati-
nine ratio of 0.5 (normal, <0.2). Her follow-up to 
the clinic was sporadic, as she missed about 50 % 
of scheduled appointments. Her mother called to 
report that she was pregnant and requested advice 
on continuation of her antihypertensive medica-
tions. She was advised to discontinue valsartan 
and was scheduled to see an obstetrician. 

 This case illustrates several questions which 
arise in the pregnant adolescent with preexisting 
hypertension: How is preeclampsia detected in 
the setting of baseline proteinuria and hyperten-
sion? What is the risk to the patient and to her 
baby? What is the goal for BP levels? Which 
medications should be used to control BP? 
Should the pregnancy be terminated due to con-
ception while taking an angiotensin receptor 
blocker (ARB)?  

    The Pregnant Adolescent: 
General Considerations 

 Adolescent pregnancy is a signifi cant burden 
across the world with an estimated 14 million 
children born to women between 15 and 19 years 
of age [ 3 ]. The United States has one of the high-
est rates among developed countries, with almost 
750,000 teens becoming pregnant every year [ 4 ]. 
It is estimated that up to two-thirds of adolescent 
pregnancies in the United States are unplanned [ 5 ]. 
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Approximately two-thirds of teenage pregnan-
cies result in live birth and one-third end in abor-
tion [ 4 ]. There is considerable variation among 
regions of the United States with the southern 
states having the highest teen pregnancy rates. 
There is also signifi cant variation between races, 
with African American and Hispanic adolescents 
becoming pregnant at twice the rate of non-His-
panic whites in the United States. Finally, lower 
socioeconomic status and lower levels of parental 
education also have strong correlations with teen-
age pregnancy [ 6 ]. These statistics emphasize 
that providers who are dealing with this age 
group, even on an infrequent basis, will most 
likely encounter teenage pregnancy in various 
clinical settings. 

 There are several features about adolescent 
pregnancy which cause it to be classifi ed as high 
risk. Pregnant teenagers have a higher incidence 
of domestic violence, sexual abuse, sexually 
transmitted infections, substance use, and nutri-
tional imbalance [ 7 – 9 ].Many comprehensive 
high-risk centers incorporate a multidisciplinary 
team of providers which can include a social 
worker, counselor, nutritionist, obstetrician, and 
adolescent medicine provider. This team can 
address the multiple factors that will improve 
outcomes for mothers and infants [ 10 ]. 

 Unplanned pregnancy can be viewed as a dis-
ruption of the psychosocial development of a 
teenager. Physical development along with full 
reproductive potential is usually completed by 
early and middle adolescence, between the ages 
of 12 and 16. Emotional and social maturity typi-
cally occurs in later adolescence, between the 
ages of 17 and 20 [ 11 ]. This incongruous devel-
opment results in many teen mothers and fathers 
who are emotionally unprepared to handle a 
pregnancy and the responsibilities associated 
with it. Teens are suddenly forced to reckon with 
the many burdens of prenatal and postpartum 
care, which include infant caretaking responsi-
bilities, personal health and nutrition, fi nances, 
and educational or vocational responsibilities [ 12 ]. 
Adolescent women who have concurrent chronic 
medical conditions, such as hypertension or 
 diabetes, face the additional challenge of main-
taining optimal control of their health to avoid 

adverse effects to the child [ 13 ]. All of these extra 
tasks of pregnancy and parenting represent a 
major emotional confl ict for teenage women who 
are still attempting to establish their own 
identity. 

 Teen mothers also face many barriers to high 
quality preconception and prenatal care. These 
obstacles include social stigma, transportation 
issues, confi dentiality, fi nancial burden, and lack 
of information about preconception care. 
Confi dentiality is perhaps the most important of 
these barriers. Teens are less likely to seek contra-
ceptive or prenatal care due to concerns about con-
fi dentiality among family and peers. This is 
demonstrated by the fact that adolescent females 
wait an average of 1 year to seek contraceptive 
counseling after initiating sexual intercourse 
because they are afraid of their parent fi nding out [ 14 ]. 
As a result, most teenage pregnancies occur within 
the fi rst year of becoming sexually active. Most 
states protect the rights of minors to seek contra-
ception counseling and prenatal care; however, 
many states still restrict a minor’s right to termina-
tion of pregnancy without parental consent [ 14 ]. 

 Pregnant adolescents require additional 
resources and specialized care, so clinicians can 
utilize existing relationships among the teen and 
her family, peers, and partners. The initial reac-
tion of the pregnant teen may be to conceal her 
pregnancy from family members and/or her part-
ner due to fear of negative consequences. 
Providers are encouraged to engage a close fam-
ily member such as a parent or an older sibling 
during the initial offi ce visit when pregnancy is 
confi rmed. Family members can provide the teen 
mother with much needed support in the tenuous 
days and weeks ahead when decisions will have 
to be made about the choice of pregnancy 
 outcome and access to prenatal care.  

    Defi nitions of Hypertensive 
Disorders of Pregnancy 

 Interpretation of epidemiologic studies and out-
comes research in the area of gestational hyper-
tension and preeclampsia has been challenged 
by a lack of agreement on terminology [ 2 ]. 
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Such defi nitions may differ depending upon the 
working group from which they originate. 
Furthermore, the correct categorization may not 
be clear until postpartum. Diagnostic criteria are 
designed to be rather loose or highly sensitive, so 
as to detect all possibly affected individuals early 
in the course with the goal that maternal and 
infant morbidity/mortality can be minimized. 
The following classifi cation of hypertensive dis-
orders in pregnancy was adopted by the 
International Society for the Study of 
Hypertension in Pregnancy (ISSHP) [ 1 ]: pre-
eclampsia, chronic hypertension, preeclampsia 
superimposed upon chronic hypertension, and 
gestational hypertension (Table  28.1 ). The term 
pregnancy-induced hypertension which is not 
included in the classifi cation scheme shown in 
Table  28.1  has been used in some studies and 
publications; the use of this term is discouraged 
because it might refer to either gestational hyper-
tension or preeclampsia.

   Chronic hypertension is defi ned as SBP ≥ 140 
and/or DBP ≥ 90 before pregnancy or before 20 
weeks gestation. It is possible that chronic hyper-
tension may be initially designated as gestational 
hypertension with delay in diagnosis until 12 
weeks postpartum because hypertension that is 
diagnosed during pregnancy but that does not 
resolve postpartum is considered chronic. 
Preeclampsia is a pregnancy-specifi c syndrome 
which usually occurs after 20 weeks gestation; it 
includes gestational BP elevation (same parame-
ters as above) and proteinuria. In the absence 
of proteinuria, additional symptoms such as 
headache, blurred vision, abdominal pain, 

thrombocytopenia, and elevation of hepatic trans-
aminases also indicate the presence of pre-
eclampsia. The degree of BP elevation during 
pregnancy has also been included as an additional 
criterion (see next section on pattern of BP dur-
ing pregnancy): Systolic BP (SBP) and diastolic 
BP (DBP) increases of ≥30 mmHg and 
≥15 mmHg, respectively, when accompanied by 
proteinuria and/or hyperuricemia. Such condi-
tions may warrant increased monitoring even if 
the BP does not exceed the threshold limits of 
140/90. 

 During uncomplicated pregnancy, the urine 
protein excretion increases to 200–260 mg/24 h 
with urinary microalbumin excretion levels up to 
29 mg/24 h. Proteinuria is defi ned as ≥300 mg 
per 24 h, by urine protein/creatinine ratio (Upc) 
>0.3, or if those methods are not available, then 
≥1+ by dipstick on at least two random urine 
samples collected more than 6 h apart [ 15 ]. 
A random urine protein/creatinine ratio is not 
recommended by experts to be used in place of 
the timed urine collection. The correlation 
between 24 h urine protein and Upc was moder-
ate (R 2  = 0.41), and a Upc < 0.3 had a negative 
predictive value of 47.5 % among women with 
suspected preeclampsia [ 16 ]. Similarly, Upc did 
not perform well in predicting signifi cant pro-
teinuria in gestational hypertension [ 17 ]. While 
proteinuria has been classically a criterion for 
preeclampsia, not all women with preeclampsia 
have proteinuria. More recent defi nitions allow 
for inclusion of those individuals without pro-
teinuria to be considered to have preeclampsia if 
they have evidence for other organ dysfunction. 

    Table 28.1    Classifi cation of hypertensive disorders of pregnancy   

 <20 gestational weeks  ≥ 20 gestational weeks  ≥ 12 weeks postpartum  Diagnosis 

 Normotensive  Gestational HTN + proteinuria  Resolution of HTN 
and proteinuria 

 Preeclampsia 

 Normotensive  Gestational HTN − no proteinuria  Resolution of HTN  Gestational HTN 
 Normotensive  Gestational HTN − no proteinuria  Persistent HTN  Chronic (incident) HTN 
 Chronic (prevalent) HTN  +Proteinuria  Resolution of proteinuria  Preeclampsia superimposed 

upon chronic HTN 
 Chronic (prevalent) HTN  −Proteinuria  Persistent HTN  Chronic HTN 

  Adapted from Garovic [ 78 ] 
  HTN  hypertension  
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Eclampsia is defi ned as seizures without other 
causes in someone with preeclampsia. Edema has 
been omitted as a criterion. 

 Preeclampsia may also occur in the individual 
with chronic hypertension and may be diffi cult 
to distinguish from worsening chronic hyper-
tension. In females with hypertension secondary 
to renal parenchymal disease, such as the illustra-
tive case, detection of preeclampsia may be 
 challenged by preconception proteinuria. 
Furthermore, chronic hypertension is a signifi -
cant risk for development of preeclampsia. The    
onset of proteinuria or marked worsening of pro-
teinuria, marked worsening of hypertension, and 
development of thrombocytopenia or hepatic 
transaminase elevation increase the likelihood 
that preeclampsia is superimposed upon chronic 
hypertension as opposed to worsening chronic 
hypertension. 

 Gestational hypertension describes the sce-
nario of detection of hypertension in a pregnant 
female without known chronic hypertension or 
signs of preeclampsia, with the understanding 
that she may go on to develop preeclampsia or 
have chronic hypertension. The latter defi nitions 
would not be applied until completion of preg-
nancy (if preeclampsia did not develop). If BP is 
normal by 12 weeks postpartum, then chronic 
hypertension can be excluded. Hypertension dur-
ing pregnancy can be due to a preexisting condi-
tion (chronic hypertension, primary or secondary, 
most often related to underlying renal disease) or 
pregnancy-induced hypertension.  

    BP Patterns Through the Course 
of Pregnancy 

 During pregnancy, BP typically decreases during 
the fi rst trimester and early second trimester (fi rst 
20 weeks) and then increases in the late second 
trimester and third trimesters to values similar to 
those at the beginning of gestation [ 2 ]. Clinical 
BP patterns were examined during gestation 
in more than 13,000 women from the Avon 
Longitudinal Study, 4 % of whom were younger 
than 20 years of age [ 18 ]. Eighty percent 
were normotensive; gestational hypertension 

developed in 14.6 %, preeclampsia in 2.1 %, and 
3.3 % had primary (or chronic) hypertension. BP 
levels were higher by 8 weeks gestation in women 
who developed gestational hypertension or pre-
eclampsia (Fig.  28.1 ). Baseline BP levels were 
similar between women who developed gesta-
tional hypertension and preeclampsia despite the 
assumption of divergent etiologies/mechanisms. 
Those individuals who developed preeclampsia 
failed to demonstrate the typical decline in BP 
during the fi rst half of gestation and were charac-
terized by a sharper slope of increase in BP dur-
ing the second half of gestation (Fig.  28.1 ). Those 
with chronic hypertension had higher BP levels 

  Fig. 28.1    Average trajectories of systolic and diastolic 
blood pressures by hypertensive disorders of pregnancy in 
the unadjusted joint model (N = 13016) (From Macdonald- 
Wallis et al. [ 18 ])       
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during early gestation but did have a 
 mid- gestational decline in BP, in a fashion simi-
lar to normal women. The magnitude of the 
increase in BP in the second half of gestation was 
also associated with earlier delivery.

       Ambulatory Blood Pressure During 
Pregnancy 

 Several studies have measured ambulatory BP in 
midtrimester in nulliparous females with normal 
baseline BP and have examined differences in 
and value of ambulatory BP levels in predicting 
preeclampsia and pregnancy-induced hyperten-
sion [ 19 ,  20 ]. There were signifi cant differences 
in both casual and ambulatory SBP between the 
normal and preeclamptic groups at 18 weeks ges-
tation; those who went on to develop preeclamp-
sia had a mean ambulatory SBP 4.7 mmHg 
greater than those who did not. At 28 weeks, 
there were signifi cant differences in ambulatory 
SBP and DBP; those who went on to develop pre-
eclampsia had a mean ambulatory SBP 6.9 mmHg 
and DBP 4.4 mmHg greater than those who did 
not. Diurnal pattern was maintained; those with 
the highest quartile of BP had the highest inci-
dence of preeclampsia [ 19 ]. Positive predictive 
values using the 95th percentile cutoff for day-
time, nighttime, and 24-h BP levels were poor. 

 Differences in diurnal variation were observed 
in a larger study; this study (in contrast to the pre-
vious) distinguished between two outcomes – 
gestational hypertension and preeclampsia 
(gestational hypertension + proteinuria) – and 
compared them to a normal group. The group 
with preeclampsia had signifi cantly higher night-
time BP, with a much smaller nocturnal decline, 
in contrast to the gestational hypertension group, 
which had higher daytime and nighttime BP as 
compared to the normal group but maintained a 
normal ratio between day and night mean BP. 
Despite signifi cantly different mean BP levels in 
both hypertensive groups as compared to the nor-
mal group, ambulatory BP levels performed 
poorly in predicting who would develop gesta-
tional hypertension or preeclampsia [ 20 ]. 

 The pattern of ambulatory BP throughout 
 pregnancy has been extensively characterized by 
Ramón Hermida and coworkers, who have argued 
that use of casual BP levels with the threshold of 
140/90 underestimates the incidence of gestational 
hypertension. Furthermore, they have offered sev-
eral methods to defi ne hypertension during preg-
nancy. Similar to other clinical situations, they 
argue that casual BP levels misclassify individuals 
at risk. Pregnant women with masked gestational 
hypertension (high ambulatory and normal clini-
cal BP) have comparable outcomes (preterm 
delivery and IUGR) as those with both abnormal 
ambulatory and casual BP [ 21 ]. Differences in 
mean 24-h BP levels were noted toward the end of 
the fi rst trimester; those who developed gesta-
tional hypertension had an ambulatory BP of 
115/67 as compared to normotensive women 
whose mean BP was 103/60. Ambulatory BP data 
from normotensive pregnant women throughout 
gestation generated rest-activity- specifi c reference 
thresholds. From these, a hyperbaric index is cal-
culated; abnormal BP elevation was defi ned as 
greater than 15 mmHg/h [ 22 ]. As illustrated in 
Fig.  28.2 , ambulatory BP 90th percentile threshold 
levels are lower in the normal pregnant female as 
compared to the normal nonpregnant female. The 
use of ambulatory BP monitoring and specifi cally 
of the hyperbaric index, which does not lend itself 
to clinical practice, has not been widely adapted 
for characterization of BP during pregnancy.

       Mechanisms of Gestational 
Hypertension and Preeclampsia 

 Preeclampsia, the most severe form of gestational 
hypertension, resolves with delivery. The occur-
rence of preeclampsia with molar pregnancies as 
well, however, points to the crucial role of the 
placenta, as opposed to the fetus, in its patho-
physiology. During normal placentation, embry-
onic cytotrophoblast cells migrate into the uterine 
spiral arteries, leading to their remodeling into 
high-capacitance, low-resistance vascular chan-
nels which provide for adequate placental and 
fetal perfusion [ 23 ]. In so doing, cytotrophoblast 
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cells acquire an endothelial phenotype, and spiral 
artery remodeling extends through the most 
superfi cial uterine layer, the decidua, and into the 
myometrium. These processes are attenuated in 
the preeclamptic placenta, in which myometrial-
level arterial remodeling was seen in only 27 % 
of arteries in one study (range, 3–41 %) com-
pared to 88 % for placentas from non-preeclamp-
tic pregnancies (range, 76–100 %) [ 24 ]. 
Inadequate spiral artery remodeling in pre-
eclampsia leads to reduced placental perfusion. 
Indeed, Doppler assessment of maternal uterine 
arterial blood fl ow demonstrates alterations 
refl ecting this inadequate conversion of spiral 

arteries. Thus, among >4,000 singleton pregnan-
cies, odds ratios for gestational hypertension, 
preeclampsia, and early onset preeclampsia were 
1.5 (95 % CI 1.02–2.26), 2.1(1.28–3.36), and 
4.47(1.50–13.35), respectively, in the presence of 
diastolic notching in bilateral uterine arteries 
(heralding reduced perfusion) [ 25 ]. The higher 
occurrence of preeclampsia in patients with pre-
existing hypertension, renal disease, obesity, and 
diabetes may relate to preexisting vascular abnor-
malities which render the spiral arteries resistant 
to cytotrophoblast cell invasion and remodeling. 

 The mechanisms and importance of uterine 
spiral artery remodeling to normal pregnancy have 

  Fig. 28.2    Circadian 90 % 
tolerance intervals for 
systolic and diastolic blood 
pressure. From a reference 
population of normotensive 
nonpregnant and normo-
tensive pregnant women 
who were assessed by 48-h 
ambulatory monitoring in 
the second trimester of 
pregnancy (From Hermida 
and Ayala [ 84 ])       
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recently been further elucidated to include a 
prominent role for locally produced (uterine) atrial 
natriuretic protein (ANP) and the enzyme corin, 
which converts pro-ANP to ANP. ANP stimulates 
trophoblast invasion, and both ANP and corin null 
mutant mice, when pregnant, demonstrate 
impaired trophoblast invasion/spiral artery remod-
eling as well as hypertension, proteinuria, and 
renal pathology. Human uterine samples from pre-
eclamptic patients showed corin defi ciency and 
pre-ANP excess compared to unaffected pregnan-
cies. Moreover, two human corin mutations which 
markedly reduce enzymatic activity were identi-
fi ed in preeclamptic women [ 26 ]. 

 A poorly perfused, hypoxic placenta is thought 
to be central to the development of preeclampsia. 
Reduction in uteroplacental perfusion in a variety 
of mammals, including primates, has been 
shown to cause maternal hypertension [ 27 ,  28 ]. 
In a well-characterized rat model, 40 % reduc-
tion in uteroplacental perfusion on day 14 of 
a 21-day gestation induces dramatic maternal 
cardiovascular changes. On gestation day 19, ani-
mals displayed increased mean arterial pressure 
(MAP), increased total peripheral resistance, 

decreased renal blood fl ow and GFR, and pro-
teinuria and endothelial dysfunction. Ex vivo 
investigation of vascular strips from similarly 
treated animals showed decreased relaxation in 
response to acetylcholine and decreased nitric 
oxide generation. Thus, reduced uteroplacental 
perfusion appears to tip the maternal cardiovas-
cular balance toward vasoconstriction. 

 Placenta-derived circulating factors have been 
identifi ed which link abnormal placentation and 
the aberrations seen in maternal physiology with 
preeclampsia. Gene expression profi ling of pla-
cental tissue from women with and without pre-
eclampsia identifi ed upregulation of soluble 
fms-like tyrosine kinase 1 (sFlt1) and elevated 
circulating sFlt1 in preeclamptic mothers. As a 
splice variant of a vascular endothelial growth 
factor (VEGF) receptor lacking cytosolic and 
transmembrane domains, sFlt1 is circulating yet 
still able to bind VEGF, though without down-
stream effects, and thus acts to inactivate VEGF. 
Deprived of normal VEGF signal (such as podo-
cyte to endothelial VEGF signaling in glomerular 
capillaries), maternal endothelium becomes dys-
functional (Fig.  28.3 ). Normally, VEGF fosters 

  Fig. 28.3    Soluble fms-like tyrosine kinase 1 (sFlt1) and 
soluble endoglin (sEng) cause endothelial dysfunction by 
antagonizing vascular endothelial growth factor and trans-
forming growth factor-β1 (TGF-β1) signaling. VEGF and 
TGF-β1 maintain endothelial health. During normal preg-
nancy, vascular homeostasis is maintained by physiologi-
cal levels of VEGF and TGF-β1 signaling in the 

vasculature; however, in preeclampsia, excess placental 
secretion of sFlt1 and sEng, which are endogenous anti-
angiogenic protein, inhibits VEGF and TGF-β1 signaling 
in the vasculature, resulting in endothelial dysfunction and 
the accompanying decreased prostacyclin and nitric oxide 
production as well as release of procoagulant proteins. 
TβRII indicates TGF-β1receptor (From Powe et al. [ 23 ])       
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vasodilation through interaction with the endothe-
lial KDR receptor which upregulates endothelial 
nitric oxide synthetase (eNOS) and also maintains 
endothelial fenestration and vascular permeability 
[ 29 ,  30 ], while the VEGF Flt1 receptor also con-
tributes to endothelial permeability and survival 
[ 31 ]. Infusion of sFlt1 (acting as a VEGF trap) 
into animals (pregnant or not) induced hyperten-
sion, proteinuria, and recapitulated the renal fi nd-
ings of severe preeclampsia including glomerular 
endothelial cell swelling and intracapillary fi brin 
deposition. This is similar to observations of 
hypertension and proteinuria with pharmacologic 
inhibition of VEGF for cancer therapy [ 32 ]. 
Because sFlt1 also binds placental growth factor 
(PlGF), reduced free VEGF and free PlGF levels 
have been found in preeclamptic women, and 
these levels were even lower with worsening 
severity of preeclampsia [ 33 ].

   In a larger cohort of 120 pairs of nulliparous 
women with and without preeclampsia, non- 
preeclamptic women showed an increase in sFlt1 
in the last few weeks of gestation which was dra-
matically surpassed (two- to threefold higher) in 
those with preeclampsia [ 34 ]. Lower PlGF levels 
were seen (8–45 % control level in the last tri-
mester) though depletion of circulating VEGF 
was harder to demonstrate in this larger cohort in 
part because of lower VEGF levels in all women 
(5–10 pg/ml) compared to PlGF levels (50–
1,000 pg/ml); circulating VEGF represents a 
small fraction as the majority VEGF is mem-
brane bound. Further linking sFlt1 in the patho-
physiology of preeclampsia are observations that 
its placental expression and maternal circulating 
level are augmented by hypoxia/hypoperfusion 
[ 28 ,  35 ]. Lastly, utilizing apheresis with a dextran 
sulfate cellulose column, reduction of elevated 
circulating sFlt1 level in severe preterm pre-
eclamptic women was accompanied by reduction 
in BP and proteinuria as well as prolongation of 
pregnancy for 2–3 weeks [ 36 ]. 

 Similarly, excess placenta-derived soluble 
endoglin (sEng) circulating at higher than normal 
levels in the preeclamptic mother causes impor-
tant endothelial effects. This is because 
membrane- bound endoglin is a necessary core-
ceptor for endothelial TGF beta signaling which 
contributes to normal vascular functioning 

including vasodilatation through nitric oxide [ 37 ]. 
As with sFlt1 and VEGF, sEng acts as a ligand 
trap for TGF beta, lessening its endothelial recep-
tor binding and downstream eNOS signaling and 
vascular relaxation [ 37 ]. In preeclamptic mothers, 
reduction in circulating nitrite (metabolic by-
product of nitric oxide metabolism) correlated 
with elevations in sEng (as well as sFlt1) [ 38 ]. 

 Effects of sEng and sFlt1 appear synergistic. 
Thus, while experimental infusion of sFlt1 causes 
hypertension and proteinuria, co-infusion of 
sFlt1 and sEng together causes more severe 
hypertension and proteinuria as well as hemoly-
sis, thrombocytopenia, and elevated hepatic 
transaminases, recapitulating the HELLP syn-
drome (hemolysis, elevated liver enzymes, low 
platelets) [ 37 ]. In assessing for risk of preeclamp-
sia, elevation in either sFlt1 or sEng alone was 
associated with adjusted odds ratio (OR) of 1.5–
2.3 (95 % CI 0.4–8.7). Elevation in both pro-
duced an OR for term preeclampsia of 31.6 (95 % 
CI 10.7–93.4) [ 39 ]. 

 Increased expression of sFlt1 is mediated at 
least in part by hypoxia-inducible factor-1 (HIF), 
credibly linking placental hypoperfusion and 
fi ndings of increased circulating sFlt1 in pre-
eclampsia [ 40 ]. 2-Methoxyestradiol (2-ME), 
which is elevated in normal pregnancies, sup-
presses HIF. The enzyme responsible for produc-
tion of 2-ME, catechol-O-methyltransferase 
(COMT), is reduced in the placentas of women 
with preeclampsia [ 41 ]. COMT null mutant mice, 
absent 2-ME, have elevated HIF and sFlt1 and 
preeclampsia, all ameliorated by exogenous 
2-ME administration [ 42 ]. Interestingly, genetic 
variants associated with lower COMT levels have 
been associated with recurrent preeclampsia, 
raising the possibility that 2-ME administration 
might have therapeutic potential for treatment of 
preeclampsia [ 43 ,  44 ]. 

 Autoantibodies to the angiotensin AT1 recep-
tor (AT1-AA) have been detected in the serum of 
preeclamptic women; these antibodies function as 
receptor agonists. Increased receptor activity 
might explain the exaggerated pressor response to 
angiotensin II observed in preeclamptic compared 
with normal pregnancies [ 45 ]. Various AT1-
mediated effects have been demonstrated for 
these autoantibodies including vasoconstriction, 
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stimulation of plasminogen activator inhibitor- 1 
(PAI-1) from mesangial cells, and tissue factor 
expression by vascular cells – all potentially rele-
vant to maternal cardiovascular and renal changes 
observed in preeclampsia [ 46 ]. Importantly, 
AT1-AA recovered from patients with preeclamp-
sia produced preeclampsia when administered 
to pregnant mice [ 47 ]. Whether these effects 
are directly AT1 related or AT1 mediated 
through AT1-AA induction of sFlt1 and sEng 
is not clear [ 48 ]. 

 The pathophysiology of gestational hyperten-
sion shares many components with preeclampsia. 
A signifi cant elevation in the ratio of sFlt1:PlGF 
in women with gestational hypertension has been 
observed, though elevation was relatively smaller 
than the marked elevation in preterm and term 
preeclampsia [ 34 ]. In the same group of patients, 
however, sEng was elevated to the same degree as 
those with preeclampsia, leading the authors to 
consider/recommend gestational hypertension as 
a milder form of preeclampsia. In another study, 
sFlt1 and sEng were both intermediate in patients 
with gestational hypertension (23.5, 23.6 pg/ml) 
compared to normal pregnant controls (16.5, 
15.5 pg/ml) and preeclamptic women (74.7, 
69.2 pg/ml) [ 49 ]. Since the advent of normative 
data for sFlt1 and sEng levels in pregnancy, it has 
been shown that circulating levels above the 95th 
percentile were seen in    67 % and 67 % of women 
with gestational hypertension as opposed to 94 % 
and 89 % of women with standard preeclampsia 
[ 50 ]. Women with gestational hypertension dem-
onstrate a reduction in circulating nitrite (refl ect-
ing reduced endothelial nitric oxide) though to a 
lesser degree than preeclampsia [ 49 ]. Similarly, 
glomerular endotheliosis on renal biopsy (once 
considered pathognomonic of preeclampsia) has 
been documented in women with gestational 
hypertension as well, though milder than in pre-
eclampsia [ 51 ]. Even AT1-AA levels were inter-
mediate in patients with gestational hypertension 
between those with preeclampsia (higher) and 
normotensive pregnancies (low) [ 52 ]. Though 
not a universal view, these observations speak to 
diffuse endothelial dysfunction underlying both 
gestational hypertension and preeclampsia, dif-
fering mainly by degree [ 53 ].  

    Risk Factors for Preeclampsia 

 Risk factors for preeclampsia are listed in 
Table  28.2 . Although young maternal age was 
originally thought to increase the risk of gesta-
tional hypertension, there is confl icting evidence 
to support that younger age alone increases risk 
of gestational hypertension or preeclampsia 
(some studies did not differentiate between the 
two outcomes). Younger maternal age was not 
found to be an independent risk factor in more 
recent studies (see section on factors unique to 
the adolescent). The increased risk observed for 
younger women may be related to several of the 
known risk factors which are common to the ado-
lescent, including nulliparity, limited sperm 
exposure, and primipaternity [ 54 ]. Obesity is a 
signifi cant risk factor for preexisting hyperten-
sion, gestational hypertension, and development 
of preeclampsia. Results reported from the 
Generation R study indicate that higher prepreg-
nancy body mass index (BMI) was associated 
with greater SBP throughout pregnancy, with the 
highest levels among the morbidly obese group 
[ 55 ]. There was a pattern of consistently higher 

   Table 28.2    Risk factors for preeclampsia with relative 
risk (95 % confi dence intervals)   

 Risk factor 
 Relative risk (95 % 
confi dence intervals) 

 Nulliparity  2.91 (1.28–6.61) 
 Previous preeclampsia  7.19 (5.85–8.83) 
 Family history of preeclampsia  2.90 (1.70–4.93) 
 High BMI at fi rst evaluation  1.55 (1.28–1.88) 
 Before pregnancy  2.47 (1.66–3.67) 
 SBP ≥ 130 mmHg at fi rst evaluation  2.37 (1.78–3.15) 
 DBP ≥ 80 mmHg at fi rst evaluation  1.38 (1.01–1.87) 
 Preexisting DM  3.56 (2.54–4.99) 
 Preexisting HTN  Increased risk a  
 Preexisting renal disease  Increased risk 

  Note: Maternal age ≤ 16, 17, or 19 years not associated 
with increased risk for preeclampsia 
 Adapted from Duckitt and Harrington [ 54 ], Steegers 
et al. [ 85 ] 
  BMI  body mass index,  DBP  diastolic blood pressure,  DM  
diabetes mellitus,  HTN  hypertension,  SBP  systolic blood 
pressure 

  a Odds ratio 1.6 (1.1–2.2) from Sibai et al. [ 66 ]  
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SBP and DBP for higher BMI throughout preg-
nancy (Fig.  28.3 ). The odds ratios for gestational 
hypertension (the term pregnancy-induced hyper-
tension was used) for the overweight/obese/mor-
bidly obese groups as compared to the group with 
normal BMI were 2.12 (CI 1.54–2.91), 4.67 
(3.07–7.09), and 11.34 (6.80–18.86) and for pre-
eclampsia were 1.82 (CI 1.16–2.83), 2.49 (CI 
1.29–4.78), and 3.40 (1.39–8.28), respectively 
[ 55 ]. Additionally, the gestational weight gain 
was also associated with increased risk of gesta-
tional hypertension (<7 g vs. >7 kg) but was not 
associated with increased risk of preeclampsia.

       Features Unique to the Pregnant 
Teenager 

 There are no guidelines as to the defi nition of 
gestational hypertension in the adolescent female. 
The threshold of 140/90 used in adult women is 
based upon the defi nition of hypertension for 
adults in general. It could be argued that this 
threshold should be decreased for all pregnancy 
and particularly adolescent females because BP 
levels are lower during the fi rst half of pregnancy 
(as discussed in previous section). Furthermore, 
140/90 is signifi cantly higher than the current 
defi nition of stage 1 hypertension among adoles-
cent females (casual BP at or above the 95th per-
centile for age and height percentile). An SBP 
threshold of 140 mmHg is greater than the 99th 
percentile for females 13–17 years of age, 
whereas the DBP threshold of 90 mmHg 
approaches the 99th percentile for taller adoles-
cent females. Among a cohort of women with 
mild gestational hypertension, BP levels in teen-
agers were compared to those of adult women: 
SBP was 133.4 ± 15 mmHg at the beginning of 
monitoring for the teenage group and 
139.5 ± 15 mmHg for the adult group. Similarly, 
DBP levels were lower in the teenagers, 
84.1 ± 13.6 mmHg versus 90.1 ± 11.5 mmHg in 
the adults [ 56 ]. A small retrospective study 
among mothers 15–19 years of age found that the 
second trimester MAP >80 mmHg (in contrast to 
a threshold MAP of 90 mmHg used for adult 
women) had an sensitivity of 60 % and 

specifi city of 93 % in predicting gestational 
hypertension, with a positive predictive value of 
76 % and negative predictive value of 82 % [ 57 ]. 

 Earlier studies reported a higher incidence of 
hypertension (preeclampsia/eclampsia) among 
younger mothers [ 58 ,  59 ]; however, this has been 
disputed by more recent epidemiologic studies, 
including a meta-analysis [ 54 ,  60 – 62 ]. There 
was a lower incidence of hypertension in teenage 
mothers (mean age 18.3, range 13.7–19.9y) as 
compared to mothers 20–35 years of age (3.7 % 
vs. 6.6 %) [ 62 ]. The authors did not further clas-
sify the underlying hypertension (i.e., pre-
eclampsia); however, they did subdivide the 
adolescent group into those aged less than 17 
years to investigate whether the very youngest 
had increased risk and found none. Younger 
maternal age was associated with a lower risk 
of preeclampsia in a study of more than 8,000 
primiparous women at the University Hospital 
of Caen, France [ 61 ]. A systematic review of 
controlled cohort studies examined the risk of 
preeclampsia according to maternal age and 
 concluded that younger maternal age was not a 
signifi cant risk factor [ 54 ]. 

 A retrospective case-control study using the 
Finger Lakes Regional Perinatal Data System 
categorized adolescents (maternal age < 19 years) 
according to prepregnancy BMI into control 
(BMI 18.5–24.9 35 kg/m 2 ), overweight (BMI 
25–29.9 kg/m 2 ), obese (BMI 30–34.9 kg/m 2 ), and 
morbidly obese (BMI > 35 kg/m 2 ). Preexisting 
chronic hypertension was present in 0.5 % of the 
control group and 1.1 % of the combined over-
weight/obese group. Pregnancy-induced hyper-
tension was present in 4.5 % of the control group 
and 7.8 % of the combined overweight and obese 
group, and preeclampsia in 2.4 % of the control 
versus 4.0 % of the overweight and obese group. 
The odds ratio for gestational hypertension was 
1.8 (CI 1.4, 2.3) in women with a BMI >25 kg/m 2  
[ 63 ]. This emphasizes the multiple levels of risk 
associated with the overweight/obese adolescent 
with respect to pregnancy-associated hyperten-
sion: not only they are at risk for primary hyper-
tension, but they are also at increased risk for 
pregnancy-related hypertension due to higher BP 
levels and BMI (Fig.  28.4    ).
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       Impact of Chronic Hypertension 
on Pregnancy Outcome 

 The prevalence of chronic hypertension among 
females of childbearing age appears to be increas-
ing largely due to the increased prevalence of 
obesity, and this is equally true for the increasing 
prevalence of hypertension among adolescent 
females [ 64 ]. Females with chronic hypertension 
who become pregnant are at increased risk for 
developing preeclampsia and of developing pre-
eclampsia relatively earlier in gestation [ 65 ]. 
Preeclampsia occurred in 10–25 % of women 
with mild chronic hypertension with an average 
across the four available studies of 20.8 %. 
Chronic hypertension without preeclampsia 
increases the risk for fetal growth restriction 
(8–15.5 %), preterm birth (12–33.3 %), placental 
abruption (0.7–1.4 %), and stillbirth [ 65 ,  66 ]. 
Chronic hypertension was associated with a fi ve-
fold increase in risk of delivering preterm and 1.5 

times increased risk of offspring who are small 
for gestational age [ 65 ]. Although some women 
with chronic hypertension experience lower BP 
levels during pregnancy as a result of the typical 
physiological decrease in BP in the fi rst half of 
gestation, others develop preeclampsia or wors-
ening hypertension [ 66 ]. Proteinuria in the set-
ting of chronic hypertension prior to pregnancy is 
a risk factor for preeclampsia and/or fetal growth 
restriction [ 66 ]. It has been recommended that 
risk be assigned to women with chronic hyper-
tension who become pregnant. Women consid-
ered to have low risk include those with mild 
essential hypertension without target organ dam-
age. Among women with chronic hypertension, 
the higher risk group includes those with second-
ary hypertension, target organ damage, previous 
perinatal loss, and SBP > 180 mmHg or 
DBP > 110 mmHg [ 67 ]. The case illustrates this 
concept – an existing diagnosis of chronic, severe 
hypertension with baseline proteinuria is associ-
ated with marked increased risk for our patient to 

  Fig. 28.4    Blood pressure patterns in different prepregnancy BMI categories (From Gaillard et al. [ 55 ])       
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develop preeclampsia and for her infant to be pre-
mature and small for gestational age. 

 Because of the increased risk of poor outcome 
in the setting of chronic hypertension, prepreg-
nancy counseling and evaluation are recom-
mended. Prepregnancy counseling is unlikely to 
be offered in the setting of adolescent pregnancy 
which is most often unplanned. This raises the 
question of whether hypertensive adolescents 
should be counseled regarding the risks that 
hypertension has in the event of pregnancy – this 
could be added to the warning regarding preg-
nancy prevention in those taking angiotensin- 
converting enzyme inhibitors (ACEi) or ARBs.  

    Treatment of Hypertension During 
Pregnancy 

 The goal for treatment of hypertension during 
pregnancy is to maintain a healthy BP for the 
mother while minimizing the risk for the fetus. 
At the initial visit when pregnancy is diagnosed, 
several important steps should be taken by the 
provider. The provider should diagnose the dura-
tion of pregnancy based on the last menstrual 
period and then stratify the young women based 
on other risk factors. A thorough history of 
chronic disease such as hypertension, diabetes, 
thyroid disease, or other long-standing systemic 
diseases should also be elicited. In addition to 
placing the mother on a prenatal vitamin, the pro-
vider should document all medications and herbal 
supplements and then determine if they pose a 
risk to the mother or fetus. We also assess each 
patient for certain parameters including nutrition 
status and food security, risk for domestic vio-
lence, substance use, family and social support 
system, and accessibility to prenatal care. For 
adolescent women with chronic medical condi-
tions such as hypertension, we establish early 
communication with subspecialist providers to 
assess any further risks. At the end of the visit, 
we clearly communicate plans for pregnancy 
options and follow-up care. 

 Ideally, adolescent females with hypertension 
should be followed in a clinic where preconcep-
tion counseling can be offered confi dentially and 

conveniently. Preconception counseling offers 
the opportunity for both primary care providers 
and subspecialists to discuss the effi cacy of con-
traceptive methods in conjunction with potential 
harm from antihypertensive medications [ 68 ]. As 
a practice most teens in our clinic that are on 
potentially teratogenic drugs are placed on some 
sort of hormonal contraception and are encour-
aged to use barrier protection as an adjunct. 

 The costs of managing gestational hyperten-
sion include the expense of more frequent visits 
to the obstetrician’s offi ce or emergency depart-
ment, more frequent laboratory tests and fetal 
monitoring, as well as hospitalizations, some-
times for prolonged periods [ 69 ]. In addition, 
pregnancies complicated by hypertension have 
higher rates of cesarean delivery and preterm 
infants who require longer postnatal hospitaliza-
tion, often in a critical care unit. 

 Treatment to lower BP during pregnancy is 
controversial, as guidelines published by differ-
ent organizations do not agree on the threshold 
for initiation of treatment or on the goal BP levels 
after treatment is initiated [ 65 ]. The American 
College of Obstetricians and Gynecologists rec-
ommends initiation of antihypertensive therapy if 
the SBP is ≥180 mmHg and/or DBP ≥ 100 mmHg. 
The JNC7 Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment 
of High Blood Pressure recommends initiation of 
antihypertensive therapy if SBP is >150–
160 mmHg and/or DBP > 100–110 mmHg. 
Canadian guidelines recommend treatment if the 
SBP > 150 mmHg and/or DBP > 109 mmHg and 
the Australasian guidelines for SBP > 170 mmHg 
and DBP 110 mmHg [ 65 ]. In contrast, the 
European Society of Hypertension/European 
Society of Cardiology guidelines recommend ini-
tiation of antihypertensive medication for BP 
140/90 or greater [ 70 ]. 

 In the pregnant female with chronic hyperten-
sion, maintenance antihypertensive medications 
may be continued during pregnancy with the 
exception of ACEi or ARB, but the recommenda-
tions for optimum BP levels are confl icting. The 
NHBPEP recommendations state that for women 
with chronic hypertension, antihypertensive 
medications would not be continued/restarted 
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unless the SBP is 150–160 mmHg or DBP is 
100–110 mmHg. Therefore, according to these 
guidelines, antihypertensive medications might 
have to be discontinued or modifi ed if BP levels 
decline. 

 The choice of antihypertensive agent is chal-
lenging because of a paucity of information 
regarding safety and effi cacy of specifi c agents 
during pregnancy. The most commonly used 
antihypertensive drugs during pregnancy include 
methyldopa, labetalol, hydralazine, metoprolol, 
extended release nifedipine, and hydrochlorothi-
azide [ 65 ]. Methyldopa is not an agent of choice 
in adolescents or adult women as a fi rst- or 
second- line agent; however, it is the agent of 
choice during pregnancy due to its record of 
safety and proven lack of effect on uterine artery 
Doppler fl ow. 

 A Cochrane systematic review of available tri-
als reported a reduction in risk for development 
of severe hypertension (RR 0.50, 0.41–0.61) 
associated with the use of antihypertensive medi-
cation to treat mild to moderate gestational 
hypertension; however, no difference in the risk 
for development of preeclampsia/eclampsia was 
found [ 71 ]. Recommendations from a recent 
review article include the following two propos-
als [ 70 ]: (1) For women with chronic hyperten-
sion that has been adequately controlled, continue 
the same medication regimen, with the exception 
of ACEi and/or ARB. (2) For the normotensive 
female who develops increased BP over 
140/90 mmHg, initiate treatment with small 
doses of beta-blockers (labetalol not metoprolol), 
thiazide diuretic, or calcium channel blocker (in 
addition to methyldopa and hydralazine). 

 Treatment of hypertension reduces maternal 
morbidity but has no proven effect on fetal out-
comes. Treatment to lower maternal blood pres-
sure was not associated with differences between 
treatment and placebo on fetal outcomes such as 
preterm birth, intrauterine growth restriction, or 
fetal death [ 71 ]. The effect of beta-blockers (vs. 
placebo, or an agent other than beta-blocker) on 
the incidence of small-for-gestational-age infants, 
an analysis including 12 trials reported a sum-
mary relative risk of 1.36 (1.02–1.82) [ 72 ]. Beta- 
blockers also increased the risk for neonatal 
bradycardia (RR 1.93, 1.05–3.53) and decreased 

the risk for respiratory distress syndrome (RR 
0.29, 0.12–0.67) with no effect on the risk for 
preterm birth [ 72 ]. Concerns about overtreatment 
of hypertension during pregnancy include the 
potential risk for reduction of placental blood 
fl ow and the exposure of the fetus to potentially 
teratogenic medications. A meta-analysis of the 
effect of antihypertensive therapy on fetal out-
come reported that every 10 mmHg reduction in 
MAP resulted in a birth weight reduction of 
145 g [ 73 ]. This    study has been criticized for 
overestimation of the effect of BP reduction on 
birth weight (only 16 % of variability of birth 
weight was related to maternal BP) and selection 
bias since a trial which indicated an opposite 
relationship between birth weight and BP reduc-
tion was not included [ 70 ]. Since chronic hyper-
tension is associated with signifi cant morbidity 
for the mother and her baby, one could argue that 
treatment would be benefi cial for both. 

 As mentioned earlier, ACEi and ARBs should 
never be used during pregnancy; they increase 
the risk for fetal developmental abnormalities 
[ 74 ]. The term fetal renin-angiotensin system 
blockage syndrome (fetal RAS blockade syn-
drome) was recognized in the early 1980s as a 
result of intrauterine exposure to ACEi. 
Pregnancies in women on ACEi were compli-
cated by oligohydramnios, and infants with the 
syndrome exhibited intrauterine growth retarda-
tion, hypotension, renal failure, and other devel-
opmental anomalies. It was initially thought that 
fi rst trimester exposure was not a risk for the 
fetus; however, a study which used Medicaid 
records to link maternal antihypertensive medi-
cation use to infant outcomes found an increased 
risk of congenital malformations as compared to 
exposure to other antihypertensive medication or 
no antihypertensive medications with a risk ratio 
of 2.71 (95 % CI 1.72–4.27) [ 74 ]. A systemic 
review of ACEi and ARB exposure reported the 
prevalence of fetal RAS blockade syndrome by 
trimester and duration of exposure [ 75 ]. ARB 
exposure had a higher prevalence of neonatal 
complications (87 %) as compared to ACEi expo-
sure (48 %). Risk for fetal RAS blockade syn-
drome was lowest for isolated fi rst trimester 
exposure as compared to exposure during the 
second and/or third trimesters. There are 
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confl icting studies – not all support the fi ndings 
of the previously cited study; this is a controver-
sial topic which was recently extensively 
reviewed [ 76 ]. Other studies have found no 
increased risk for fetal malformations to be asso-
ciated with fi rst trimester exposure to ACEi as 
compared to babies born to mothers with 
untreated gestational hypertension or mothers 
with other antihypertensive medications [ 77 ]. 

 Detection of pregnancy in the teenager with 
preexisting hypertension should prompt immedi-
ate discontinuation of ACEi and ARBs due to 
their potential fetal effects. In fact, many argue 
that use of these agents should be avoided in 
females of childbearing potential who are not 
using a reliable method of contraception. There 
are no objective guidelines to indicate that preg-
nancies in which there is ACEi/ARB exposure 
should be terminated. Given that the majority of 
infants with fi rst trimester (when termination is 
most likely to be considered) ACEi/ARB expo-
sure do not have serious sequelae, counseling 
regarding the options for termination of preg-
nancy would not necessarily be different than for 
that of any other pregnancy.  

    Risk of Future Cardiovascular 
Disease and Renal Disease 

 The presence of hypertension during pregnancy 
increases the woman’s and her offspring’s future 
risk of developing cardiovascular disease. Not 
only are women with gestational hypertension 
more likely to develop chronic hypertension, they 
do so at an earlier age. Women with gestational 
hypertension also have a greater incidence of 
coronary heart disease and stroke. Data from 
women participating in the Family Blood 
Pressure Program study found that women whose 
pregnancies were complicated by gestational 
hypertension demonstrated hazard ratios for 
stroke of 2.0, for coronary artery disease of 1.5, 
and for hypertension of 1.5 [ 78 ]. The adjusted 
hazard ratio for developing chronic hypertension 
was 1.88 in a model that controlled for traditional 
cardiovascular risk factors such as race, family 
history of cardiovascular disease, diabetes melli-
tus, smoking, and dyslipidemia [ 79 ]. The hazard 

ratio for stroke after controlling for the aforemen-
tioned risk factors as well as hypertension was 
2.1. Since the risk factors for developing hyper-
tension during pregnancy may be similar to those 
risk factors associated with cardiovascular dis-
ease in general, it is unclear whether the associa-
tion of gestational hypertension and future 
cardiovascular risk is causal or due to common 
etiologies. It has been suggested that pregnancy 
serves as a physiological “stress test” or “screen-
ing test” which unmasks underlying metabolic 
perturbations and endothelial dysfunction [ 80 ]. 

 Offspring of hypertensive pregnancies are also 
at risk of developing increased BP. A single- center 
study published in 1979 examined BP of pregnant 
teenagers during and following pregnancy and BP 
in their offspring 3–6 years later [ 81 ]. Mean BP 
measured using a mercury sphygmomanometer in 
the hypertensive group during the mid-third tri-
mester was 121.4 ± 1.2/78.8 ± 0.9 mmHg com-
pared to 112 ± 1.1/69.5 ± .9 mmHg in the normal 
group. The postpartum BP levels 3–6 years post-
partum remained higher as did maternal weight in 
the hypertensive group (119.4 ± 2.4/78.3 ± 1.6 
mmHg) versus the normal group (117.1 ± 1.2/
73.4 ± 1.3 mmHg). Offspring of the gestational 
hypertensive mothers had higher mean SBP com-
pared to those with normal maternal BP: 97.6 ± 1.3 
versus 93.1 ± 1.5, at a mean age of 4.5 years. 
Gestational hypertension was associated with 
increased body weight and higher BPs and body 
weight in the mothers and infants at follow-up. 
This study is mentioned because it included only 
pregnant teenagers as part of the Young Mothers’ 
Program at the University of Kentucky and aimed 
to determine the impact of gestational hyperten-
sion on future cardiovascular status [ 81 ]. More 
recently, a meta-analysis which summarized 18 
studies with data from 45,249 individuals reported 
that in utero exposure to preeclampsia was associ-
ated with a 2.39 mmHg increase in SBP and 
1.35 mmHg higher DBP during childhood and 
young adulthood. BMI was increased by 0.62 kg/
m2 after exposure to preeclampsia [ 82 ]. In a study 
which used data from the Helsinki Birth Cohort 
Study, adult children born to mothers with pre-
eclampsia and gestational hypertension had a 
greater risk for stroke with hazard ratio of 1.9 (CI 
1.2, 3.0) and 1.4 (CI 1.0, 1.8), respectively. 
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Preeclampsia was also associated with smaller 
head circumference at birth [ 83 ]. In conclusion, 
females with hypertension during pregnancy 
including preeclampsia appear to have increased 
risk for signifi cant future cardiovascular morbid-
ity. Furthermore, their offspring have higher BP 
levels and may also have increased risk for future 
cardiovascular event as adults.  

    Conclusions 

 Hypertensive disorders of pregnancy represent a 
major cause of maternal deaths in the United 
States as well as infant mortality and morbidity. 
Teenagers with chronic hypertension who 
become pregnant are more likely to be in a higher 
risk group if they have secondary cause for 
hypertension such as chronic kidney disease and 
may also be at greater risk for preeclampsia due 
to nulliparity and primipaternity. The presence of 
hypertension during pregnancy increases the 
future risk for cardiovascular disease in the 
mother and her offspring. Exposure to certain 
antihypertensive medication classes such as 
ACEi or ARB poses risk for the developing fetus, 
some of whom have RAS inhibition fetopathy or 
other congenital malformations. Clinicians car-
ing for the pregnant adolescent with hypertension 
are challenged by the lack of evidence from 
which to develop guidelines for treatment. Issues 
which are specifi c to this unique group include 
the appropriate threshold for classifi cation as 
hypertensive (likely to be lower than for adult 
women during pregnancy) as well as the choice 
of antihypertensive agents and the goal for blood 
pressure levels after initiation of therapy.     
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        Introduction 

 Hypertension is a signifi cant public health chal-
lenge because of its high prevalence as well as its 
associated complications, including cerebrovas-
cular disease, renal failure, and heart failure [ 1 ]. 
In fact, hypertension is the second leading cause 
of end-stage renal disease (ESRD) among adults 
in the United States [ 2 ]. Moreover, hypertension 
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    Abstract 

   Hypertension is a well-characterized risk factor for the development of 
cardiovascular, cerebrovascular, and renal disease in adults. More recently, 
data obtained from autopsy studies as well as noninvasive imaging tech-
niques have demonstrated that similar end-organ changes occur in chil-
dren and adolescents with mild to moderate elevations in blood pressure. 
Specifi cally, chronic elevations in blood pressure in pediatric patients lead 
to changes in left atrial as well as left ventricular structure. These cardiac 
changes occur in parallel with alterations in the vascular system and sub-
sequent development of atherosclerosis. Subclinical changes in renal func-
tion and microalbumin excretion are also noted in these patients. Recent 
studies have highlighted the impact of mild to moderate elevations in 
blood pressure on cognitive functioning in children. The adverse effects of 
severe hypertension in children and adolescents on these organ systems 
are also well known. Although additional longitudinal studies are required 
to elucidate the signifi cance of these alterations, children with elevated 
blood pressures must be identifi ed and treated appropriately in order to 
improve their long-term outcomes.  

  Keywords 

   Hypertensive urgency   •   Left ventricular hypertrophy   •   Carotid intimal–
medial thickness   •   Endothelial dysfunction   •   Microalbuminuria  

      Sequelae of Hypertension 
in Children and Adolescents 

           Donald     J.     Weaver     Jr.       and     Mark     M.     Mitsnefes     



454

is the leading risk factor for cardiovascular mor-
tality and ranked third as a cause of disability- 
adjusted life years in adults [ 1 ,  3 ]. A recent study 
examining the economic burden of chronic car-
diovascular disease suggested that medical 
expenditures attributable to hypertension are esti-
mated at more than 73 billion dollars annually 
[ 4 ]. More disturbing is the fact that hypertension 
has its origins in childhood, and hypertension in 
children is a risk factor for development of adult 
cardiovascular disease [ 5 ,  6 ]. However, hyperten-
sion in children is often underdiagnosed, and the 
alterations in end-organ structure and function 
noted in adult hypertensive patients likely also 
have their origins in childhood [ 7 ,  8 ]. Since treat-
ment of hypertension has been shown to improve 
cardiovascular outcomes and to reduce the risk 
for development of these complications in the 
adult population, we hypothesize that prompt 
recognition of these alterations in children and 
adolescents may also prevent future morbidity 
and mortality in pediatric patients [ 9 ]. 

 Primary hypertension in children and adoles-
cents is generally thought to be an asymptomatic 
disease not associated with emergent adverse 
events. However, even in the early stages of 
hypertension, children and adolescents experi-
ence nonspecifi c symptoms that can impact 
school performance. Croix and Feig [ 10 ] reported 
that hypertensive children at initial evaluation are 
more likely to experience sleep disturbances and 
daytime fatigue than normotensive children. 
Moreover, 64 % of hypertensive children are 
more likely to complain of nonspecifi c symptoms 
including headache, chest pain, and shortness of 
breath than normotensive children at initial eval-
uation [ 10 ]. More strikingly, treatment of hyper-
tension signifi cantly reduced the prevalence of 
these complaints 6 months following initiation of 
therapy, highlighting the importance of screening 
and recognition of early hypertension [ 10 ]. In 
addition to the symptoms described above that 
affect quality of life and school performance, 
childhood hypertension leads to abnormalities in 
several organ systems with the potential for sig-
nifi cant long-term morbidity as outlined below 
(Table  29.1 ).

      Cardiac Structure 

 In the classical paradigm for the pathogenesis of 
hypertensive heart disease, development of LV 
failure is preceded by alterations in both left atrial 
and left ventricular geometry [ 11 – 13 ]. The 
changes in ventricular geometry occur in two dif-
ferent patterns [ 13 ]. In concentric LV hypertro-
phy, parallel addition of sarcomeres causes an 
increase in the cross-sectional area and diameter 
of the cardiac myocytes [ 14 ]. These alterations 
lead to a signifi cant increase in LV wall thickness 
out of proportion to an increase in size of the LV 
cavity [ 14 ]. In contrast, asymmetric increase in 
wall thickness as well as LV cavity size results 
in eccentric LVH as a result of sarcomere addition 
in series. Hypertension is generally associated 
with development of concentric hypertrophy as 
increased blood pressure and pulse pressure 
oppose LV ejection inducing increased LV wall 
stress [ 15 ]. In addition to left ventricular stress, 
numerous nonhemodynamic factors are thought 
to infl uence the development of altered left 

   Table 29.1    End-organ changes in pediatric patients with 
chronic hypertension   

 Cardiac structure 
 Increased left atrial size 
 Left ventricular hypertrophy 

 Cardiac function 
 Diastolic dysfunction 

 Vascular structure 
 Atheromatous changes 
 Arterial stiffening 
 Endothelial dysfunction 
 Increased cIMT 
 Decreased cerebrovascular reactivity 

 Renal function 
 Microalbuminuria 

 Retinal vasculature 
 Arteriolar narrowing 
 Tortuosity 
 AV nicking 

 Cognition 
 Short-term memory 
 Attention/concentration 
 Learning disabilities 
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ventricular geometry, including neurohormonal 
activation, biomarkers of infl ammation, and 
hemostatic factors [ 16 – 20 ]. Recently, a central 
role for the renin–angiotensin–aldosterone system 
(RAAS) was proposed based on a cross- sectional 
study examining the contribution of several bio-
markers including C-reactive protein, plasmino-
gen activator inhibitor-1, B-type natriuretic 
peptide, renin, and aldosterone [ 21 ]. The investi-
gators found that the aldosterone–renin ratio alone 
was signifi cantly associated with development of 
both concentric and eccentric remodeling [ 21 ]. 
Regardless of the mechanism, these alterations 
are thought to provide for normalization of after-
load and preservation of systolic performance 
early in the development of hypertension [ 16 ]. 
However, as myocardial oxygen demand increases 
due to increased cardiac mass and persistently 
elevated wall stress, a decrease in coronary artery 
oxygen reserve is noted leading to increased 
apoptosis and cardiac cell death [ 16 ]. Furthermore, 
abnormalities in myocardial electrical conduction 
in the hypertrophied muscle may also trigger the 
development of arrhythmias. 

 In terms of atrial structure, left atrial enlarge-
ment is associated with the duration of elevated 
blood pressure, the severity of systolic blood 
pressure, and pulse pressure in the general adult 
population [ 22 ]. However, only age, race, and 
obesity were signifi cant predictors of left atrial 
size in hypertensive adults [ 23 ]. While not con-
sistently associated with hypertension, the pres-
ence of left atrial enlargement is signifi cant 
because it is associated with development of car-
diac arrhythmias, cerebrovascular events, and 
death in hypertensive adults [ 24 ]. Although data 
are limited in the pediatric population, Daniels 
et al. [ 25 ] studied a cohort of 112 pediatric 
patients with hypertension and found that 51 % 
of the patients had left atrial dimensions above 
the 95 % upper confi dence limit. In their analysis, 
height, body mass index, and systolic blood pres-
sure were independent predictors for left atrial 
enlargement [ 25 ]. Interestingly, left ventricular 
geometry was also an independent predictor of 
left atrial size, and children with eccentric left 
ventricular hypertrophy demonstrated increased 
left atrial size compared to patients with other 

forms of left ventricular geometry [ 25 ]. Although 
the cross-sectional nature of this study prevented 
elucidation of cause and effect, the authors spec-
ulated that the hypertrophied left ventricle may 
demonstrate impaired diastolic fi lling necessitat-
ing increased left atrial volume [ 25 ]. The prog-
nostic value of these fi ndings in pediatric patients 
remains to be determined. 

 Several studies have suggested that the preva-
lence of left ventricular hypertrophy in hyperten-
sive adults ranges from 33 % to 81 % [ 26 ,  27 ]. 
LVH has been noted to be a risk factor for cardio-
vascular disease, cardiovascular morbidity, ven-
tricular arrhythmias, and cardiovascular death [ 28 , 
 29 ]. Abnormalities in left ventricular structure are 
also present in up to 40 % of children and adoles-
cents with prehypertension and hypertension [ 30 –
 35 ]. Although controversial, some evidence 
suggests that these cardiac alterations occur even 
in pediatric patients with “white coat hyperten-
sion” [ 34 ]. A recent study by Urbina et al. [ 36 ] 
measured several cardiovascular parameters, 
including left ventricular mass and carotid inti-
mal–medial thickness (cIMT) in normotensive, 
prehypertensive, and hypertensive adolescents. 
The authors noted a gradual increase in LVM 
index in normotensive patients compared to both 
prehypertensive and hypertensive subjects [ 36 ]. 
Multivariate regression demonstrated that the 
presence of both prehypertension and hyperten-
sion independently predicted changes in end 
organs as assessed by cIMT and left ventricular 
mass [ 36 ]. Richey et al. [ 37 ] detected associations 
between development of LVH and systolic blood 
pressure as well as 24-h systolic blood pressure 
load. In a follow-up study of children aged 7–18 
years, subjects with LVH had higher ambulatory 
systolic blood pressures, diastolic blood pressures, 
and BMI [ 38 ]. Patients with eccentric LVH dem-
onstrated higher diastolic blood pressures [ 38 ]. 

 However, the association between blood pres-
sure elevations and LVH is not always consistent. 
A separate study of 184 children who were 
referred for evaluation of hypertension at three 
centers demonstrated a prevalence of LVH of 
41 % at initial presentation [ 33 ]. In this study, 
children with LVH were more likely to have a 
higher BMI and to be nonwhite compared to 
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those without LVH. After controlling for age, 
sex, and height, no associations between either 
causal or ambulatory blood pressure parameters 
at the initial visit and LVH were detected [ 33 ]. In 
agreement with these fi ndings, a follow-up study 
demonstrated that African-American children 
with primary hypertension demonstrated a higher 
prevalence of obesity and LVH compared to non-
African- American children, suggesting that race 
and ethnicity in addition to BMI may also infl u-
ence cardiovascular risk in children with primary 
hypertension [ 39 ]. Hanevold noted similar asso-
ciations between LVH and BMI above the 95th 
percentile, but in their study, Hispanic children 
demonstrated a higher prevalence of LVH [ 35 ]. 

 Sladowska-Kozlowska et al. [ 40 ] recently 
analyzed LV geometry in 86 children following 1 
year of antihypertensive therapy [ 40 ]. In this 
study, eccentric hypertrophy was the most com-
mon pattern of remodeling in patients with 
altered LV geometry [ 40 ]. Measures of oxidative 
stress, waist circumference, and dyslipidemia 
were signifi cantly associated with development 
of altered LV geometry in contrast to blood pres-
sure measurements [ 40 ]. However, normalization 
of LV geometry was noted using both non- 
pharmacologic and pharmacologic methods to 
control blood pressure [ 40 ]. Interestingly, patients 
with concentric hypertrophy were more resistant 
to therapy, and the authors postulated that the 
presence of concentric hypertrophy refl ected 
long-standing or advanced hypertension [ 40 ]. 
Similar results have been noted in other studies 
suggesting that this patient population may 
require more intensive therapy [ 41 ]. 

 In addition to LV structure, diastolic dysfunc-
tion is a well-recognized complication of hyper-
tension in adults affecting up to 45 % of patients 
even in the absence of LV hypertrophy [ 42 ]. 
Similar fi ndings have been reported in pediatric 
patients with hypertension [ 43 ,  44 ]. Recently, 
Border et al. [ 45 ] compared the ventricular func-
tion of 50 pediatric patients with primary hyper-
tension to 53 normotensive, healthy controls. In 
agreement with other reports, the authors did not 
detect any differences in markers of systolic func-
tion including shortening fraction, ejection frac-
tion, or midwall shortening between the two 

groups [ 45 ]. However, when indices of both 
ventricular relaxation and compliance were mea-
sured using both M-mode and tissue Doppler 
echocardiography, signifi cant differences between 
the two groups were observed [ 45 ]. When com-
pared to the controls, 36 % of the hypertensive 
patients demonstrated abnormal left ventricular 
compliance primarily affecting those with con-
centric LVH [ 45 ]. Regression analysis revealed 
that LV mass was the only signifi cant predictor of 
LV compliance, whereas BMI predicted LV relax-
ation providing further evidence that compensa-
tory changes in LV geometry could lead to 
maladaptive alterations in LV function [ 45 ]. 

    Vascular Structure 
 In parallel with cardiac abnormalities, hyperten-
sion induces alterations in the structure and func-
tion of the arterial tree [ 46 ]. The mechanisms 
underlying these changes are multifactorial and 
incompletely understood [ 46 ,  47 ]. Increased 
pulse pressure in hypertension alters the orderly 
arrangement of elastic fi bers within the media of 
the artery leading to fragmentation and an associ-
ated increase in both collagen and calcium depo-
sition within the vascular wall [ 47 ]. Because 
elastin infl uences smooth muscle proliferation 
and migration, this redistribution of elastin fi bers 
leads to dedifferentiation of smooth muscle cells 
and arterial wall hypertrophy [ 48 ]. Mechanical 
stress also alters the activity of matrix metallo-
proteinases which are essential for maintenance 
of the extracellular matrix of the arterial wall [ 47 ]. 
Continued wall stress enhances production of 
endothelin, a potent vasoconstrictor which when 
combined with other infl ammatory mediators 
contributes to signifi cant endothelial dysfunc-
tion. The physiologist Bjorn Folkow hypothe-
sized that repeated adrenergic spikes in blood 
pressure coupled with structural modifi cations as 
well as an increased vessel wall/lumen ratio con-
tribute to the establishment of high peripheral 
resistance and maintenance of elevated blood 
pressures [ 49 ]. Ultimately, these changes lead to 
structural reduction of the arterial lumen diame-
ter and increased arterial stiffness [ 47 ]. 

 To evaluate these alterations, vascular ultra-
sound has emerged as a noninvasive means to 
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assess changes in vascular structure and risk of 
future cardiovascular events [ 50 ]. Specifi cally, 
altered carotid artery intimal–medial thickness 
(cIMT) has been demonstrated to be a surrogate 
marker for the presence and degree of atheroscle-
rosis as well as for occurrence of future coronary 
events in adults [ 50 ]. In a study of 32 patients 
referred to a pediatric hypertension clinic, 28 % of 
the patients demonstrated increased cIMT [ 51 ]. 
Although associations with blood pressure param-
eters were not detected in their analysis, the pres-
ence of increased cIMT was signifi cantly 
associated with the presence of LVH, suggesting a 
common pathway of cardiovascular adaptation to 
increased pressure and wall stress [ 51 ]. Similarly, 
in the Bogalusa Heart Study, offi ce- based systolic 
and diastolic blood pressures in childhood did not 
predict cIMT in adulthood [ 52 ]. Lande et al. [ 53 ] 
compared the cIMT results of 28 patients with 
newly diagnosed hypertension to 28 BMI-
matched controls in an effort to control for the 
confounding effects of obesity on cIMT. These 
results demonstrated that cIMT was increased in 
hypertensive children relative to controls indepen-
dent of BMI [ 53 ]. Furthermore, a strong correla-
tion was observed between cIMT- and several 
ABPM-based measurements including daytime 
systolic blood pressure load and daytime systolic 
blood pressure index [ 53 ]. However, no assess-
ment of metabolic factors such as lipid status was 
included in that study, so it is uncertain if the 
increased cIMT truly refl ected atherosclerosis. 

 Data from the Muscatine Offspring Study 
found that aortic intimal–medial thickness in 
adolescents was associated with several cardio-
vascular risk factors including BMI, triglycer-
ides, and systolic as well as diastolic blood 
pressure [ 54 ]. cIMT was associated with systolic 
blood pressure, pulse pressure, and BMI [ 54 ]. 
Therefore, these results highlight the complexity 
of the interaction between blood pressure, obe-
sity, and dyslipidemia that leads to alterations in 
the vascular tree in childhood. 

 In addition to cIMT, pulse wave velocity is a 
widely used noninvasive method to assess arterial 
stiffness [ 55 ]. In principle, a central pressure 
wave is generated upon left ventricular contrac-
tion during systole. The magnitude and speed of 

the pressure wave are infl uenced by multiple 
factors including left ventricular contraction, 
blood viscosity, and properties of the arterial tree. 
The wave advances until it encounters a branch 
point or other alterations in vascular structure. 
At that time, the wave is refl ected back toward its 
origin. Physiologically, the refl ected wave is 
important because early in diastole, it augments 
coronary blood fl ow [ 55 ]. However, in the pres-
ence of noncompliant arteries, the refl ected wave 
returns to central circulation during late systole 
increasing cardiac workload and decreasing the 
pressure support for coronary artery blood fl ow. 
Using this technology, elevations in childhood 
blood pressure consistently predicted arterial 
stiffening in adulthood in the Bogalusa Heart 
Study [ 56 ]. A recent report demonstrated that 
pulse wave velocity is increased in hypertensive 
adolescents compared to normotensive controls 
[ 57 ]. In a separate report, elevated mean blood 
pressure independently predicted elevated pulse 
wave velocity in a larger cross-sectional study of 
over 200 adolescents [ 58 ]. Together, these studies 
suggest that arterial compliance and elasticity are 
impaired early in hypertension. 

 These fi ndings are also supported by autopsy 
studies. The Pathobiological Determinants of 
Atherosclerosis in Youth (PDAY) study exam-
ined the role of various risk factors for develop-
ment of atherosclerosis in 3,000 accident victims 
aged 15–34 years who underwent autopsy [ 59 ]. 
In their analysis, hypertension signifi cantly aug-
mented the risk for development of atherosclero-
sis in the cerebral arteries [ 59 ]. In a separate 
follow-up study, hypertension also enhanced for-
mation of raised lesions from fatty streaks in the 
abdominal aortas [ 60 ]. Interestingly, this associa-
tion was only observed in African-American sub-
jects and not in white subjects [ 59 ,  60 ]. However, 
the PDAY study used the intimal thickness of the 
renal arteries as a surrogate marker for blood 
pressure which may have confounded the asso-
ciation [ 61 ]. In contrast, the Bogalusa Heart 
Study found that systolic and diastolic blood 
pressures in addition to several other traditional 
risk factors for cardiovascular disease were asso-
ciated with development of fatty streaks and 
fi brous plaques in both the aorta and the coronary 

29 Sequelae of Hypertension in Children and Adolescents



458

arteries [ 62 ,  63 ]. Together, these studies suggest 
that elevated blood pressure contributes to both 
initiation and progression of atherosclerosis. 

 Another marker of vascular health is assess-
ment of endothelial vasomotor responses by mea-
suring brachial artery fl ow-mediated dilatation 
(FMD). In this assessment, the change in artery 
diameter in response to hyperemia is measured 
[ 64 ]. In adults, abnormal FMD or endothelial 
dysfunction is associated with development of 
increasing cIMT and left ventricular mass even in 
patients with prehypertension [ 65 ]. Similar alter-
ations in FMD were seen in pediatric patients 
with obesity, diabetes, as well as hypertension 
[ 66 ]. Lazdam et al. studied a group of normoten-
sive adolescents over 10 years who were noted to 
have persistent endothelial dysfunction [ 67 ]. 
Individuals with low-normal FMD were noted to 
have statistically signifi cant greater left ventricu-
lar mass, cIMT, and systolic blood pressure com-
pared to controls over 10 years highlighting a 
potential connection between blood pressure, 
vascular health, and cardiac remodeling [ 67 ]. In 
fact, early changes in endothelial functioning as 
well as arterial compliance were associated with 
development hypertension in a recent prospective 
analysis from the Framingham Offspring Study 
[ 68 ]. As a result, these arterial modifi cations may 
be precursors of hypertension as opposed to sec-
ondary complications [ 68 ].  

    The Kidneys 
 Among adults, hypertension is the second leading 
cause of end-stage kidney disease in the United 
States. Data from the Multiple Risk Factor 
Intervention Trial demonstrated that even mild to 
moderate blood pressure elevations were associ-
ated with a decline in renal function over time 
[ 69 ]. Despite its prevalence, the mechanisms 
through which mild, chronic elevations in blood 
pressure induce alterations in renal function are 
not completely understood, and histological exam-
inations suggest that multiple molecular pathways 
may be involved in nephron loss [ 70 ]. Loss of 
renal autoregulation as a result of arterial stiffen-
ing, low-grade chronic infl ammation, oxidative 
stress, and altered renin-angiotensin-aldosterone 

activity are all thought to contribute to renal dys-
function in the context of hypertension [ 70 ]. 
Although common in adults, children with ele-
vated blood pressures typically do not demon-
strate clinically apparent alterations in renal 
function. However, subtle alterations in renal 
function may be present. For example, the pres-
ence of microalbuminuria is thought to be an 
early marker for hypertensive renal disease [ 71 ]. 
More importantly, microalbuminuria is associated 
with increased risk of cardiovascular as well as 
all-cause mortality in adult patients with primary 
hypertension [ 72 ]. As part of the Bogalusa Heart 
Study, Hoq et al. [ 73 ] demonstrated that elevated 
childhood blood pressure was associated with the 
development of microalbuminuria in young 
African-Americans. Although not observed in 
white subjects, these observations suggest that 
even early hemodynamic alterations exert subtle 
alterations in renal function in the context of other 
specifi c genetic and environmental factors [ 73 ]. 
In agreement with these fi ndings, Lubrano et al. 
[ 74 ] assessed GFR and proteinuria in 146 children 
with prehypertension as well as 104 normotensive 
children. Relative to controls, a signifi cant reduc-
tion in GFR was detected in patients with prehy-
pertension (90 vs. 110 ml/min/1.73 m 2 ). Moreover, 
proteinuria was increased in patients with prehy-
pertension (145 vs. 66 mg/m 2 /24 h) [ 74 ]. Although 
the GFR and degree of proteinuria reported by the 
authors did not exceed values accepted as normal, 
these results suggested that mild elevations in 
blood pressure may induce subtle impairment 
in renal function [ 74 ]. 

 In a separate study, children with primary 
hypertension confi rmed by ABPM have been 
shown to have higher urinary albumin excretion 
compared to controls [ 75 ]. Studies have also 
linked the development of changes in renal func-
tion to development of cardiovascular complica-
tions in hypertensive pediatric patients. 
Specifi cally, Assadi [ 76 ] examined the relation-
ship between left ventricular hypertrophy, 
microalbuminuria, and C-reactive protein (CRP). 
In this study, estimated GFR, blood pressure, and 
left ventricular mass (LVM) were determined in 64 
patients referred to a pediatric nephrology clinic. 
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The results demonstrated a correlation between 
blood pressure, LVH, and presence of microalbu-
minuria [ 76 ]. In regression analysis, CRP, micro-
albuminuria, and systolic blood pressure were 
independent predictors of LVH [ 76 ]. The author 
speculated that infl ammation and microalbumin-
uria portend increased cardiovascular risk in 
pediatric patients with hypertension [ 76 ]. As a 
result, pharmacologic regimens that target these 
parameters may improve cardiovascular out-
comes in this patient population [ 76 ].  

    The Retina 
 In a recent study of 800 hypertensive adult 
patients, the prevalence of early retinal vascular 
changes was 78 % using direct ophthalmoscopy 
[ 77 ]. Several studies have also detected associa-
tions between development of hypertensive- 
induced retinal changes and other macrovascular 
complications of hypertension such as develop-
ment of left ventricular hypertrophy and carotid 
artery stiffness [ 78 ]. Several population-based 
studies have also suggested that individuals with 
retinal microvascular changes have increased 
cardiovascular morbidity and mortality [ 79 ]. 
However, there have been few studies examining 
retinal alterations in pediatric patients with ele-
vated blood pressures. A small case series of 21 
infants with hypertension demonstrated that 
almost 50 % of these patients had retinal micro-
vascular alterations similar to those found in 
adults [ 80 ]. In a second study of 97 children with 
primary hypertension, the prevalence of arterio-
lar narrowing was 41 %, tortuosity was 14 %, and 
arteriovenous nicking was 8 % [ 81 ]. In a separate 
study, Daniels et al. [ 82 ] examined the predictors 
of retinal vascular abnormalities in 50 pediatric 
patients with primary hypertension. In their anal-
ysis, diastolic blood pressure and a smaller rise in 
systolic blood pressure during exercise were 
independently associated with vascular anoma-
lies [ 82 ]. In agreement with these fi ndings, the 
Singapore Malay Eye Study reported strong 
associations between retinal arteriolar narrowing 
and blood pressure in young adults with hyper-
tension [ 83 ]. Mitchell et al. examined retinal arte-
riolar caliber in two cohorts of patients ages 6–8 

and determined that each 10 mmHg increase in 
systolic blood pressure was associated with arte-
riolar narrowing by 2.08 μm independent of body 
size, birth parameters, and age [ 84 ].  

    Cognition 
 In adults, hypertension increases the risk of cere-
brovascular disease and stroke. It is also associ-
ated with the development of subcortical and 
periventricular white matter lesions [ 85 ]. 
Although the etiology of these lesions is unclear, 
several studies have suggested that elevated 
blood pressure impairs cognitive functioning in 
adults [ 85 ]. Recently, the Maine–Syracuse Study 
examined the cognitive functioning of approxi-
mately 1,500 patients using multiple domains on 
the Wechsler Adults Intelligence Scale [ 86 ]. 
Signifi cant inverse associations between blood 
pressure parameters and cognitive functioning 
were observed including measures of psychomo-
tor speed, concept formation, and abstract rea-
soning abilities [ 86 ]. Although limited by its 
cross-sectional design, these results indicated 
that hypertension is associated with poor perfor-
mance in several aspects of cognition [ 86 ]. 

 As discussed in more detail in Chap.   30    , ele-
vated systolic blood pressures but not diastolic 
blood pressures have been associated with 
impaired short-term memory, attention, and con-
centration in the pediatric age group [ 87 ]. 
Hypertensive children have also demonstrated 
lower parental ratings of executive functioning in 
association with a higher rate of internalizing 
behaviors such as depression and social with-
drawal [ 88 ]. Adams et al. [ 89 ] assessed the preva-
lence of learning disabilities in 100 children with 
hypertension compared to controls and found 
that children with hypertension had fourfold 
higher odds of having a learning disability with a 
prevalence of 28 % [ 89 ]. The physiologic basis of 
these neurocognitive defi cits is poorly under-
stood. However, hypertension has been associ-
ated with changes in cerebral vascular reactivity 
[ 90 ]. In a study of 56 pediatric patients, cerebro-
vascular reactivity was measured in response to 
hypercapnia and was decreased relative to con-
trols suggesting increased vascular resistance and 
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increased compliance [ 90 ]. Although not 
described in children, adults with hypertension 
have been noted to have alterations in the frontal 
lobe on imaging studies [ 91 ].    

    Sequelae of Acute Hypertensive 
Crisis 

    Central Nervous System 

 Central nervous system abnormalities are typi-
cally the most prevalent end-organ complications 
in hypertensive crises in children [ 92 ,  93 ]. 
Cerebral autoregulation is responsible for main-
taining constant cerebral blood fl ow despite alter-
ations in blood pressure [ 94 ]. However, as mean 
arterial pressure increases, disruption of the vas-
cular endothelium and blood–brain barrier leads 
to fi brinoid deposition within the vascular lumen 
[ 95 ]. The cerebral vasculature will dilate in an 
effort to improve perfusion, but these changes 
ultimately lead to edema and microhemorrhages 
primarily affecting the white matter in the pari-
etal–occipital regions of the brain [ 95 ]. As an 
imbalance between oxygen supply and demand 
develops, cerebral infarction can develop [ 95 ]. In 
one case series of pediatric patients, visual symp-
toms were noted in 9 % of children, seizures in 
25 %, encephalopathy in 25 %, facial palsy in 
12 %, and hemiplegia in 8 % [ 96 ]. Although 
reversible with appropriate blood pressure con-
trol, prompt recognition is required to prevent 
long-term complications, especially the visual 
outcome of these patients as there have been 
reports of permanent decline in visual acuity fol-
lowing treatment of hypertensive crisis [ 97 – 100 ]. 
Browning et al. [ 99 ] described four cases with 
vision impairment during an episode of malig-
nant hypertension. Of the cases, two patients 
demonstrated normalization of visual acuity, 
whereas two patients with prolonged blood pres-
sures of 220/180 had permanent impairment of 
visual acuity [ 99 ]. In contrast, Logan et al. [ 100 ] 
reported three cases with permanent reductions 
in visual acuity despite normal-appearing optic 
discs. In terms of neurocognitive outcomes, 
Trompeter et al. [ 101 ] found that outcomes were 

not signifi cantly different when compared to a 
control group that consisted of children with 
chronic renal disease.  

    Cardiovascular System 

 Cardiovascular complications are also common 
in severe hypertension [ 93 ]. Activation of the 
RAAS axis leads to an increase in systemic vas-
cular resistance and increased myocardial oxygen 
demand as a result of increased left ventricular 
(LV) wall tension [ 102 ]. In an attempt to compen-
sate for increased LV tension, myocytes become 
hypertrophic [ 103 ]. In addition, enhanced deposi-
tion of extracellular matrix within the ventricle 
occurs, further increasing the oxygen demand of 
the heart. Continued activation of the RAAS axis 
results in enhanced sodium absorption and 
increased total body water, further worsening 
ventricular load [ 102 ]. Because of increased met-
abolic demands, focal ischemia can develop, 
impairing both left ventricular contraction and 
relaxation [ 103 ]. Ultimately, the left ventricle is 
unable to overcome the abrupt increase in sys-
temic vascular resistance causing left ventricular 
failure and congestive heart failure [ 104 ]. 
In one case series involving adult and pediatric 
patients, heart failure was seen in 36 % of 
patients, acute myocardial infarction was seen in 
12 % of patients, and aortic dissection was noted 
in 2 % of patients [ 96 ]. It is important to empha-
size that clinical fi ndings of congestive heart fail-
ure are especially common in neonates with 
severe hypertension [ 105 ].  

    The Kidneys 

 Acute renal insuffi ciency due to altered renal 
autoregulation and subsequent renal ischemia is 
also a known complication of severe hyperten-
sion [ 103 ]. Similar to the central nervous system, 
renal autoregulation provides for constant renal 
blood fl ow and glomerular fi ltration between 
mean arterial pressures of 80 and 160 mmHg. 
However, at extremes of arterial pressure, intra-
glomerular pressure will fl uctuate directly with 
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systemic pressure and the afferent and efferent 
arterioles are unable to prevent alterations in glo-
merular fi ltration leading to ischemia and renal 
failure. Histologic examination of renal biopsy 
specimens from patients with renal insuffi ciency 
secondary to malignant hypertension demon-
strates an obliterative vasculopathy with fi brinoid 
necrosis and occasional thrombosis of interlobu-
lar arteries [ 106 ]. The presence of thrombosis 
and microangiopathic hemolysis is thought to 
portend a poor prognosis [ 107 ]. In a study of 51 
adult patients with malignant hypertension, 46 
patients demonstrated renal insuffi ciency with 
67 % of the patients presenting with a serum cre-
atinine greater than 2.3 mg/dl [ 108 ]. More impor-
tantly, 30 % of the patients in the study remained 
on chronic hemodialysis [ 108 ]. In a study by 
Gudbrandsson, 50 % of patients in hypertensive 
crisis presented with renal failure [ 109 ]. In con-
trast to adults, data examining the prevalence of 
renal failure in pediatric patients with hyperten-
sive crisis are limited. Several early case studies 
have suggested a prevalence of 50 % with up to 
one-third of patients requiring renal replacement 
therapy [ 110 – 112 ]. Development of signifi cant 
hematuria and proteinuria was also detected in 
these patients [ 110 ,  112 ].   

    Conclusions 

 The evidence discussed above demonstrates that 
subclinical alterations in end-organ structure and 
function occur early in the course of pediatric 
hypertension. Although the signifi cance of these 
fi ndings in the pediatric population requires addi-
tional longitudinal investigation, similar end- 
organ changes in the adult population portend 
poor cardiovascular morbidity and mortality. 
Since treatment of blood pressure in the adult 
population has been shown to improve outcomes, 
prompt recognition and treatment of hyperten-
sion in the pediatric population are imperative. 
But more importantly, these studies highlight the 
importance of defi ning appropriate blood pres-
sure targets in the pediatric population to improve 
the long-term outcomes of these patients.     
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    Abstract 

   Primary hypertension in childhood is associated with evidence of target- 
organ damage. Most studies have concentrated on hypertensive cardiovas-
cular effects, showing that children with primary hypertension demonstrate 
left ventricular hypertrophy (LVH) and increased carotid intima-media 
thickness (Belsha CW. Ambulatory blood pressure monitoring and hyper-
tensive target-organ damage in children. Blood Press Monit. 1999;4 
3–4:161–4; Lande MB, Carson NL, Roy J, Meagher CC. Effects of child-
hood primary hypertension on carotid intima media thickness: a matched 
controlled study. Hypertension 2006;48 1:40–4). By contrast, there has 
been a paucity of studies of the effects of hypertension on the brain, with 
most reports in children being limited to the most obvious neurological 
manifestations of severe hypertension, such as stroke, seizure, and poste-
rior reversible encephalopathy syndrome (Sharma M, Kupferman JC, 
Brosgol Y, Paterno K, Goodman S, Prohovnik I, et al. The effects of 
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        Studies of Cognition 
in Hypertensive Adults: 
Implications for Children 

 Studies in adults show that hypertension is asso-
ciated with negative effects on cognition, which 
range from mildly decreased performance on 
neurocognitive testing within the normal range of 
cognitive functioning to overt dementia [ 5 ]. The 
fi nding of decreased performance on neurocogni-
tive testing is most consistently seen in the 
domains of fl uid intelligence, attention, working 
memory, executive function, and learning and 
recall of new information [ 6 – 8 ]. Furthermore, 
there is evidence of a genetic predisposition to 
performance defi cits on neurocognitive testing 
among hypertensive adults with a parental his-
tory of hypertension [ 9 ]. It is important to note 
that the lower scores on neurocognitive testing in 
hypertensive adults represent cognitive defi cits 
only in comparison to those of normotensive con-
trols [ 5 ]. In older adults, cognitive impairment 
has been associated with changes in diastolic BP 
(DBP). In a study of 19,836 subjects (mean age, 
64.7 years), a higher DBP level was associated 
with impaired cognition after adjusting for vari-
ous demographic characteristics, risk factors, and 
treatment. A 10-mm increase in DBP was associ-
ated with a 7 % higher odds of impairment in 
cognition [ 10 ]. 

 Review of the literature on adults with hyper-
tension underscores two central observations 
with particular relevance to studies in children. 
First, reports have shown a more pronounced 

difference in neurocognitive test performance 
between hypertensive and normotensive subjects 
when young adults are studied compared with 
studies of middle-aged or older hypertensive 
adults [ 11 ], a fi nding that lends biological plausi-
bility to the presence of a hypertension-cognition 
link in children. Second, executive function and 
working memory (a component of executive 
function) stand out as the most prominent areas 
where hypertensives demonstrate decreased per-
formance on testing [ 6 ]. Executive functions are 
higher cognitive activities required to organize, 
implement, and evaluate purposeful, goal- 
directed behavior. Executive functions are 
thought to be in maximal use during novel com-
plex tasks where no established routines exist. 
Components of executive function include orga-
nization and planning, problem solving, abstract 
reasoning, impulse control, and fl exible thinking 
[ 12 ,  13 ].  

    Studies in Children with Primary 
Hypertension 

 There is emerging, preliminary evidence that 
children with primary hypertension manifest neu-
rocognitive differences when compared to nor-
motensive controls [ 14 ]. The relationship 
between elevated blood pressure (BP) and neuro-
cognitive test performance in children was fi rst 
investigated in a cross-sectional analysis of 5,077 
children 6–16 years old who participated in the 
National Health and Nutrition Examination 
Survey III (NHANES III), a nationally 

hypertension on the paediatric brain: a justifi able concern. Lancet neurol 
2010; 9 9:933–40; Wong LJ, Kupferman JC, Prohovnik I, Kirkham FJ, 
Goodman S, Paterno K, et al. Hypertension impairs vascular reactivity in 
the pediatric brain. Stroke 2011; 42 7:1834–8). This chapter reviews 
emerging preliminary evidence that children with hypertension may also 
manifest more subtle adverse effects on the brain.  

  Keywords 
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representative sample of noninstitutionalized US 
children and adults [ 15 ]. As part of NHANES III, 
children were administered a limited battery of 
four neurocognitive tests: Block Design and Digit 
Span from the Wechsler Intelligence Scale for 
Children, Revised (WISC-R), and Reading and 
Arithmetic from the Wide Range Achievement 
Test, Revised (WRAT-R). Block Design is a mea-
sure of constructional skills and Digit Span is a 
measure of auditory attention and working mem-
ory [ 13 ]. Children with systolic BP (SBP) ≥90th 
percentile had lower average scores compared 
with normotensive children for Digital Span, 
Block Design, and mathematics (Table  30.1 ). 
After adjusting for socioeconomic status, obesity, 
and other demographic factors, elevated SBP 
remained independently associated with lower 
Digit Span scores ( p  = 0.03). Furthermore, the 
association between increased SBP and lower 
Digit Span scores was more pronounced for chil-
dren with SBP ≥95th percentile, suggesting a 
possible dose effect of BP on cognition.

   In a subsequent small, single-center pilot 
study, 32 children with newly diagnosed, 
untreated hypertension were compared prospec-
tively to 31 normotensive controls [ 16 ]. 
Hypertension was confi rmed by 24-h ambulatory 
BP monitoring (ABPM). Hypertensive and con-
trol subjects were matched proportionally for 
factors considered to infl uence neurocognitive 
test performance, including socioeconomic sta-
tus, obesity, and general intelligence (IQ). Parents 
completed the Behavior Rating Inventory of 
Executive Function (BRIEF), a rating scale that 
evaluates executive function skills (e.g., 

organization, planning) in the context of the 
child’s everyday life [ 17 ,  18 ]. Specialized ques-
tionnaires such as the BRIEF are completed by 
raters who have observed the child in everyday 
settings (i.e., parent, teacher). Such rating scales 
are often used to augment laboratory-based mea-
sures of executive function, since mild executive 
dysfunction may not manifest in the structured, 
quiet, one-on- one testing environment used for 
laboratory testing yet may still impact function-
ing in real-world settings [ 19 ]. The BRIEF yields 
two index scores, the Behavior Regulation Index 
(BRI) and the Metacognition Index (MI), and an 
overall score that summarizes all item responses, 
the Global Executive Composite (GEC). The BRI 
includes items relating to cognitive fl exibility, 
impulse control, and appropriate self-modulation 
of emotions and behavior. Items in the 
Metacognition Index relate to skills such as task 
initiation, organization, planning, maintaining 
cognitive effort, and self-monitoring one’s own 
cognitive performance. Results are reported as 
sex and age normed T-scores (mean = 50; SD = 10) 
and higher scores indicate greater degrees of 
dysfunction. 

 The study found that BRIEF scores were 
higher (worse executive function) for hyperten-
sives compared with control subjects. Similar to 
observations in adults, both hypertensive and 
control children obtained scores within the clini-
cally normal range in comparison to same-age 
peers, and there was no difference in the small 
proportion of hypertensive and normotensive 
subjects scoring in the clinically signifi cant range 
(Table  30.2 ).

   In the same study [ 16 ], parents also completed 
the Achenbach Child Behavior Checklist 
(CBCL), another parent rating scale that mea-
sures a range of childhood emotional and behav-
ioral problems [ 20 ]. The CBCL internalizing 
problems scale addresses mood disturbance and 
social withdrawal, including anxiety and depres-
sion. The CBCL externalizing behavior problems 
scale refl ects confl ict with others, including 
aggression, noncompliance, and defi ance. 
Hypertensive children were not different from 
normotensive controls with regard to externaliz-
ing behaviors, but hypertensives had more 

   Table 30.1    Comparison of neurocognitive test scores of 
participants in NHANES III with SBP ≥ 90th % to those 
with normal SBP   

 Cognitive test  SBP < 90th %  SBP ≥ 90th %  P-value 

 Block design  9.5 ± 0.10  8.6 ± 0.35  0.03 
 Digit span  8.7 ± 0.08  7.9 ± 0.24  0.01 
 Math  93.8 ± 0.54  89.6 ± 1.4  0.01 
 Reading  92.1 ± 0.53  89.5 ± 2.3  NS 

  Mean ± SE 
 Adapted with permission from J Pediatr 2003 Dec; 
143(6):720–724 [ 14 ] 
  NS  not signifi cant  
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internalizing behaviors, and more than one-third 
of hypertensive subjects had internalizing behav-
iors in the clinically signifi cant range (Table  30.2 ). 
Among hypertensive children, there was also an 
interaction effect between mood problems and 
obesity. Internalizing behaviors were highest 
among hypertensive children who were also 
obese, suggesting that clinically signifi cant anxi-
ety and depression may be common in children 
with obesity-associated hypertension. 

 Another study extended this area of investiga-
tion to children with prehypertension [ 21 ]. In a 
post hoc analysis of neurocognitive test perfor-
mance from a study of the development of 
aggression in boys, subjects with SBP in the pre-
hypertensive range had signifi cantly lower per-
formance on a spatial learning and memory factor 
score compared to subjects with lower SBP. In 
addition, boys with both a parental history of 
hypertension and SBP in the prehypertensive 
range had lower performance on a verbal learn-
ing factor score. These fi ndings suggest that 
lower performance on neurocognitive testing 
may be detectable even in children with prehy-
pertension and that there may be a genetic predis-
position to these differences. 

 The above studies suggest subtle differences 
in neurocognitive measures between children 

with elevated and normal BP. The actual signifi -
cance of such mild differences is unclear. 
However, a recent study showed that children 
with hypertension do manifest learning and atten-
tion problems [ 22 ]. Two hundred and one con-
secutive children aged 10–18 years referred to a 
pediatric hypertension clinic for elevated BP 
were diagnosed with either hypertension (n = 100) 
or prehypertension (n = 101). The hypertensive 
children were more likely than those with prehy-
pertension to be receiving special education ser-
vices at school for a learning disability (28 % vs. 
9 %,  p  < 0.001) and were more likely to be receiv-
ing medication for attention defi cit disorder 
(ADHD; 20 % vs. 7 %,  p  = 0.007). When children 
with ADHD were excluded from the analysis, the 
fi nding of increased prevalence of learning dis-
ability on the hypertension group persisted (20 % 
vs. 7 %,  p  = 0.002). In adjusted analysis, the odds 
of the diagnosis of learning disability were four 
times higher in the hypertensive children. The 
diagnoses of learning disability and ADHD are 
known to be highly comorbid [ 23 ]. The authors 
acknowledged that some of the subjects with 
ADHD may have had increased BP because they 
were receiving stimulants for inattention [ 24 ], 
but this relationship between hypertension and 
learning disability was sustained even after 

    Table 30.2    Comparison of baseline parent rating scale results of normotensive 
and hypertensive subjects   

 Rating scale a  

 Normotensives  Hypertensives 

 P-value  N = 31  N = 32 

 BRIEF (T-scores) 
 BRI  42.5 (39.5–44.5)  51 (41.5–57.5)  0.014 
 % in clinical range  3  8  0.43 
 MI  44 (39–51)  51 (44–56.5)  0.031 
 % in clinical range  5  6  0.99 
 GEC  43 (38.5–48)  50 (42.5–57)  0.009 
 % in clinical range  3  6  0.67 

 CBCL (T-scores) 
 Internalizing  44.5 (36.5–50)  53 (42.5–65.5)  0.022 
 % in clinical range  6  37  0.005 
 Externalizing  44 (34–50)  48.5 (41.5–55)  0.087 
 % in clinical range  6  3  0.99 

  Adapted with permission from J Pediatr 2009;154(2):207–212 [ 15 ] 
  a Median (interquartile range)  
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controlling for ADHD and stimulant medication 
history. As well, the authors postulated that the 
increased prevalence of ADHD in the hyperten-
sive group may be another indication of neuro-
cognitive diffi culties in children with 
hypertension.  

    Studies in Children with Chronic 
Kidney Disease 

 Children with chronic kidney disease (CKD) are 
at risk for cognitive dysfunction, and over half 
have hypertension [ 25 ]. Early studies showed 
that infants with CKD had high rates of mental 
retardation, microcephaly, and seizures. With 
improvement in nutrition and other aspects of 
medical management, such gross neurodevelop-
mental problems are now uncommon [ 26 ]. 
However, some children with CKD are still found 
to show lower intellectual abilities compared to 
children without renal disease, particularly with 
regard to intelligence quotient, academic achieve-
ment, attention regulation, or executive function-
ing [ 27 ]. The relation between cognition and 
hypertension was recently evaluated in the 
Chronic Kidney Disease in Children (CKiD) 
study population, a cohort of children with mild-
to- moderate CKD [ 28 ]. CKiD subjects had both 
auscultatory BP and an extensive neurocognitive 
test battery. Elevated BP was defi ned as SBP and/
or diastolic BP (DBP) >90th percentile, regard-
less of whether the subject was on antihyperten-
sive medication. Subjects with elevated BP had 
worse Performance IQ (PIQ) scores on the 
Wechsler Abbreviated Scales of Intelligence 
compared with subjects with normal BP (92.4 vs. 
96.1,  p  = 0.03). Furthermore, elevated BP 
remained independently associated with lower 
PIQ score, after adjusting for severity of CKD 
and other potential confounders. There was no 
difference between groups on measures of atten-
tion, verbal IQ, academic achievement, or paren-
tal ratings of executive function. The authors 
concluded that children with CKD may have dif-
fi culties with visual-spatial organization and 
visuoconstructive abilities that are related, in 
part, to elevated BP.  

    Studies of Antihypertensive 
Therapy 

 If the lower performance on neurocognitive mea-
sures seen in adults with hypertension represents 
an early manifestation of target-organ damage to 
the brain, then one might expect that such defi cits 
would improve after treatment with antihyperten-
sive medication. However, results of adult studies 
on the effect of antihypertensive medication on 
cognition have been inconsistent in the existence 
and direction of drug effects [ 29 ,  30 ]. Studies 
have had signifi cant methodological weaknesses, 
and most have focused on older adults, a group 
more subject to the potential confounding effects 
of aging. Most studies have been small, have 
used limited neurocognitive measures, or have 
not controlled for practice effects (the propensity 
of scores to improve due to repeat test adminis-
tration). In a recent study designed to address 
previous methodological fl aws in this area, adults 
aged 25–55 years with primary hypertension 
were randomized to receive a 6-week course of a 
single antihypertensive medication followed by 
another 6-week course of a different antihyper-
tensive medication after a 2-week washout period 
(atenolol followed by metoprolol, methyldopa 
followed by thiazide, enalapril followed by vera-
pamil). Comprehensive neurocognitive assess-
ment occurred at baseline and again after 
completing the 6-week course of each antihyper-
tensive medication. A normotensive control 
group received the same neurocognitive assess-
ments over the same time period in order to esti-
mate practice effects. The results showed that the 
antihypertensive medications slightly improved 
performance on tests of memory but also resulted 
in small decrements in psychomotor speed, with-
out drug class differences [ 31 ]. 

 Data on the effects of antihypertensive therapy 
on neurocognitive measures in children are very 
limited. One single-center study reported on the 
change in parent ratings of executive function in 
hypertensive children after 12 months of antihy-
pertensive therapy (therapeutic lifestyle modifi -
cation, ACE inhibition) [ 32 ]. The subjects in this 
report were the participants from the prior study 
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of baseline parental assessments described above 
[ 16 ] who subsequently returned for reassessment 
after 12 months. The sample size was small 
(hypertensives, n = 22; controls, n = 25) due to a 
relatively high dropout rate from baseline to 12 
months. Scores on the parent BRIEF improved in 
hypertensive subjects but not controls, with 
scores being statistically indistinguishable 
between groups at 12 months (Table  30.3 ). 
Furthermore, subjects felt to be most at risk for 
target-organ damage (baseline left ventricular 
hypertrophy and/or systolic BP load ≥ 50 % on 
ABPM) were more likely to show improvement 
in BRIEF scores (executive function) after anti-
hypertensive therapy. Neither hypertensive nor 
control subjects had signifi cant change in CBCL 
scores from baseline to 12 months, suggesting 
that the improvement in parent ratings of execu-
tive function on the BRIEF in the subjects with 
hypertension was not simply a false-positive 
fi nding caused by parents’ nonspecifi c expecta-
tion that their children improved with antihyper-
tensive therapy.

       Potential Mechanisms: Studies 
of Cerebrovascular Reactivity 

 Potential mechanisms of how high BP can alter 
behavior and cognition are beginning to receive 
attention. Cognitive processing elicits a regional 
distribution of blood fl ow, providing metabolic 
support to active neural areas. Hypertension can 
affect small vessels that result in vascular 

remodeling and impairment of cerebral blood 
fl ow regulation. The so-called vascular hypothe-
sis of cognitive dysfunction suggests that hyper-
tension may interfere with this redistribution of 
blood fl ow or decrease the ability to enhance 
cerebral blood fl ow in response to increased neu-
ronal activity. This altered process might underlie 
the cognitive defi cits of hypertensive individuals 
[ 33 ]. However, an alternative preliminary hypoth-
esis suggested the possibility that the brain may 
be affected even before the blood vessels [ 34 ]. 
According to this “brain as essential” hypothesis, 
the brain participates in the development of high 
BP and can also be affected by it. Hence, it is 
possible that essential hypertension may induce 
changes on the brain prior or concomitantly to 
the effects on the vasculature. 

 The capacity of cerebral blood vessels to 
dilate in response to different factors has been 
defi ned as cerebrovascular reactivity and may be 
an important marker for brain vascular reserve. 
Different methods to assess cerebral hemody-
namics (e.g., transcranial Doppler [TCD], mag-
netic resonance imaging) using different 
reactivity stimuli (e.g., carbon dioxide, hyper-
ventilation) have been utilized to characterize the 
physiological association between hypertension 
and cerebrovascular reactivity [ 35 ,  36 ]. These 
methods have shown impairment in the carbon 
dioxide reactivity (the cerebrovascular response 
to changes in the arterial pressure of carbon diox-
ide) in both hypertensive animals and hyperten-
sive human subjects compared to normotensive 
controls. 

   Table 30.3    Comparisons of parent rating scale T-scores, adjusted for age and socioeconomic status, from baseline to 
the 12-month assessment   

 Parental assessment 

 Control  Hypertensive 

 N = 25  N = 22 

 Baseline  Follow-up  P-value  Baseline  Follow-up  P-value 

 BRIEF 
 BRI  42.1 ± 3.3  42.2 ± 3.4  0.55  50.3 ± 9.4  46.2 ± 8.5  0.01 
 MI  44.2 ± 7.7  45.0 ± 8.6  0.86  52.4 ± 11.8  46.3 ± 7.7  <0.01 
 GEC  42.8 ± 6.0  43.4 ± 7.1  0.84  52.1 ± 12.1  46.1 ± 8.3  <0.01 

 CBCL 
 Internalizing  45.2 ± 9.5  43.4 ± 10.5  0.24  54.9 ± 12.7  52.2 ± 11.9  0.12 
 Externalizing  42.2 ± 8.2  41.8 ± 8.5  0.50  48.1 ± 7.8  45.5 ± 9.4  0.08 

  Adapted with permission from J Pediatr 2010 Jul; 157(1):114–119 [ 28 ]  
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 In children, there are few studies that have 
studied the effects of hypertension on cerebro-
vascular reactivity to assess changes in cerebral 
blood fl ow in response to different stimuli 
(Table  30.4 ). One hundred and thirteen hyperten-
sive (mean age 16.4 years) and 58 normotensive 
(mean age 15.8 year) adolescents were studied at 
rest and after 30s of breath-holding (breath- 
holding test), as a vasodilatory stimulus [ 37 ], and 
at rest and after 60s of voluntary hyperventila-
tion, as a vasoconstrictory stimulus [ 38 ]. 
Hypertension was defi ned by the average of nine 
casual BP measurements on three different occa-
sions. The middle cerebral artery (MCA) was 
insonated through the temporal window on both 
sides. Hypertensive subjects showed decreased 
of both vasodilatory and vasoconstrictory ability 
of the cerebral arterioles, consistent with 
decreased cerebrovascular reactivity among 
hypertensives compared to healthy controls.

   In a more recent study, young participants 
were divided according to fi ndings on 24-h 
ABPM. Seventy-three subjects with ambulatory 
hypertension (mean age 16.5 years) and 47 with 
white-coat hypertension (mean age 16.3 years) 
were compared to 59 normotensive controls 
(mean age 15.8 years). Cerebrovascular reactiv-
ity was assessed by TCD breath-holding test and 
expressed in percent change to the resting cere-
bral blood fl ow velocity value [ 39 ]. Reactivity to 
carbon dioxide (CO 2 ) was diminished in both 

white-coat hypertensive and hypertensive subjects, 
compared to controls, also suggesting abnormal 
cerebrovascular reactivity. 

 In another recent study, 56 children and ado-
lescents, from 7 to 20 years of age (mean age 
15.3 years), were classifi ed according to 24-h 
ABPM as hypertensive, prehypertensive, or 
white-coat hypertensive and compared to nor-
motensive controls. They were evaluated by 
TCD examination of the MCA while rebreathing 
CO 2 . Cerebrovascular reactivity during hyper-
capnia was quantifi ed by time-averaged maxi-
mum mean cerebral blood fl ow velocity and 
end-tidal CO 2 . This study also found that chil-
dren and adolescents with untreated hyperten-
sion had signifi cantly lower hypercapnic 
reactivity compared to normotensive controls [ 4 ]. 
In this study, the baseline mean DBP was 
inversely related to reactivity, suggesting that 
DBP may be a better predictor of cerebral end-
organ damage than SBP. 

 In summary, preliminary studies have showed 
that children and adolescents with hypertension 
have abnormal response to various reactivity 
stimuli, suggesting abnormal cerebrovascular 
reactivity as a result of elevated BP. All of these 
studies have limitations, especially the low num-
bers of subjects. It is not known whether these 
effects of hypertension on the cerebral vessels 
have a cause and effect relationship or whether it 
is an epiphenomenon. 

   Table 30.4    Cerebrovascular reactivity prospective studies in young hypertensive subjects   

 Publication  Population  Main results 

 Settakis et al. [ 33 ]  58 normotensive 
and 113 HT adolescents 

 HT had higher resting blood fl ow velocity parameters and 
these differences disappeared after breath-holding test 
 SBP 122.2 ± 23.7 versus 114.8 ± 27.6,  p  = 0.07 (HT vs. control) 
 DBP 52.0 ± 16.4 versus 53.1 ± 16,  p  = 0.67 (HT vs. control) 

 Settakis et al. [ 34 ]  58 normotensive 
and 113 HT adolescents 

 Change in fl ow velocities was decreased in HT versus controls 
 Systolic blood fl ow 21.0 ± 19.0 versus 25.9 ± 12.5,  p  < 0.05 
 Diastolic blood fl ow 40.4 ± 18.1 versus 45.5 ± 15.2,  p  < 0.05 

 Páll et al. [ 35 ]  59 normotensive, 47 WCH, 
and 73 HT adolescents 

 Mean blood fl ow velocity change was lower in 
WCH = 5.3 ± 3.1 % and HT = 9.5 ± 2.6 % compared to 
normotensive controls = 12.1 ± 2.2 % 

 Wong et al. [ 4 ]  9 normotensives, 9 pre-HT, 
18 WCH, and 13 untreated HT 
and 7 treated HT children 
and adolescents 

 TCD reactivity was lower in untreated 
HT = 2.556 ± 1.832 cm/s/mmHg compared to normotensive 
controls = 4.256 ± 1.334 cm/s/mmHg ( p  < 0.05) 

  Adapted with permission from Pediatr Nephrol 2012 Jun, epub ahead of print [ 43 ] 
  HT  hypertensive,  WCH  white-coat hypertension  
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 Furthermore, researchers have suggested that 
the neurocognitive defi cits described in children 
and adolescents with hypertension may be sec-
ondary to abnormal cerebrovascular reactivity [ 4 ]. 
Although there are no published studies address-
ing the effects of elevated BP on both cerebrovas-
cular reactivity and cognition in children, 
alterations in cerebral blood fl ow and possible 
neurocognitive defi cits have been described in 
other diseases (e.g., sickle cell disease[ 40 ], mild-
disordered breathing[ 41 ]). Ongoing research will 
help clarify the relationship among elevated BP, 
abnormal cerebrovascular reactivity, and neuro-
cognitive defi cits in children and adolescents.  

    Challenges 

 There are several unique challenges in the area of 
BP, behavior, and cognition that should be 
acknowledged. Hypertension is commonly asso-
ciated with obesity in children, an entity that is 
also associated with disordered sleep, which in 
turn is itself associated with decreased perfor-
mance on neurocognitive testing and academic 
diffi culties [ 42 ]. Therefore, studies of cognition 
in hypertension need to carefully control for obe-
sity. In addition, since the difference in perfor-
mance on neurocognitive testing between 
hypertensives and controls tends to be relatively 
small in magnitude and often occurs within the 
normal range of the neurocognitive tests, such 
fi ndings may be overshadowed by subject char-
acteristics that more strongly infl uence perfor-
mance on tests of cognition, such as parental 
education, socioeconomic status [ 13 ], depression 
[ 43 ], and anxiety [ 13 ]. Therefore, studies of 
 cognition in childhood hypertension need to 
also control carefully for these confounding 
variables. 

 Furthermore, results of studies comparing 
neurocognitive test scores before and after anti-
hypertensive therapy may be infl uenced by prac-
tice effects, the propensity for scores to improve 
due to repeated test administration [ 13 ]. Fourth, 
investigators need to consider that there may be 
direct central effects of antihypertensive medica-
tions on the brain. As an example, the brain has 
its own renin-angiotensin system, suggesting 

potential direct central nervous system effects on 
cognition by angiotensin converting enzyme 
inhibitors [ 44 ]. Finally, subject motivation and 
effort during neurocognitive testing can vary 
from assessment to assessment, even within the 
same subject. Neurocognitive test data can be 
invalidated when subjects are disinterested in the 
testing or not well rested on the day of the assess-
ment, a particular challenge in studies involving 
adolescent subjects.  

    Implications and Conclusions 

 The practical implications of the subtle differ-
ences in neurocognitive measures between hyper-
tensive and normotensive children detailed above 
are not known. Reports to date are limited to 
database studies, small single-center studies, and 
post hoc analyses. In addition, the reported cross- 
sectional analyses do not allow inference about 
causality. Hypertension could be leading to neu-
rocognitive defi cits, as an early manifestation of 
hypertensive target-organ damage to the brain. 
Alternatively, children with neurocognitive 
abnormalities could be more prone to develop 
hypertension, a disease which is known to be, in 
part, centrally mediated [ 45 ]. 

 The preliminary fi ndings detailed in this chap-
ter provide evidence that children with hyperten-
sion may (1) manifest decreased scores on 
measures of neurocognition, (2) have an increased 
prevalence of learning diffi culties, (3) have an 
increased prevalence of depression and anxiety, 
and (4) have altered cerebrovascular reactivity. 
Larger studies using more extensive neurocogni-
tive measures and broader neuroimaging tech-
niques are needed to confi rm the presence of a 
hypertension-cognitive link in children and better 
delineate the long-term behavioral and cognitive 
impacts of childhood-onset hypertension.     
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    Abstract 

   Hypertension is a major global chronic noncommunicable disease (NCD). 
One-quarter of the world’s adult population has hypertension, and this is 
likely to increase to 29 % by 2025. Due to epidemiologic shifts, the abso-
lute numbers of patients affected by hypertension in low- and middle- 
income countries are likely to grow, as increased globalization and economic 
improvement lead to urbanization and longer life expectancy. Increasing 
longevity provides longer periods of exposure to the risk factors of cardio-
vascular disease (CVD), resulting in a greater probability of clinically man-
ifest CVD events. Compounding this high burden of hypertension is a lack 
of awareness and insuffi cient treatment in those with hypertension. 

 The survivors of an economic transition period are more likely to pres-
ent the phenotype of lower birth weight coupled with either stunting or a 
higher body mass index in childhood or adulthood which appears to be 
associated with the highest risks of morbid cardiovascular, renal, and met-
abolic outcomes into adulthood. The combination of population-wide and 
individual interventions may save millions of lives and considerably 
reduce human suffering from NCDs.  

  Keywords 

   Hypertension   •   Developing world   •   Noncommunicable diseases   •   Global 
disease burden   •   Epidemiological transition   •   Early or fetal origins of adult 
disease   •   Malnutrition   •   Low birth weight  
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        Epidemiologic Transition 
and Health Statistics in Developing 
Countries 

 In the past, the diseases that have occurred among 
people in developed and developing countries 
have largely been attributed to the socioeconomic 
status of each country [ 1 ]. In developed coun-
tries, the health problems have largely been those 
associated with increased wealth, which enables 
expenditure of resources on poor health habits, 
such as a sedentary lifestyle and increased fat 
intake. In contrast, the diseases that have occurred 
among people in developing countries have been 
largely attributed to poverty, poor infrastructure, 
and limited access to care. These factors lead to 
famine, the spread of infectious disease, and 
reduced lifespans. 

 The present picture of health problems 
around the world, however, has changed. 
Noncommunicable diseases (NCDs) are the lead-
ing global causes of death, causing more deaths 
than all other causes combined, and they strike 
hardest at the world’s low- and middle-income 
populations. Nearly 80 % of NCD deaths occur 
in low- and middle-income countries, and NCDs 
are the most frequent causes of death in most 
countries, except in Africa. Even in African 
nations, NCDs are rising rapidly and are pro-
jected to exceed communicable, maternal, peri-
natal, and nutritional diseases as the most 
common causes of death by 2030 [ 2 ]. Over 80 % 
of cardiovascular and diabetes deaths occur in 
low- and middle-income countries. NCDs also 
kill at a younger age in low- and middle-income 
countries, where 29 % of NCD deaths occur 
among people under the age of 60, compared to 
13 % in high-income countries [ 2 ]. 

 Hypertension is a major global chronic NCD. 
One-quarter of the world’s adult population has 
hypertension, and this is likely to increase to 
29 % by 2025. The absolute prevalence of hyper-
tension in economically developed nations is 
∼37.3 % compared with 22.9 % in developing 
nations [ 3 ]. Hypertension is projected to be one 
of the major risk factors underlying the global 
burden of disease in 2020 [ 4 ]. However, as there 

is a much larger population in the developing 
world, the absolute numbers of patients affected 
by hypertension are considerably higher and are 
likely to grow as increased globalization and eco-
nomic improvement lead to urbanization and lon-
ger life expectancy. 

 Changes that have traditionally occurred with 
economic development include change from 
times of high mortality and low population growth 
to periods of increased lifespan and periods of 
receding pandemics. The fi nal progression is then 
on to degenerative and man-made diseases, such 
as cardiovascular disease (CVD), resulting from 
major social and economic changes [ 1 ]. In mod-
ern times, however, the transition is happening at 
a faster pace due to urbanization, free trade and 
economic globalization, foreign investment, and 
promotional marketing [ 5 ]. Life expectancy in 
developing countries has risen, due to a decline in 
deaths occurring in infancy, childhood, and ado-
lescence, to increased effectiveness of public 
health responses to perinatal, infectious, and 
nutritional defi ciency disorders and to improved 
economic indicators such as per capita income 
and social indicators such as female literacy in 
some areas. Increasing longevity provides longer 
periods of exposure to the risk factors for CVD, 
resulting in a greater probability of clinically 
manifest CVD events [ 6 ,  7 ] and leading to a pro-
jected rise in both proportional and absolute CVD 
mortality rates in the developing countries [ 1 ]. 

 The Global Burden of Metabolic Risk Factors 
of Chronic Diseases Collaborating Group esti-
mated trends and their uncertainties in mean sys-
tolic blood pressure (SBP) for adults 25 years and 
older in 199 countries and territories. Data was 
obtained from published and unpublished health 
examination surveys and epidemiological studies 
(786 country-years and 5.4 million participants). 
For each sex, a Bayesian hierarchical model was 
used to estimate mean SBP by age, country, and 
year, accounting for whether a study was nation-
ally representative. In 2008, age-standardized 
mean SBP worldwide was 128.1 mmHg in men 
and 124.4 mmHg in women. Globally, between 
1980 and 2008, SBP decreased by 0.8 mmHg per 
decade in men and 1.0 mmHg per decade in 
women. Female SBP decreased by 3.5 mmHg or 
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more per decade in Western Europe and 
Australasia. Male SBP fell most in high-income 
North America, by 2.8 mmHg per decade, fol-
lowed by Australasia and Western Europe, where 
it decreased by more than 2.0 mmHg per decade. 
SBP rose in Oceania, East Africa, and South and 
Southeast Asia for both sexes and in West Africa 
for women, with the increases ranging 0.8–
1.6 mmHg per decade in men (posterior probabil-
ities 0.72–0.91) and 1.0–2.7 mmHg per decade 
for women (posterior probabilities 0.75–0.98). 
Female SBP was highest in some East and West 
African countries, with means of 135 mmHg or 
greater. Male SBP was highest in Baltic and in 
East and West African countries, where mean 
SBP reached 138 mmHg or more. Men and 
women in Western Europe had the highest SBP 
in high-income regions. These data confi rm that 
SBP is currently highest in low-income and 
middle- income countries [ 8 ]. 

 The Global Burden of Metabolic Risk Factors 
of Chronic Diseases Collaborating Group reports 
that, in adult men and women, obesity is increas-
ing in all regions of the world. In 2008, 1.46 billion 
adults were overweight (BMI ≥ 25 kg/m 2 ), including 
500 million who were obese (BMI ≥ 30 kg/m 2 ) [ 9 ]. 
BMI was substantially higher in high-income 
countries (mean BMI 24·7 kg/m 2  in 1980 and 
26.6 kg/m 2  in 2008) and in middle-income coun-
tries (23.6 and 26.1 kg/m 2 ) compared to low-
income countries (20.7 and 22.3 kg/m 2 ), but 
increased in all regions, so that BMI is now similar 
in high-income and middle- income countries. 
This result suggests that overweight affects one in 
three adults and obesity affects one in nine adults 
in the world – a tsunami of obesity that will even-
tually affect all regions of the world [ 10 ]. 

 Fasting total cholesterol concentrations were 
highest in high-income countries in 1980 and 
2008 (5.62 and 5.19 mmol/L), followed by 
middle- income countries (4.91 and 4.70) and 
low-income countries (4.46 and 4.20). The great-
est decreases occurred in Western high-income 
countries and in eastern and central Europe 
(0.2 mmol/L per decade). By contrast, increases 
in cholesterol occurred in east and Southeast 
Asia and Pacifi c subregions (0.08–0.09 mmol/L 
per decade). Notably Japan, China, and Thailand 

all showed increases in total cholesterol [ 11 ]. 
Understanding the reasons for the contrasting 
global changes in blood pressure, obesity, and 
total cholesterol will provide useful insights that 
could help to mitigate the adverse effects of the 
epidemic of obesity more rapidly than the neces-
sary societal and structural changes needed to 
reverse the prevalence of obesity itself [ 10 ]. 

 The risk factors underlying the emergence of 
NCDs include increased levels of alcohol con-
sumption, tobacco smoking, obesity, physical 
inactivity, and low fruit and vegetable intake [ 2 ,  12 ]. 
Several studies from different continents have 
documented the higher prevalence of hyperten-
sion in urban versus rural populations [ 3 ,  13 – 17 ]. 
Urbanization often is associated with increased 
income and adoption of an unhealthy lifestyle, 
including the adoption of unhealthy food habits 
characterized by a diet rich in salt, saturated fats, 
and poor-quality carbohydrates, typical of fast 
foods [ 5 ,  18 ]. 

 An aggravating factor in the CVD epidemic in 
developing countries might be that the normal 
range of BMI cutoff values derived in the Western 
population may be misleading when used for 
other ethnic groups [ 19 ]. Several reports suggest 
that in the Chinese, South Asian, and aboriginal 
populations, higher prevalence rates of dyslipid-
emia, metabolic syndrome, type 2 diabetes mel-
litus, and CVD are observed at a much lower 
BMI than in Europeans [ 19 ,  20 ]. 

 Genetic differences may also play a role, espe-
cially in relation to polymorphisms of the renin–
angiotensin–aldosterone system (RAAS) genes, 
such as the association of the angiotensin gene 
20A → C polymorphism with a greater than 
expected increase in ambulatory systolic BP to 
any given body mass index in African-descent 
hypertensive patients [ 21 ], a of lack of stimula-
tion of plasma renin activity by natriuresis with 
furosemide suggesting a hyporesponsive RAAS 
in hypertensive urban Zulus [ 22 ], and the high 
prevalence of salt-sensitive hypertension in 
hypertensives of African descent pointing to an 
abnormal renal hemodynamic adaptation during 
high salt intake [ 23 ]. 

 The emergence of the CVD epidemic in devel-
oping countries during the past two to three 
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decades has attracted little public health response, 
even within these countries. In a recent literature 
search of the MEDLINE database for published 
studies reporting the prevalence of hypertension 
in representative population samples [ 24 ], the 
reported prevalence of hypertension varied 
around the world, with the lowest prevalence in 
rural India (3.4 % in men and 6.8 % in women) 
and the highest prevalence in Poland (68.9 % in 
men and 72.5 % in women). Awareness of hyper-
tension was reported for 46 % of the studies and 
varied from 25.2 % in Korea to 75 % in Barbados; 
treatment varied from 10.7 % in Mexico to 
66 % in Barbados and control (blood pres-
sure < 140/90 mmHg while on antihypertensive 
medication) varied from 5.4 % in Korea to 58 % 
in Barbados. It can be concluded that although 
hypertension is an important public health chal-
lenge in both economically developing and devel-
oped countries, signifi cant numbers of individuals 
with hypertension are unaware of their condition 
and, among those with diagnosed hypertension, 
treatment is frequently inadequate [ 7 ,  24 ].  

    The Fetal Origins Hypothesis 
and DOHAD: Developmental Origin 
of Health and Adult Disease 

 The “early” or “fetal” origins of adult disease 
hypothesis, which states that perinatal factors, 
particularly nutrition, act in early life to program 
the risks for the early onset of cardiovascular and 
metabolic disease in adult life, were originally 
put forward and further developed by David 
Barker and colleagues in Southampton in the 
United Kingdom [ 25 – 34 ]. Before the fetal ori-
gins hypothesis was articulated, an association 
between early life events and later cardiovascular 
disease had been proposed on more than one 
occasion [ 35 – 37 ]. 

 In 1992, Hales and Barker [ 38 ] coined the 
term the “thrifty phenotype” hypothesis, derived 
from the prior “thrifty genotype” hypothesis [ 39 ] 
proposed by Neel to suggest that “thrifty” genes 
were selected during evolution at a time when 
food resources were scarce and that they resulted 
in a “fast insulin trigger” and thus an enhanced 
capacity to store fat, which placed the individual 

at risk of insulin resistance and type 2 diabetes 
when resources were no longer limited. The 
thrifty phenotype hypothesis, however, suggested 
that when the fetal environment is poor, there is 
an adaptive response, which optimizes the growth 
of key body organs to the detriment of others and 
leads to an altered postnatal metabolism, which is 
designed to enhance postnatal survival under 
conditions of intermittent or poor nutrition. It 
was proposed that these adaptations only became 
detrimental when nutrition was more abundant in 
the postnatal environment than it had been in the 
prenatal environment [ 38 ,  40 ]. 

 This concept is consistent with the defi nition 
of “programming” as proposed by Lucas in 1991 
[ 41 ] as either the induction, deletion, or impaired 
development of a permanent somatic structure or 
the “setting” of a physiological system by an 
early stimulus or insult operating at a “sensitive” 
period, resulting in long-term consequences for 
function. One of the crucial elements of this defi -
nition is the concept of a sensitive or “critical” 
period during which specifi c nutritional perturba-
tions may operate to cause long-term changes in 
development and adverse outcomes in later life 
[ 42 ,  43 ]. Germ cell maturation, fertilization, blas-
tocyst formation, differentiation, organogenesis, 
fetal growth and development, postnatal growth 
and development, puberty, and pregnancy are 
considered critical windows of developmental 
plasticity, and each stage can be affected by factors 
that may program adult disease [ 44 – 46 ]. As in 
other species, developmental plasticity attempts 
to “tune” gene expression to produce a phenotype 
best suited to the predicted later environment [ 47 ] 
when the resulting phenotype is matched to its 
environment, the organism will remain healthy. 
When there is a mismatch, the individual’s ability 
to respond to environmental challenges may be 
inadequate and the risk of disease increases. 
Thus, the degree of the mismatch determines the 
individual’s susceptibility to chronic disease [ 48 ]. 

 The processes of phenotypic induction 
through developmental plasticity produce inte-
grated changes in a range of organs via epigene-
tic processes. They establish a life-course strategy 
for meeting the demands of the predicted later 
environment [ 49 ] producing a range of effects in 
cardiovascular and metabolic homeostasis, 
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growth and body composition, cognitive and 
behavioral development, reproductive function, 
repair processes, and longevity – some of which 
are associated with increased risk of cardiovascu-
lar and metabolic disease, “precocious” puberty, 
osteoporosis, and some forms of cancer. 
Understanding the underlying epigenetic pro-
cesses thus holds the key to understanding the 
underlying pathophysiology and to developing 
approaches to early diagnosis, prevention, and 
treatment of these diseases. 

 The term “epigenetic” was proposed by 
Waddington [ 50 ] to refer to developmental envi-
ronment infl uences on the mature phenotype. It is 
now used to refer to structural changes to genes that 
do not alter the nucleotide sequence. Of particular 
relevance is methylation of specifi c CpG dinucleo-
tides (cytosine and guanine adjacent to each other 
in the genome, linked by a phosphodiester bond) in 
gene promoters and alterations in DNA packaging 
arising from chemical modifi cations of the chroma-
tin histone core around which DNA wraps. The 
modifi cations include acetylation, methylation, 
ubiquitination, and phosphorylation [ 51 ]. 

 The degree of mismatch can by defi nition be 
increased by either poorer environmental condi-
tions during development or richer conditions 
later, or both [ 48 ]. Such changes are of consider-
able importance in developing societies going 
through rapid socioeconomic transitions and rep-
resent an important risk factor for CVD in the 
populations of developing countries as vast num-
bers of poorly nourished infants have been born 
in the past several decades and have been benefi t-
ting from a steady improvement in child survival, 
which will lead to a higher proportion of such 
infants surviving to adult life. 

    Evidence of Epigenetic Mechanisms 
in Animals and Its Importance 
as a Cause of Adult Nephropathy 
and Arterial Hypertension 

 Birth weight is a crude surrogate for the broad 
spectrum of specifi c adverse events that may 
impair fetal growth in humans; therefore, experi-
mental models have been developed to probe post-
natal outcomes after specifi c interventions that are 

relevant to human pregnancy, including nutrient 
defi cits and placental insuffi ciency [ 52 ]. Attention 
continues to focus primarily on fetal growth. 
Impaired growth during this critical period of 
organ development may have an impact on future 
disease risk by permanently reducing the number 
of functional units, including nephrons [ 53 ]. 

 In the years since, investigators have induced 
such developmental programming of adverse 
health outcomes in many animal species with the 
use of different interventions, ranging from the 
modifi cation of the maternal or grandmaternal 
diet to the prenatal administration of glucocorti-
coids, ligation of the uterine artery, experimen-
tally produced anemia, and alteration of postnatal 
growth [ 44 ]. These perturbations can result in the 
adverse development of organs or organ systems 
directly or in adaptive responses that may be ben-
efi cial in the short term but deleterious in the long 
run. Because such experiments in animals involve 
environmental changes, they do not address 
purely genetic infl uences, but epigenetic pro-
cesses may play a key role in the mechanisms 
underlying these phenomena [ 44 ]. 

 The importance of the kidney in the long-term 
control of arterial pressure and in the pathogenesis 
of hypertension has been recognized since the 
seminal works of Guyton et al. showing the domi-
nant role of the pressure natriuresis mechanism in 
the regulation of extracellular fl uid volume [ 54 ]. 
In the late 1980s, Brenner et al. advanced the argu-
ment that defi ciency in glomerular fi ltration sur-
face area may be a major cause of essential 
hypertension [ 55 ]. Several animal studies were 
devised to evaluate the effect of perinatal interven-
tions on renal organogenesis and postnatal renal 
function. Table  31.1  depicts some of these studies 
and the main results in the offspring [ 56 – 61 ].

       Evidence of Epigenetic Mechanisms 
in Humans and Its Importance 
as a Cause of Adult Nephropathy 
and Arterial Hypertension: A Potential 
Link to Hypertension and Metabolic 
Syndrome in Developing Countries 

 Human studies have provided evidence suggest-
ing nongenomic inheritance across generations. 
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Patterns of smoking, diet, and exercise can affect 
risk across more than one generation [ 62 ]. During 
the 1944/1945 famine in the Netherlands, previ-
ously adequately nourished women were sub-
jected to low caloric intake and associated 
environmental stress. Pregnant women exposed 
to famine in late pregnancy gave birth to smaller 
babies [ 63 ]. Famine exposure at different stages 
of gestation was variously associated with an 
increased risk of obesity, coronary heart disease, 
microalbuminuria, later insulin resistance, and 
dyslipidemia [ 64 ]. Second-born infants of 
females exposed in the fi rst trimester in utero did 
not have the expected increase in birth weight 
with increasing birth order [ 63 ]. 

 Support for the Brenner hypothesis came from 
observations by Keller et al., who found fewer 
nephrons at postmortem in individuals with 
essential hypertension [ 65 ]. However, others 
have been unable to demonstrate a direct rela-
tionship between nephron number and hyperten-
sion or have found an inverse relationship 

between arterial pressure and nephron number in 
only certain racial groups [ 66 ]. 

 It has been shown that intrauterine growth 
restriction (IUGR) and factors that would be 
expected to limit fetal nutrition, such as maternal 
smoking and hypertension, can limit nephron 
endowment in humans [ 67 ]. There is also evi-
dence of reduced nephron endowment in severely 
disadvantaged populations, such as Aboriginal 
people living in remote parts of Australia, in 
which there is an ongoing epidemic of hyperten-
sion and chronic kidney disease [ 68 ]. The bal-
ance of evidence indicates that the reduced 
nephron endowment in these Aboriginal popula-
tions is chiefl y a product of macro- and micronu-
trient defi ciency, although other factors, such as 
maternal smoking, diabetes, and infectious dis-
ease, also contribute [ 68 ]. 

 It appears that a nephron defi cit does not neces-
sarily lead to the development of adult hypertension 
but a secondary insult, either phenotypic or environ-
mental, might be required to initiate hypertension; 

   Table 31.1    A selection of intervention studies performed in pregnant rats to evaluate renal organogenesis and postnatal 
renal function in the offspring             

 Author  Intervention  Outcome 

 Gilbert et al. [ 56 ]  Late gestational exposition 
to gentamicin 

 Oligonephronia 
 Early nephron compensatory adaptation 
 Progressive glomerular sclerosis 

 Celsi et al. [ 57 ]  Gestational exposition 
to dexamethasone 

 Oligonephronia 
 Early nephron compensatory adaptation 
 Arterial hypertension 
 ⇓ GFR 
 Albuminuria 
 ⇓ Urinary sodium excretion rate and fractional sodium 
excretion 
 ⇑Sodium tissue content was higher 

 Lelièvre-Pégorier 
et al. [ 58 ] 

 Gestational exposition 
to mild vitamin A defi ciency 

 Oligonephronia 

 Vehaskari et al. [ 59 ]  Gestational exposition 
to low-protein diets 

 Oligonephronia 
 Apoptosis 
 ⇓PRA 
 ⇑Aldosterone 
 Arterial hypertension 

 Woods et al. [ 60 ]  Gestational exposition 
to low-protein diets 

 Oligonephronia 
 Glomerular enlargement 
 ⇓ Renal renin mRNA 
 Arterial hypertension 

 Pham et al. [ 61 ]  Uteroplacental insuffi ciency  Oligonephronia 
 Apoptosis 
 Arterial hypertension 
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the most probable candidates are high salt intake, 
age, and altered renin-angiotensin-aldosterone sys-
tem function. As a consequence, maternal malnutri-
tion, leading to fetal reduced nephron endowment, 
when combined with excessive salt intake postna-
tally, might account, at least in part, for the unex-
pectedly high prevalence of hypertension in 
disadvantaged populations worldwide [ 69 ]. Further 
discussion of the effects of perinatal programming 
on blood pressure can be found in Chap.   7    . 

 Barker and colleagues’ observations have 
extended the range of diseases associated with 
low birth weight to include atherosclerosis, coro-
nary heart disease, type 2 diabetes mellitus, met-
abolic syndrome, stroke, and chronic bronchitis 
[ 29 ,  33 ,  34 ,  70 ]. These observations have been 
corroborated and extended by other epidemio-
logic studies and studies in twins [ 71 – 81 ]. 

 The interest in this fi eld has grown rapidly 
over the past decade. However, the most critical 
questions remain unanswered. Firstly, which of 
the children who have biochemical markers of 
metabolic disease will go on and develop overt 

metabolic disease in adult life? Secondly, what 
are the initiating events that trigger persistent 
metabolic programming? Thirdly, what are the 
mechanisms that lead to adverse programmed 
metabolic changes? [ 82 ]. The low-birth-weight 
group includes those born small for gestational 
age (SGA), premature, or following in vitro fer-
tilization (IVF), which is often associated with 
both SGA and prematurity. These three common 
childhood groups are likely to have been exposed 
to an adverse environment during different phases 
of early development and might endure future 
morbid consequences of this exposure. However, 
it is important to emphasize that associations of 
birth weight with adult disease outcomes have 
been found in studies which included term preg-
nancies and birth weight >2,500 g [ 83 ]. 

 A list of selected epidemiological studies con-
fi rming the association of birth weight with dif-
ferent clinical outcomes along the human life 
cycle in developing countries and underprivi-
leged populations is shown in Table  31.2  
[ 84 – 91 ].

   Table 31.2    List of selected epidemiological studies investigating the association of birth weight and/or prematurity 
with different clinical outcomes along the human life cycle in developing countries and underprivileged populations   

 Author  Country  Population  Outcome  Aggravating infl uence 

 Levitt et al. [ 84 ]  South Africa  5-year-old children  Inverse relation 
between BW and SBP 

 – 

 Law et al. [ 85 ]  China, Guatemala 
 Chile, Sweden 

 3–6-year-old children 
 Term pregnancy 
 BW > 2.5 kg 

 Inverse relation 
between BW and BP 

 Current WT 

 Walker et al. [ 86 ]  Jamaica  11–12-year-old 
children 

 Inverse relation 
between SBP and BW 

 Postnatal growth 
retardation 
 Current WT 

 Barros and 
Victora [ 87 ] 

 Brazil  14–15-year-olds  No association 
between BW and BP 

 Arterial hypertension 
more frequently diagnosed 
in adolescents born SGA 

 Nelson 
et al. [ 88 ] 

 PIMA Indians 
(USA) 

 Adults 
 Type 2 diabetes 

 Association of  ↑  albuminuria with 
 BW < 2.5 kg 
 BW > 4.5 kg 

 Hoy et al. [ 89 ]  Australian 
Aborigines 

 Adults  Inverse relation between 
BW and albuminuria 

 Bavdekar 
et al. [ 90 ] 

 India  8-year-old children  Inverse relation between BW and 
 SBP 
 Fasting plasma Insulin 
 Plasma total and LDL 
cholesterol concentrations 

 Catch-up growth in 
previously growth- 
restricted children 

 Adair and 
Cole [ 91 ] 

 Filipines  14–16-year-olds  Higher prevalence of 
elevated BP in low-BW males 

 Weight gain from late 
childhood into adolescence 
in males with low BW 

  Stunting: height for age < −2 SD of the NCHS references 
  BP  blood pressure,  SBP  systolic blood pressure,  BW  birth weight  
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        The Future of Cardiovascular 
Disease in Developing Countries 

 As a consequence of the epidemiological transi-
tion, life expectancy in developing countries has 
risen; the increasing longevity provides longer 
periods of exposure to the risk factors for CVD, 
resulting in a greater probability of clinically mani-
fest CVD events [ 7 ]. The survivors of an economic 
transition period are more likely to present the phe-
notype of lower birth weight coupled with either 
stunting or a higher body mass index in childhood 
or adulthood which appears to be associated with 
the highest risks of morbid cardiovascular, renal, 
and metabolic outcomes into adulthood. 

 According to the World Health Organization 
[ 92 ], 30 million low-birth-weight babies are born 
annually (23.8 % of all births). Although the 
global prevalence of such births is defi nitely 
dropping in the developed world, it is as high as 
30 % in many developing countries, frequently as 
a consequence of poor nutritional status and 
inadequate nutritional intake for women during 
pregnancy. As previously described, besides its 
negative impact on early development, low birth 
weight results in substantial costs to the health 
sector of developing countries, as its late conse-
quence is a high burden of CVD morbidity and 
mortality affecting individuals at a younger age 
than observed in developed countries [ 2 ,  93 ]. 
Table  31.3  shows the WHO data on percentage 
and number of low-birth-weight infants (LBW) 
according to the world region and WHO 

development classifi cation in 2000 [ 94 ]. The 
high prevalence of short stature in children of 
developing countries, a well-known sign of 
chronic malnutrition, is depicted in Fig.  31.1 , 
showing high rates in important areas of the 
developing world, including India [ 95 ].

    An enormous task awaits developing coun-
tries, as national strategies to control the CVD 
epidemic must be developed and effectively 
implemented by individual countries, in parallel 
with new regional and global initiatives by inter-
national agencies concerned with health-care 
program facilitation, policy development, and 
research funding that are also required to 
strengthen and speed up these national efforts. It 
is of utmost importance that, along with vigorous 
efforts to optimize childhood growth, researchers 
and policymakers identify, quantify, and evaluate 
strategies to modify prenatal and perinatal deter-
minants of adverse adult health outcomes. 
Valuable initiatives can be found in WHO’s 
“Working with individuals, families and commu-
nities to improve maternal and newborn health 
2003” [ 96 ] and the “Making pregnancy safer” 
program [ 97 ] which emphasize the need for pro-
fessional assistance during pregnancy in addition 
to provision of a balanced diet, a safe environ-
ment, and avoidance of tobacco use. These pro-
grams also emphasize the importance of 
breastfeeding during at least the fi rst 6 months to 
ensure child health and survival. Breastfeeding is 
also important for provision of suffi cient caloric 
intake for growth, without incurring in the dan-
gers of overfeeding and higher weight gain in 

   Table 31.3    Percentage and number of low-birth-weight infants (LBW) according to the world region and WHO devel-
opment classifi cation, 2000 (Modifi ed from [ 94 ])   

 Percentage of LBW  Number of LBW/1,000  Number of live births/1,000 

 World  15.5  20,629  132,882 
 Developed  7.0  916  13,100 
 Less developed  16.5  19,713  119,721 
 Africa  14.3  4,320  30,305 
 Asia  18.3  14,195  77,490 
 Europe  6.4  460  7,185 
 Latin America and Caribbean  10.0  1,171  11,671 
 North America  7.7  348  4,479 
 Oceania  10,5  27  255 
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early childhood, which are associated with the 
use of nutrient-enriched formula and may predis-
pose to hypertension and metabolic syndrome in 
later life [ 98 ,  99 ]. Schoolchildren and adoles-
cents cannot be forgotten as it is mandatory to 
ensure their access to a properly balanced nutri-
tion and lifestyle orientation, which includes 
alcohol and tobacco avoidance, daily exercise, 
and weight control [ 100 ]. 

 Optimal management of hypertension is 
important to prevent the risk of CVD and kidney 
disease. Assessment of estimated glomerular fi l-
tration rate, along with urine protein, preferably 
albumin, particularly in patients with hyperten-
sion, is important for the early detection of 
kidney disease. Aggressive treatment, particu-
larly targeting systolic blood pressure, has been 
advocated [ 101 ]. 

 Unfortunately, low- and middle-income coun-
tries face many competing priorities for 

investment and end up committing less fi nancial 
resources to health. As an example, the United 
States spends more than $7,000 per capita on 
health, whereas Eritrea spends less than US $10 
[ 102 ]. As a consequence in poorer countries, 
most health-care costs must be paid by patients 
out of pocket, and the cost of health care for 
NCDs creates signifi cant strain on household 
budgets, particularly for lower-income families. 
Such costs can force families into catastrophic 
spending and impoverishment. Household spend-
ing on NCDs, and on the behavioral risk factors 
that cause them, translates into less money for 
necessities, such as food and shelter, and for the 
basic requirement for escaping poverty – educa-
tion. Each year, an estimated 100 million people 
are pushed into poverty because they have to pay 
directly for health services. Economic analysis 
suggests that each 10 % rise in NCDs is associ-
ated with a 0.5 % reduction in the rate of annual 

  Fig. 31.1    Prevalence of short stature in children younger than 5 years of age in developing countries [ 95 ]       
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economic growth. Country health-care systems 
should undertake interventions for individuals 
who either already have NCDs or who are at high 
risk of developing them. Evidence from high- 
income countries shows that such interventions 
can be very effective and are also usually cost- 
effective or low in cost. When combined, 
population- wide and individual interventions 
may save millions of lives and considerably 
reduce human suffering from NCDs [ 2 ]. 

 Accurate data from countries are vital to 
reverse the global rise in death and disability 
from NCDs. But a substantial proportion of 
countries have little usable mortality data and 
weak surveillance systems, and data on NCDs 
are often not integrated into national health infor-
mation systems. Improving country-level surveil-
lance and monitoring must be a top priority in the 
fi ght against NCDs. In low-resource settings with 
limited capacity, viable and sustainable systems 
can be simple and still produce valuable data. 

 The World Health Organization (WHO) has 
taken a lead role in the development of global 
strategies for the prevention of NCDs such as 
hypertension and their risk factors. The WHO 
STEPwise approach to Surveillance (STEPS) pro-
gram is low cost and aimed at promoting CVD risk 
factor surveillance in developing countries [ 103 ]. 
The WHO also provides information about costs 
and health effects at a regional level (CHOICE 
[ChOosing Interventions That Are Cost-Effective] 
project), with focus on management of systolic 
blood pressure and cholesterol [ 104 ]. 

 Interventions to prevent NCDs on a 
population- wide basis are not only achievable but 
also cost-effective, and the income level of a 
country or population is not a barrier to success. 
According to the WHO Global status report on 
noncommunicable diseases 2010 (2), the “best 
buys” actions that should be undertaken immedi-
ately to produce accelerated results in terms of 
lives saved, diseases prevented, and heavy costs 
avoided are as follows:
•    Protecting people from tobacco smoke and 

banning smoking in public places  
•   Warning about the dangers of tobacco use  
•   Enforcing bans on tobacco advertising, pro-

motion, and sponsorship  

•   Raising taxes on tobacco  
•   Restricting access to retailed alcohol  
•   Enforcing bans on alcohol advertising  
•   Raising taxes on alcohol  
•   Reduce salt intake and salt content of food  
•   Replacing trans fat in food with polyunsatu-

rated fat  
•   Promoting public awareness about diet and 

physical activity, including through mass media    
 In addition to best buys, there are many other 

cost-effective and low-cost population-wide inter-
ventions that can reduce risk factors for NCDs. 
These include the following interventions:
•    Nicotine-dependence treatment  
•   Promoting adequate breastfeeding and com-

plementary feeding  
•   Enforcing drink-driving laws  
•   Restrictions on marketing of foods and bever-

ages high in salt, fats, and sugar, especially to 
children  

•   Food taxes and subsidies to promote healthy 
diets    
 Also, there is strong evidence, though cur-

rently a shortage of cost-effectiveness research, 
for the following interventions:
•    Healthy nutrition environments in schools  
•   Nutrition information and counseling in health 

care  
•   National physical activity guidelines  
•   School-based physical activity programs for 

children  
•   Workplace programs for physical activity and 

healthy diets  
•   Community programs for physical activity 

and healthy diets  
•   Designing the built environment to promote 

physical activity    
 Evidence from high-income countries shows 

that a comprehensive focus on prevention and 
improved treatment following cardiovascular 
events can lead to dramatic declines in mortality 
rates. A combination of population-wide and 
individual interventions can reproduce successes 
in many more countries through cost-effective 
initiatives that strengthen overall health systems. 
In a comprehensive literature review of journal 
articles published in English from January 2000 
to May 2010, cost-effectiveness of interventions 
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designed to reduce sodium intake was confi rmed 
in the few available published studies [ 105 ]. 

 The NCD epidemic exacts an enormous toll in 
terms of human suffering and infl icts serious 
damage to human development in both the social 
and economic realms. The epidemic already 
extends far beyond the current capacity of lower- 
income countries to cope with it, which is why 
death and disability are rising disproportionately 
in these countries. This state of affairs cannot 
continue. There is a pressing need to intervene. 
Unless serious action is taken, the burden of 
NCDs will reach levels that are beyond the capac-
ity of all stakeholders to manage [ 2 ].     
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        Introduction 

 A clinical challenge to the successful treatment of 
children with hypertension is in the identifi cation 
and then thorough evaluation of children with 
elevated blood pressure (BP) [ 1 ]. In this light, 
consideration can be given to the causative spec-
trum of hypertension in pediatric patients as it is 
broad and changes with age. The identifi cation of 
a secondary cause of hypertension can give clues 
to the mechanism of the hypertension, which may 
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    Abstract 

   The management of hypertension in the pediatric population begins with a 
thorough diagnostic evaluation which can be tailored to the individual 
patient based on age, symptoms, and severity of hypertension. We outline 
four phases of evaluation which are integral to the optimal management of 
hypertension in children. The fi rst phase seeks to answer whether the 
patient is truly hypertensive in the nonmedical setting. This can be con-
fi rmed with either ambulatory blood pressure monitoring or self- monitored 
blood pressure monitoring. Once it is determined that the patient is truly 
hypertensive, the second phase provides screening for etiology of hyper-
tension, hypertensive end-organ damage, and comorbidities. The third 
phase of evaluation defi nes the underlying abnormality which could be 
causing the hypertension, and the fourth phase determines the signifi cance 
and remediability of the abnormality. By systematically using the four 
phases outlined in this chapter, the clinician can conduct a thorough evalu-
ation of the hypertensive patient.  

  Keywords 

   Primary hypertension   •   Secondary hypertension   •   Ambulatory blood 
 pressure monitor   •   Diagnosis   •   Evaluation  
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direct the choice of antihypertensive therapy. In 
some cases, discovering a clear secondary cause 
of hypertension can even identify a condition with 
a defi nitive cure, such as renal artery stenosis. 

 Most infants, toddlers, and school-aged chil-
dren must be presumed to have secondary hyper-
tension, with primary hypertension most prevalent 
in adolescence. For children with stage 2 hyper-
tension (BP levels that are greater than 5 mmHg 
above the 99th percentile), careful, comprehen-
sive, and immediate evaluation is required. A rule 
of thumb for the identifi cation of children with 
secondary hypertension is that it is more likely to 
be found in the youngest and most severely hyper-
tensive. However, this may not always be the case, 
and therefore, a thoughtful evaluation in all chil-
dren is important as the cause may be remediable 
or may point to a preferred class of pharmacologic 
therapy. Recommendations for pharmacologic 
treatment are based on the presence of symptom-
atic hypertension, evidence of end-organ damage 
and/or stage 2 hypertension, or stage 1 hyperten-
sion unresponsive to lifestyle modifi cation 
(Table  32.1 ) [ 2 ]. Not to be discounted are children 
in high-risk diagnostic groups, e.g., diabetes mel-
litus and chronic kidney disease (CKD), whose 
onset of premature atherosclerosis leads to early 
cardiovascular disease. Recent recommendations 
for treatment based on risk stratifi cation by dis-
ease process are now available [ 3 ].

   Unlike in adults, the diagnosis and treatment of 
pediatric hypertension predominantly is founded 
on extrapolations from secondary endpoints, such 
as target organ damage, rather than being driven 
by evidence-based outcomes of cardiovascular 
morbidity and mortality [ 2 ]. Recently, however, a 
5-year randomized trial was published showing 
the benefi t of strict BP control using renoprotec-
tive therapy on retarding the progression of renal 
disease in children [ 4 ]; hopefully, this will lead to 
further development of evidence- based treatment 
recommendations. The necessity for additional 
studies and revised guidelines has become increas-
ingly clear as mounting evidence shows that even 
mild hypertension in children and adolescents is 
much more common than previously described [ 5 , 
 6 ]. A shift in BP distribution to higher levels is 
now seen in children and adolescents, very likely 
secondary to the global obesity epidemic. We now 
understand that children with elevated BPs mature 
into adults with hypertension, and this underscores 
the importance of control [ 7 ]. 

 Technologic advances have seen the widespread 
introduction of oscillometric devices for BP mea-
surement which have the advantage of ease of use 
and little interobserver variability. These devices 
determine BP indirectly by determining the mean 
arterial pressure from the point of maximum 
oscillations and then by calculating the SBP and 
DBP using proprietary unpublished algorithms. 
Unfortunately, short oscillatory cycles, as is some-
times seen in children, can lead to errors in mea-
surement. Validation of the oscillometric method is 
recommended, but few devices have been validated 
successfully [ 8 ]. Studies that compare oscillomet-
ric devices to auscultatory sphygmomanometry 
show poor correlation, highlighting the need for 
confi rmation by auscultatory methods [ 9 - 11 ]. 

 Since BP is a continuous variable, assuming a 
single clinic BP (CBP) measurement is representa-
tive of the patient’s true BP pattern may not be 
acceptable. Ambulatory BP monitoring (ABPM), 
on the other hand, is considered to be superior to 
CBP for the prediction of cardiovascular events 
[ 12 - 15 ]. With this in mind, ABPM is now increas-
ingly recognized as being indispensable for the 
diagnosis and management of hypertension [ 16 -
 19 ]. Urbina et al., in a 2008 American Heart 
Association scientifi c statement, reported that the 

    Table 32.1    Classifi cation of hypertension in children 1 
year of age and older and adolescents   

 Normal blood 
pressure 

 SBP and DBP less than the 90th 
percentile 

 Prehypertension  SBP or DBP >/= to the 90th 
percentile but < the 95th percentile 

 Hypertension  SBP or DBP >/= to the 95th 
percentile 

 Stage 1 
hypertension 

 SBP or DBP from 95th percentile 
to 99th percentile plus 5 mmHg 

 Stage 2 
hypertension 

 SBP or DBP > the 99th percentile 
plus 5 mmHg 

  Percentiles are for sex, age, and height for blood pressure 
measured on at least three separate occasions 
 Characterize by higher percentile if SBP or DBP percen-
tiles are different 
 Adapted from National High Blood Pressure Education 
Program Working Group on High Blood Pressure in 
Children and Adolescents [ 2 ] 
  SBP  systolic blood pressure,  DBP  diastolic blood pressure  

J.P. Samuel et al.



493

24-h ABPM had utility in the assessment of hyper-
tension in children and adolescents [ 18 ]. In chil-
dren, not dissimilar to adults, ABPM is found to 
correlate with left ventricular mass in both hyper-
tensive and normotensive patients. In children, 
however, a relationship is seen with LVM and noc-
turnal systolic BP and BP load [ 20 ,  21 ]. McNiece 
et al. in 2007 linked the severity of hypertension to 
the odds of having left ventricular hypertrophy [ 22 ]. 
Others have shown thicker carotid arteries with 
higher ABPM levels [ 23 ,  24 ]. ABPM may also 
facilitate the differentiation of primary from sec-
ondary hypertension as adolescents with secondary 
hypertension have been shown to have greater noc-
turnal systolic BP loads and daytime and nocturnal 
diastolic BP loads than similarly aged children with 
primary hypertension [ 25 ]. A more detailed discus-
sion of ABPM can be found in Chap.   11    . 

 There is limited evidence on the use of home BP 
measurement in children and adolescents, but it can 
be a technique for BP monitoring, suggest the diag-
nosis of white coat hypertension (WCH), and mon-
itor effectiveness of antihypertensive therapy. Wühl 
et al. in 2004 compared ABPM with self- 
measurement of BP and clinic BPs in children with 
chronic kidney disease. They were able to show 
that while self-measured blood pressure (SMBP) 
did improve clinic BP’s sensitivity to detect hyper-
tension, 20 % of hypertensive children were missed, 
proving that ABPM remained superior in the evalu-
ation of hypertension [ 26 ]. Home monitoring of BP 
in children and adolescents can be used as a supple-
ment in the assessment of hypertension in clinical 
practice, particularly for the detection of white coat 
and masked hypertension. Home BP monitoring’s 
advantages include lower cost and user acceptance 
[ 27 ]; however, as discussed in Chap. 9, one must 
carefully choose the device used for home monitor-
ing of BP, as many marketed devices may not be 
validated for use in pediatric patients. 

 That said, the traditional pattern of a higher 
prevalence of secondary hypertension compared 
to primary hypertension in adolescence is chang-
ing, with primary hypertension becoming increas-
ingly evident during early adolescence and even 
late childhood. Indeed, with the exception of 
childhood asthma, hypertension may now be the 
most common chronic disease of childhood. The 
causal factor responsible for the apparent dramatic 

increase in prevalence of primary hypertension is 
 obesity , now considered a global phenomenon 
associated with an increased risk for the develop-
ment of cardiovascular and renal disease [ 28 ]. 
Approximately 60 % of obese (BMI ≥ 95th percen-
tile) adolescents have at least one risk factor for 
future cardiovascular disease, including elevation 
of BP, abnormal lipids, and insulin resistance [ 29 ]. 

 Once it has been determined that a child has 
an elevated BP and that this BP elevation is per-
sistent, the following guide is anticipated to aid in 
the diagnostic evaluation (Tables  32.2  and  32.3 ). 

   Table 32.2    Phases of hypertension evaluation   

  Phase 1: Is the patient truly hypertensive in the nonmedical 
setting?  

 Ambulatory blood pressure monitoring 
 Self-measured blood pressure 
 School-based blood pressure measurements 

  Phase 2a: Screening for etiology  
 Serum chemistries: electrolytes, creatinine, BUN 
 CBC 
 Urinalysis; Urine culture 
 Renal ultrasound with Doppler 
 Echocardiogram/EKG 

  Phase 2b: Identifi cation of end-organ damage phase  
 Echocardiography 
 Retinal examination 
 Urine protein quantifi cation 

  Phase 2c: Screening for comorbidities  
 Fasting insulin and glucose 
 Fasting lipoprotein profi ling (serum total cholesterol, 
with high-density  lipoprotein, low-density lipoprotein, 
and triglycerides) 

  Phase 3: Defi nition of abnormalities  
 Renal imaging 

 Renal ultrasound with Doppler 
 VCUG 

 Renovascular imaging (noninvasive), CT, or MRI 
angiography 
 Captopril challenge 
 Renin, aldosterone profi ling 
 Thyroid function 
 Catecholamine profi ling 
 Abdominal imaging; CT or ultrasound 

  Phase 4: Determination of signifi cance and remediability 
of abnormalities  

 Arteriography (conventional or digital subtraction 
angiography) 
 Renal vein renin collection 
 Renal biopsy 
 MIBG scans 
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We use the term “phase” of evaluation in an 
attempt to lessen confusion with “stages” of 
hypertension used in Table 1.
      Phase 1: Is the patient truly hypertensive in the 

nonmedical setting?  
 (Confi rmation of hypertension with ABPM or 
objective SMBP)  

   Phase 2: Screening for hypertension 
    A.    Why does the patient have hypertension? 

(etiology)   
   B.    What has hypertension done to the patient’s 

body already? (end-organ damage)   
   C.    What other risk factor for cardiovascular/

kidney disease does the patient have? 
(comorbidities)    

     Phase 3: Defi nition of abnormalities   
   Phase 4: Determination of signifi cance and 

remediability of abnormality      

    Evaluation 

     Phase 1: Is the patient truly hypertensive in the 
nonmedical setting?  
 When a child is found to have an elevated BP, 
this should elicit,  before  a thorough evaluation 
is performed, confi rmation of the possible 

hypertension. Preferably three measurements 
should be taken in an upper extremity at least 
2 min apart and the average of these compared 
to the normative values from the Fourth Report 
at each measurement session [ 2 ]. Accurate 
measurement of BP is dependent on a number 
of factors including the use of the appropriate- 
sized cuff. By example, increasing body 
weight is associated with an increase in arm 
circumference which accentuates the impor-
tance of recognizing the relationship between 
arm circumference and BP cuff size and its 
impact on accurate BP measurement [ 30 ]. If a 
BP cuff is used with an inappropriately small 
cuff, BP may be falsely overestimated. 

 Confi rmation of BP elevation should be 
repeated on at least three separate occasions 
unless it is severe (≥stage 2 hypertension) or the 
child is symptomatic. In the latter case, one 
should make immediate referral for evaluation 
and treatment. SMBP can also be performed 
preferably with a recording monitor and with 
the caveats previously  mentioned. School nurses 
can be useful in  collecting additional measure-
ments which can then be faxed to  complete the 
record. School BP equipment is often not well 
calibrated, and the nurse’s training may be 

   Table 32.3    Phase 2 evaluation: screening for etiology, end-organ damage, and comorbidities (to be done only after the 
hypertension is confi rmed in Phase 1)   

 Test  Comments 

  Why does the patient have hypertension?  
 Serum electrolytes  1 0  or 2 0  aldosteronism 
 BUN and serum Cr  Renal dysfunction 
 Hemoglobin/hematocrit  Renal dysfunction/anemia of CRF 
 Renal ultrasound  Anatomic etiology 
 Urinalysis  Hematuria/proteinuria (nephritis, renal masses) 
  What has hypertension done to the patient?  
 Urinalysis  Renal injury (microalbuminuria, proteinuria) 
 Echocardiogram  Left ventricular hypertrophy 
 Fundoscopic exam  Arteriolar narrowing and AV nicking 
  What other risk factors for cardiovascular/kidney disease are present?  
 Poor growth  Chronic kidney disease 
 Weight  Obesity 
 Fasting blood sugar, insulin  Diabetes 
 Elevated HgA1c  Diabetes 
 Glucosuria  Diabetes 
 Lipoprotein analysis  Hypercholesterolemia, hypertriglyceridemia 
 Family history  Cardiovascular, obesity 
 Personal history  Cardiovascular disease (medications, smoking, inactivity) 
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 variable; therefore, proper training of the nurses 
and monitor validation at local schools is a time 
well spent. Ideally ABPM should be used to 
confi rm the diagnosis of hypertension and to 
exclude the diagnosis of WCH [ 31 ]. One must 
also note that a small  percentage of patients 
similar to those reported by Lurbe and col-
leagues [ 32 ] who have normal casual BP mea-
surements have elevated  ambulatory BP 
measurement, i.e., masked hypertension. An 
algorithm for the evaluation of hypertension 

using different BP measurement techniques can 
be found in Fig.  32.1 . In the case where ABPM 
is unavailable, multiple CBP or self-measured 
BP can be used.

      Phase 2: Screening for identifi able causes, 
comorbidities, and end-organ damage 
    a.     Why does the patient have hypertension?  

 The most common etiologies of 
 hypertension by age group are listed in 
Table  32.4 . The exact percentages at each 

  Fig. 32.1    When a patient is found to have an elevated BP 
on initial evaluation or screening, BP should be repeated at 
least twice. If the patient is determined to be normotensive 
after repeated measures, follow-up BP measurements 
should be taken every 6 months to a year. One must be 
mindful that the patient may still have a non-dipping pat-
tern, placing them in a higher risk category or masked 
hypertension. One should follow the patient’s clinical 
course and if proceeds as expected, CBP or SMBP can be 
used to follow the patient. However, if features are unex-
plained such as proteinuria or symptoms are present with 
elevation of BP, an ABPM should be performed. If the 
patient has hypertension by casual measurement, ABPM 

may be performed to diagnose WCH as well as determine 
altered BP patterns. If WCH is found, SMBP can be effec-
tive in monitoring the WCH, and ABPM can be repeated if 
clinical course varies from expected. If ABPM confi rms 
the hypertension, the patient can then be categorized by a 
dipping status. A patient with a dipping pattern may be 
followed with CBP or SMBP with occasional ABPM mon-
itoring as needed. However, a patient with a non-dipping 
pattern can only be practically monitored by ABPM which 
should be used along with CBP and SMBP as needed to 
maintain and assure adequate circadian BP control. The 
signifi cance and chronicity of BP abnormalities should 
also be confi rmed by assessment of end-organ damage       
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age group are unknown; however, the 
younger the patient and the more severe the 
hypertension, the more likely that the 
hypertension is secondary. While many 
adolescents will have primary  hypertension, 
the percentage of secondary causes in this 
age group remains higher than in adults, and 
thus, all pediatric patients must be screened 
for secondary causes. Renal or renovascu-
lar causes of hypertension account for 
~90 % of secondary causes with 2 % con-
tributed from abnormalities of the aorta 
and 0.5 % from pheochromocytoma [ 33 ,  34 ]. 
The National High Blood Pressure 
Education Program Working Group on 
High Blood Pressure in Children and 

Adolescents (NHBPEP) has published a 
useful algorithm for childhood hyperten-
sion evaluation and management [ 2 ].

   The personal and family history of 
hypertension and/or cardiovascular disease 
(Table  32.5 ) is a key starting point for the 
assessment of childhood hypertension; 
other important risk factors include meta-

   Table 32.5    Relevant questions for the hypertensive 
history   

 Family history 
 Essential hypertension 

 Medications/diet control 
 Salt sensitive 
 Obesity 

 Systemic disease 
 Endocrine 
 Hyperthyroidism, diabetes 
 Obesity 
 Cardiovascular disease 
 Early myocardial infarction/stroke 
 Hyperlipoproteinemia 
 Kidney disease 
 Kidney failure, dialysis, or transplantation 

 Medications 
 Anti-infl ammatory agents:  steroidal and nonsteroidal 
 Decongestants 
 Stimulants: caffeine, Ritalin, Adderall 
 Antidepressants: tricyclics 
 Immunosuppression: cyclosporine, tacrolimus 

 Weight change 
 Weight loss or gain? 

 Weight loss as with pheochromocytoma 
 Weight gain as with exo- or endogenous steroids 
 Time frame for interval change in weight 

 Neonatal history: umbilical arterial catheter, neonatal 
asphyxia, bronchopulmonary dysplasia 
 Trauma 
 Systemic disease 

 Systemic lupus erythematosus 
 Polyarteritis 
 Flushing, sweating, headaches, palpitations as in 
pheochromocytoma, or neuroblastoma 
 Neurofi bromatosis 
 Scleroderma 
 Urinary tract infections or history of unexplained or 
explained fevers 

 Substance abuse 
 Amphetamines 

     Table 32. 4    Most Common Causes of Secondary 
Hypertension: By Age   

 Age Group  Etiology 
  Newborn   Renal artery or venous thrombosis 

 Renal artery stenosis 
 Congenital renal abnormalities 
 Coarctation of the aorta 
 Bronchopulmonary dysplasia 
 History of Prematurity 

  First Year   Renovascular disease 
 Renal parenchymal disease 
 Coarctation of the aorta 
 Iatrogenic (medication, volume) 
 Tumor 
 History of Prematurity 

  1 to 6 years   Renal parenchymal disease 
 Renovascular disease 
 Coarctation of the aorta 
 Tumor 
 History of Prematurity 
 Endocrine causes* 
 Iatrogenic 
 Essential hypertension 

  Age 6 to 10 years   Renal parenchymal disease 
 Essential hypertension 
 Renovascular disease 
 Coarctation of the aorta 
 Endocrine causes 
 Tumor 
 Iatrogenic 

  Adolescence, 
Age 12 to 18 years  

 Essential hypertension 
 Iatrogenic 
 Renal parenchymal disease 
 Endocrine causes 
 Coarctation of the aorta 

   *Shaded areas are uncommon for category  
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bolic syndrome and sleep-disordered 
breathing (either from obstructive sleep 
apnea or snoring; see Chap.   27    ). Symptoms 
related to hypertension may be caused by 
the disease, related to the cause of the 
hypertension, nonspecifi c or absent. The 
newborn may appear to have sepsis, feed-
ing disorders, or neurologic abnormalities, 
while older patients frequently are asymp-
tomatic but may complain of nonspecifi c 
symptoms such as abdominal pain, epi-
staxis, chest pain, or headache. Children 
can have subtle abnormalities that are dif-
fi cult to attribute to hypertension such as 
personality changes, irritability, or changes 
in school performance.

   The hypertension-oriented history 
should be directed at eliciting evidence of 
systemic diseases, use of medications 
including those which elevate BP (stimu-
lant therapy for attention defi cit and hyper-
activity disorder, oral contraceptives, 
bronchodilators, cyclosporin or tacrolimus, 
corticosteroids, decongestants, perfor-
mance-enhancing substances, caffeine, 
tobacco, and illicit drugs), congenital dis-
orders, symptoms related to hypertension 
(headache, irritability), neonatal history 
(use of umbilical catheters, neonatal 
asphyxia), growth pattern, present and past 
history of kidney, or urologic disorders 
including urinary tract infections, symp-
toms suggestive of an endocrine etiology 
(change in weight, sweating, fl ushing, 
fevers, palpitations, muscle cramps), and 
family history of hypertension or other car-
diovascular morbid or mortal events. 

 The physical examination should 
address direct attention to detecting causes 
of secondary hypertension (Table  32.6 ). In 
the majority of children with hypertension, 
however, the physical examination will be 
normal. For a child in the fi rst year of life, 
secondary causes of hypertension are 
the rule, and even when no etiology is 
detected, secondary hypertension should 

    Table 32.6    Physical examination: clues to the etiology 
of hypertension   

  Body habitus  
 Thinness: pheochromocytoma, hyperthyroidism, renal 
disease (growth failure) 
 Short stature: renal disease 
 Obesity: Cushing disease, obesity-related HTN 
  Skin  
 Neurofi bromas: neurofi bromatosis 
 Malar rash: systemic lupus erythematosus café au lait 
spots–neurofi bromatosis, tuberous sclerosis 
 Tubers, ash-leaf spots: tuberous sclerosis 
 Bruising: Cushing’s disease, trauma 
 Rashes: vasculitis–collagen vascular disease, Henoch–
Schönlein purpura or other vasculitis, or nephritic 
impetigo–acute nephritis 
 Striae: Cushing’s disease 
 Needle tracks: drug-induced hypertension 
  Head and face  
 Unusual shape: mass lesion 
 Round facies (moon): Cushing’s syndrome 
 Elfi n facies: William’s syndrome 
 Seventh nerve palsy: severe hypertension 
 Proptosis–hyperthyroidism 
  Neck  
 Goiter: hyperthyroid 
  Lungs  
 Rales, rhonchi: cardiac decompensation 
  Heart  
 Rub: chronic renal disease with hypertension 
  Abdomen  
 Masses: Wilms’ tumor, neuroblastoma, hydronephrosis, 
polycystic kidney disease 
 Hepatomegaly: heart failure 
 Hepatosplenomegaly: infantile polycystic disease 
 Bruit: renovascular disease 
 Edema: renal/renovascular disease 
  Back/fl ank  
 Bruit: renovascular disease 
 Flank tenderness: pyelonephritic, obstruction, acute nephritis 
 Scoliosis: hypertension secondary to procedures 
  Pelvis  
 Mass: obstructive nephropathy, neuroblastoma 
  Genitalia  
 Ambiguous, virilized: congenital adrenal hyperplasia 
  Extremities  
 Disparity in BP, pulse, delayed refi ll: coarctation 
 Edema: renal insuffi ciency 
 Rickets: chronic renal disease 
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still be suspected (Table  32.4 ). In older 
children, by contrast, secondary hyperten-
sion has a different spectrum (Table  32.4 ). 
The physical examination should focus on 
symptoms and signs of hypertension 
(Table  32.6 ). For all age groups with hyper-
tension, kidney disease is a common etiol-
ogy where approximately 60–90 % is 
secondary to renal parenchymal or reno-
vascular disease [ 33 ,  34 ]. Physical exami-
nation may reveal cranial (infants), neck, 
back, or abdominal bruits, where stenotic 
lesions cause turbulent blood fl ow or 
asymmetric lower versus upper extremity 
pulses signifying a possible aortic coarcta-
tion. Evidence for secondary hypertension 
can also be supported by the fi nding on 
physical exam of hypertensive retinopa-
thy, neurofi bromas, café au lait spots, 
lesions of tuberous sclerosis, or thyromeg-
aly. Initial evaluation should also assess 
four extremity BP measurements to screen 
for coarctation of the aorta. Physical 
examination should include calculation of 
the body mass index (BMI) because of the 
strong association between obesity and 
hypertension.

   The child with confi rmed hypertension 
should be screened with laboratory testing 
and imaging to fi nd identifi able causes, 
comorbid conditions, and ascertainment of 
end-organ  damage. A serum creatinine and 
estimation of glomerular fi ltration rate 
(GFR) [Schwartz formula] [ 35 ] is also fun-
damental. The importance of a complete 
urinalysis with urinary protein or microal-
bumin and sterilely collected urine for cul-
ture cannot be overemphasized. Proteinuria 
or hematuria may be revealed and indicates 
possible glomerular disease or other non-
glomerular conditions such as pyelonephri-
tis, obstructive uropathy, and interstitial 
nephritis. Additional testing can be chosen 
by examining the individual and family 
history. A young child with stage 2 hyper-
tension or in those with systemic symptoms 
should undergo a more extensive evalua-

tion. On the other hand, the older or obese 
child with a signifi cant family history of 
say diabetes or other cardiovascular risks 
will have a more streamlined approach for 
the metabolic abnormality. 

 A renal ultrasound is a simple and infor-
mative noninvasive test and appropriate for 
the initial screening. The prevalence of 
abnormalities revealed by a renal ultra-
sound may be low; however, the impor-
tance of fi ndings and noninvasive nature 
makes it a valued screening test. The infor-
mation provided can reveal asymmetrically 
sized kidneys, which would suggest vesi-
coureteral refl ux, obstruction, unilateral 
infection, or possible kidney dysplasia—
symmetrically enlarged kidneys indicating 
potential infective (pyelonephritis) or glo-
merular disease. Additionally the renal 
ultrasound easily documents renal calculi, 
nephrocalcinosis, renal parenchymal cysts, 
polycystic kidney disease, or multicystic 
dysplastic kidney. Doppler waveform anal-
ysis of the renal hilum can also provide 
information as to the patency of the ves-
sels; however, its sensitivity for diagnosis 
of renal artery stenosis is limited, particu-
larly in infants and children and in the 
detection of intrarenal lesions and incom-
plete stenoses in older children or adoles-
cents [ 36 ,  37 ], making other imaging 
studies frequently necessary (see below). 

 Serum electrolytes most commonly will 
be normal; however, alterations of potas-
sium concentrations can indicate primary 
or secondary hyperaldosteronism, particu-
larly when the potassium is low and there is 
a concomitant metabolic alkalosis. Liddle’s 
syndrome, the syndrome of apparent min-
eralocorticoid excess, Gordon’s syndrome, 
glucocorticoid remediable aldosteronism, 
and other forms of monogenic hyperten-
sion are often associated with this electro-
lyte pattern and altered renin and 
aldosterone levels (Fig.  32.2 ) [ 38 ]. By con-
trast, elevated potassium in conjunction 
with a metabolic acidosis may suggest 
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 kidney disease. Indeed, this diagnosis may 
be supported by an elevation in serum cre-
atinine or one may fi nd nephrocalcinosis 
on renal ultrasound indicating a renal tubu-
lar defect.

       b.     What are the consequences of the hyperten-
sion: end-organ damage?  

 The relationship of hypertension to end- 
organ damage is critical to the true defi nition 
of hypertension and discussed in detail by 
Sorof [ 22 ]. The evaluation of hypertension 
is not solely to determine where the mea-
sured level of BP exceeds some epidemio-
logically derived number but rather to 
ascertain the level at which it is associated 
with end-organ damage. The evaluation of 
end-organ damage should include a com-
plete assessment of the cardiovascular sys-
tem (including blood vessels), kidneys, and 
nervous system. This assessment can assist 
in determining the chronicity and the sever-
ity of the hypertension. Fundoscopy, typi-
cally reserved for patients with severe 
hypertension, rarely discloses hemorrhages 

or exudates, but many reveal arteriolar nar-
rowing and arteriovenous nicking. As few 
studies of retinal abnormalities have been 
conducted in hypertensive children, there 
has been no development of a standardized 
grading system for hypertensive retinopathy 
in children. Daniels et al. using direct oph-
thalmoscopy showed 51 % of children with 
primary hypertension had retinal abnormali-
ties [ 39 ]. More recently, Mitchell et al. 
examined children 6–8 years of age, where 
for every 10 mmHg increase in systolic 
blood pressure, a narrowing of 1.93–2.08 μm 
was seen in the retinal arterioles [ 40 ]. 

 LVH is a clear and independent risk fac-
tor for cardiovascular morbidity and mor-
tality in adult patients, but its signifi cance 
is less clear for children unless it is severe 
and found to compromise cardiac function. 
The echocardiogram is more sensitive than 
the electrocardiogram for the determina-
tion of left ventricular hypertrophy/index 
[ 41 ]. ABPM has been shown to have a sig-
nifi cant correlation to left ventricular mass 

  Fig. 32.2    Monogenic forms of hypertension.  AME  
apparent mineralocorticoid excess,  H-P  hypertension 
exacerbated by pregnancy,  GRA  glucocorticoid remedia-
ble aldosteronism,  FHII  familial hyperaldosteronism type 
II,  CAH  congenital adrenal hyperplasia with 11- or 
17-hydroxylase defi ciency,  FGR  familial glucocorticoid 
resistance,  AD  autosomal dominant,  AR  autosomal reces-
sive,  Age  typical age at presentation,  I  infancy,  C  child-

hood,  A  adulthood,  K  potassium,  N  normal,  ↓  decreased, ↑ 
increased,  PRA  plasma renin activity,  Aldo  aldosterone, 
 Aldo:PRA  ratio of aldosterone to PRA (>30 diagnostic if 
Aldo. in ng/dl, PRA in ng/ml/h),  GC resp.  response to glu-
cocorticoids, – negative, + positive,  MR-A resp.  response 
to mineralocorticoid receptor antagonists,  Rx  treatment,  A  
amiloride,  Tr  triamterene,  T  thiazides,  E  eplerenone,  S  spi-
ronolactone (Adapted from [ 52 ])       
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index where casual BP measurements do 
not. Specifi cally the best predictors include 
the 24 h, wake or sleep mean BP, BP load, 
or BP index [ 22 ]. Additionally, further evi-
dence for hypertension’s role in causing 
end-organ damage in pediatrics emanates 
from the correlation of the carotid intimal- 
medial thickness and left ventricular mass 
index with hypertension and obesity [ 42 ]. 
There is a growing body of evidence which 
demonstrates an association with non- 
dipping status (failure of BP to decline 
with sleep) and an increased risk of adverse 
events (Fig.  32.3 ) [ 18 - 20 ,  23 ,  24 ,  43 - 45 ]. 
Additional markers of end-organ damage 
include elevated microalbumin excretion, 
which is especially important in diabetics, 
patients with CKD, and the obese as a 
marker of hypertensive end-organ damage .  
The presence of end-organ damage in a 
child is an absolute indication for pharma-
cologic treatment of hypertension [ 2 ].

   With regards to the association of ABPM 
with end- organ damage for adults and 

 children, those with WCH have a preva-
lence of end-organ damage not different 
from normotensive subjects. Conversely, 
those with masked hypertension have end-
organ damage prevalence not dissimilar 
from children with sustained ambulatory 
hypertension [ 22 ,  46 ].   

   c.     What other risk factors for cardiovascular 
disease may be present?     

  The major modifi able cardiovascular 
risk factors are hypertension, diabetes, 
smoking, hyperlipidemia, and proteinuria 
(chronic kidney disease) and should be 
evaluated during the initial screening pro-
cess. A reasonable list of tests for cardio-
vascular risk assessment includes a fasting 
lipoprotein analysis including cholesterol; 
triglycerides; HDL, LDL, and VLDL; a 
fasting glucose and insulin for assessment 
of insulin resistance;  microalbumin excre-
tion; echocardiography; and kidney func-
tion. However, not all of these studies have 
been endorsed by consensus organizations 
for routine screening [ 2 ].  

  Fig. 32.3    Increase in nocturnal blood pressure and pro-
gression to microalbuminuria Kaplan–Meier curves 
showing the probability of microalbuminuria according to 
the pattern of daytime and nighttime systolic pressure. 
The probability of microalbuminuria differed signifi cantly 

between the two groups ( p  = 0.01 by the log-rank test; 
 chi-square = 6.217 with 1 df). The risk of microalbumin-
uria was 70 % lower in the subjects with a normal noctur-
nal pattern than in those with an abnormal nocturnal 
pattern [ 45 ]       
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   Phase 3: What is the defi nition of the abnormality?  
 Phase 3 evaluation is designed to further clar-
ify and defi ne abnormalities identifi ed during 
Phase 2 in any of the three categories of etiol-
ogy, risk factors, and end-organ damage deter-
mination. Concerning etiology, performance 
of stage 3 evaluation should be done for the 
very young hypertensive patient or for those 
with severe hypertension even if Phase 2 is 
unremarkable (Table  32.1 ). 

 At this point, we aim to fi nd the abnormal-
ity but specifi cally limit the diagnostic tests 
to match the patient. For instance, if the 
patient by history and physical has stigmata 
of hyperthyroidism, e.g., weight loss, enlarge-
ment of the thyroid gland or proptosis, we 
might perform a thyroid panel but not for 
everyone. Individual consideration should be 
given to the measurement of plasma levels of 
various endocrine or vasoactive hormones as 
well as 24-h excretion rates of various hor-
mones based on prior fi ndings. Imaging stud-
ies provide information on the condition of 
the renal parenchyma and renovascular dys-
function. Renal ultrasound with Doppler fl ow 
analysis in conjunction with other studies can 
reveal the etiology for diagnosis of certain 
kidney lesions. Radionuclide renal scanning 
can be very helpful as it can assess renal 
function, perfusion, obstruction, and pres-
ence of renal scarring. Radionuclide    scintig-
raphy to assess scarring may use either  99m Tc 
dimercaptosuccinic acid (DMSA),  99m  Tc glu-
coheptonate (DTPA), or  99m  Tc mercaptoacet-
yltriglycine (Mag 3 ) and can be done with 
diuretics to help assess if the presence of 
hydronephrosis is obstruction. In children 
with a history of urinary tract infections and 
the diagnosis of vesicoureteral refl ux or blad-
der abnormalities is entertained, voiding cys-
tourethrography should also be performed. 
Detection of proteinuria requires either quan-
titation of protein excretion with the fi rst 
morning urine using a urinary protein to cre-
atinine ratio or a 24-h urine collection for 
protein and creatinine (split into supine and 
upright fractions to assess for orthostatic pro-
teinuria if indicated). 

 Abnormalities of the mesenteric, splenic, and 
hepatic vessels often accompany renovascular 
disease in children. A certain percentage of 
these children may have neurofi bromatosis 
type 1 (NF-1) [ 46 ] or abdominal coarctation 
[ 47 - 49 ] or intracranial disease [ 50 ]. In our 
experience, Doppler ultrasound is very specifi c 
but insensitive test for renovascular hyperten-
sion. Screening for renal artery stenosis in chil-
dren with captopril scans has also been 
unrewarding. Magnetic resonance angiogra-
phy may become a valuable tool for detection 
of renal artery stenosis in children, but no large 
studies have yet validated the technology. It 
may be used as a screening test, but if there is 
a high index of suspicion, arteriography, the 
gold standard, should still be performed. 
Please see Chap. 24 for a more thorough dis-
cussion of these issues. 

 If other risk factors are identifi ed, testing 
and/or appropriate referral should be per-
formed. For example, elevated fasting glucose 
should be further evaluated with assessment 
of glycosylated hemoglobin (HgbA1c), glu-
cose tolerance testing, and referral to endocri-
nology as appropriate. Elevated serum 
lipoproteins in the obese could suggest dietary 
causes or rarely hypothyroidism. Familial 
forms of hyperlipidemia such as abnormalities 
in number or function of LDL receptors 
should also be assessed.  

   Phase 4: Determination of signifi cance and 
remediability of abnormality  
 At this point, having found an abnormality, we 
now look for a test or series of tests that will 
provide information regarding the medical or 
surgical correctability of the problem. If a renal 
artery stenosis is detected by renovascular 
imaging, renal vein renins may provide further 
evidence for surgical correction. If an elevated 
serum metanephrine or urinary catecholamines 
is found suggesting a pheochromocytoma, then 
an octreotide or metaiodobenzylguanidine 
(MIBG) scan would aid in localization for sur-
gical correction. A fi nding of signifi cant pro-
teinuria or hematuria with RBC casts would 
suggest that a renal biopsy be performed. This 
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information is also helpful in determining the 
type of antihypertensive therapy to be used. If 
abnormalities in serum renin or aldosterone 
consistent with the genetic syndromes outlined 
in Fig.  32.2  are found, specifi c therapies such 
as amiloride or spironolactone are suggested 
[ 51 ,  52 ]. Finding of CKD or diabetes can 
 suggest the use of drugs affecting the renin-
angiotensin-aldosterone system such as ACE 
inhibitors or angiotensin- receptor blockers.     

    Summary 

 While cardiovascular endpoints or the presence 
of hypertensive end-organ damage should be the 
basis for the defi nition of pediatric hypertension, 
this is not currently the case. Primary hyperten-
sion, as defi ned by BP measurements exceeding 
the 95th percentile for height with no underlying 
cause, is increasing in prevalence, particularly in 
older children and adolescents with hypertension 
risk factors, especially obesity. We recommend 
the evaluation of the pediatric hypertensive 
patient be performed in phases beginning with 
the confi rmation of hypertension beyond the 
offi ce measurement (Phase 1). This confi rmation 
should be followed by the screening phase which 
further defi nes (a) the etiology of the hyperten-
sion knowing that younger patients are more 
likely to have a secondary etiology and older 
patient primary hypertension, (b) other risk fac-
tors for cardiovascular/kidney disease, and (c) 
hypertensive end-organ damage. Phase three 
defi nes the abnormalities in either a, b, or c, and 
the fourth and fi nal phase is the determination of 
the signifi cance of observed fi ndings. 

 We recommend pharmacologic treatment of 
all children and adolescents with persistent 
hypertension due to the believed risk of end- 
organ damage and the lack of long-term effi cacy 
of non-pharmacologic therapy as a sole therapy. 
Evidence-based defi nitions of pediatric hyperten-
sion and the indication for treatment are currently 
evolving as well as the introduction of new infor-
mation for areas of pre- and postnatal causes of 
hypertension; genetics of hypertension; the rela-
tionship of obesity, diabetes, and CKD to 

hypertension; the use of ABPM in the evaluation 
of childhood hypertension; and the introduction 
of new pharmacologic therapy. Clearly, the infor-
mation presented in this text has improved our 
understanding of the pathogenesis, diagnosis, 
and treatment of childhood hypertension; how-
ever, signifi cant advances remain to be made. 
The most effi cient tests and evaluation pathways 
for determining which children have secondary 
forms of hypertension or who are at risk for end- 
organ damage have also yet to be determined.     
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        Introduction 

 The goal of blood pressure (BP) measurement in 
children and adolescents is to provide strategies 
for promoting cardiovascular health which should 
be integrated into a comprehensive pediatric 
health-care program. Blood pressure, however, is 
a parameter that changes on a beat-to-beat basis 
in response to a variety of physiological and envi-
ronmental stimuli. Nevertheless, casual BP mea-
surement has provided the basis for present 
knowledge of the potential risk associated with 

        E.   Lurbe  , M.D., Ph.D. (�)       
     Department of Pediatrics, Hospital General , 
 University of Valencia             

    CIBER Fisiopatologia Obesidad y Nutricion 
(CB06/03), Instituto de Salud Carlos III ,     Spain   
 e-mail: empar.lurbe@uv.es   

    J.   Redon,   M.D.      
  Hypertension Clinic, Internal Medicine ,  Hospital 
Clínico, University of Valencia        

  CIBER Fisiopatologia Obesidad y Nutricion 
(CB06/03), Instituto de Salud Carlos III ,     Spain   
 e-mail: josep.redon@uv.es  

  33      The Role of ABPM in Evaluation 
of Hypertensive Target-Organ 
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    Abstract 

   Casual blood pressure measurement has provided the basis for the present 
knowledge of the potential risk associated with hypertension and has 
guided patient management for many years. The possibility of carrying 
out repeated ambulatory blood pressure measurements using automatic or 
semiautomatic devices allows for the gathering of more representative val-
ues of blood pressure and for observing the behavior of blood pressure 
during both moments of activity as well as rest. Ambulatory blood pres-
sure measurement is now increasingly recognized as being indispensable 
to the diagnosis and management of hypertension, and it has contributed 
signifi cantly to our understanding of hypertension. Likewise, the better 
relationship of ambulatory blood pressure measurements with the pres-
ence of organ damage and the prognosis to develop it have provided addi-
tional support to ambulatory blood pressure as a clinical valuable tool in 
the research, evaluation, and management of high blood pressure in chil-
dren and adolescents.  
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hypertension (HTN) [ 1 ] and has guided patient 
management for many years [ 2 ]. A few BP mea-
surements obtained in the offi ce, on the contrary, 
may not necessarily refl ect the true BP of an indi-
vidual. Subsequently, a better characterization of 
BP level and variability could lead to a better 
stratifi cation of risk. This line of reasoning has 
led, consequently, to the development of methods 
that permit the acquisition of a large number of 
measurements under normal living conditions 
[ 3 ]. The possibility of carrying out repeated 
ambulatory BP measurements using automatic or 
semiautomatic devices allows for the gathering of 
more representative values of BP and for observ-
ing the behavior of BP during both moments of 
activity as well as rest [ 4 ]. Indeed, over the last 
few years, ambulatory BP monitoring has been 
introduced into pediatric populations, contribut-
ing to a signifi cant increase in the bulk of knowl-
edge of crucial clinically relevant issues [ 5 ]. 

 Ambulatory BP measurement is now increas-
ingly recognized as being indispensable to the 
diagnosis and management of HTN [ 6 ], and it 
has contributed signifi cantly to our understand-
ing of HTN by revealing or “unmasking” BP phe-
nomena that were not readily apparent using 
traditional techniques of measurement in clinical 
practice. These have included the dipping and 
non-dipping patterns of nocturnal BP [ 7 ] and 
white-coat HTN [ 8 ] to which now must be added 
masked HTN [ 9 ]. Likewise, the better relation-
ship of ambulatory BP measurements with the 
presence of organ damage and the prognosis to 
develop it have provided additional support to 
ambulatory BP as a clinical valuable tool in the 
research, evaluation, and management of high BP 
in children and adolescents [ 5 ]. 

 The use of ambulatory BP monitoring is now 
recommended in several situations by the Fourth 
Report on the Diagnosis, Evaluation and 
Treatment in Children and Adolescents [ 10 ], the 
American Heart Association Atherosclerosis, 
Hypertension, and Obesity in Youth Committee 
[ 11 ], and the Recommendations of the European 
Society of Hypertension [ 12 ] (Table  33.1 ). These 
documents have established the currently known 
conditions where ambulatory BP monitoring is 
useful and where it will provide additional 

information in children and adolescents. Aside 
from the assessment of refractory HTN or drug- 
induced hypotension, ambulatory BP monitoring 
is useful in the evaluation of white-coat and 
masked HTN and in target-organ injury risk. 
Furthermore, ambulatory BP monitoring gives 
additional BP information in chronic kidney 
 disease, diabetes, and autonomic neuropathy. 
In these diseases, in which abnormal circadian 
variability is frequent and worsens the prognosis, 
ambulatory BP monitoring is the only method 
capable of assessing the absence of circadian 
rhythm on an outpatient basis.

       Ambulatory Blood Pressure 
Monitoring in the Diagnosis 

 Since pediatricians agree on operational thresh-
olds, ambulatory BP monitoring has become an 
established instrument for the diagnosis of HTN 
in children and adolescents [ 13 ,  14 ]. By using not 
only offi ce but also ambulatory BP, four possible 
situations arise. Two of these have values in 
agreement for normotension or HTN. Two have 
values that are discrepant. The latter two are 
known as white-coat and masked HTN. In sus-
tained normotension or HTN, both offi ce and 
daytime ambulatory BP were normal and ele-
vated, respectively. White-coat HTN is the tran-
sient elevation of a patient’s BP in response to the 

   Table 33.1    Recommendations for 24-h ambulatory BP 
monitoring   

  During the process of diagnosis  
 Confi rm hypertension before starting antihypertensive 
drug treatment 
 Type 1 diabetes 
 Chronic kidney disease 
 Renal, liver, or heart transplant 
  During antihypertensive drug treatment  
 Evaluation of refractory hypertension 
 Assessment of BP control in children with organ damage 
 Symptoms of hypotension 
  Clinical trials  
  Other clinical conditions  
 Autonomic dysfunction 
 Suspicion of catecholamine-secreting tumors 
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observer measuring the BP [ 15 ,  16 ]. It has been 
characterized by a normal daytime ambulatory 
BP yet with elevated offi ce BP. The opposite phe-
nomenon, masked HTN, consists of elevated 
daytime or awake ambulatory BP with normal 
offi ce BP [ 17 ]. 

 Besides the fact that there was different mean 
ambulatory BP than offi ce BP in the individual 
patient, the discrepancies have clinical relevance. 
How common and important the intraindividual 
differences are within clinical and ambulatory BP 
is the keystone to the use of ambulatory BP moni-
toring as a diagnostic tool. The prevalence and 
signifi cance of the two discrepant conditions, 
white-coat HTN and masked HTN, are not well 
understood and differ according to the character-
istics of the subjects analyzed. The main studies 
in the prevalence and signifi cance of white-coat 
and masked HTN in children and adolescents are 
shown in Table  33.2 .

      White Coat 

 The prevalence of white-coat HTN, the fi rst of 
the two discrepant conditions to be recognized, 
differs largely among the studies published, rang-
ing from very low values to very high as much as 
44 % [ 16 ], since it depends not only on the 
threshold selected to defi ne HTN by using 

ambulatory BP values but also on the population 
included and the procedure of offi ce BP 
measurements. 

 The elevated fi gures for the white-coat phe-
nomenon are dependent at least in part on the 
defi ning threshold for the upper limit of normal-
ity for ambulatory BP. The higher the ambulatory 
BP threshold, the greater the white-coat phenom-
enon is. Sometimes the thresholds used are the 
same for both ambulatory as well as for offi ce BP. 
If not, they have been selected comparing age- 
and height-based reference values for offi ce BP 
with height-based values for ambulatory BP. 
Another factor is the kind of population included. 
Sorof et al. [ 16 ] and Stabouli et al. [ 18 ] in two 
studies, which included children referred to a 
HTN clinic, reported that white-coat HTN was 
present in 44 and in 12.9 % of the subjects, 
respectively. Other studies also performed in 
referred subjects had fi gures in within the previ-
ously mentioned [ 19 – 23 ]. In contrast, one study 
which included healthy children and adolescents 
diagnosed only 1 % to have white-coat HTN 
[ 17 ]. This very low prevalence was dependent not 
only on the kind of population studied but also on 
the method used to assess the offi ce BP values, 
since BP status was qualifi ed using the average of 
three measurements, and offi ce BP was measured 
by nurses which reduce the potential for alarm 
reaction. 

   Table 33.2    Association of ambulatory blood pressure with hypertension-induced organ damage of white-coat and 
masked hypertension in children and adolescents   

 Author  Population characteristics  Prevalence white coat  Prevalence masked  Association TOD 

 Sorof [ 16 ]  71 referred subjects  31 %  –  – 
 Matsuoka [ 19 ]  202 normo-hypertension  47 %  –  – 
 Matsuoka [ 24 ]  138 normo-hypertension  –  11 %  – 
 Lurbe [ 17 ]  592 population study  1.7 %  7.6 %  LVH in masked 
 Stabouli [ 18 ]  85 referred subjects  12.9 %  9.4 %  LVH in masked 
 McNiece [ 20 ]  163 referred subjects  Stage 1–34 % 

 Stage 2–15 % 
 20 %  LVH in masked 

 Kavey [ 21 ]  119 referred subjects  52 %  –  LVH in white coat 
 Lande [ 22 ]  217 referred subjects  31 %  –  – 
 Stergiou [ 23 ]  102 referred subjects  18 %  11 %  – 
 Mitsnefes [ 29 ]  366 CKD subjects  –  38 %  LVH in confi rmed 

and masked HTN 
 Di Salvo [ 30 ]  76 aortic coarctation repair  –  47.4 %  LVH in masked HTN 

   TOD  target-organ damage , LVH  left ventricular hypertrophy,  HTN  hypertension,  CKD  chronic kidney disease  
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 Concerning the signifi cance of white-coat 
HTN, children with white-coat HTN tended to 
have a higher left ventricular mass index (LVMI) 
than confi rmed normotensives did, although no 
signifi cant differences were observed between 
the groups [ 16 ,  18 ,  20 ]. Furthermore, there are 
currently no data on the long-term follow-up of 
children found to have white-coat HTN upon ini-
tial assessment, and questions concerning repro-
ducibility of the phenomenon and whether the 
white-coat phenomenon in adolescents is an 
innocuous phenomenon or a prelude to future 
permanent adult HTN need to be clarifi ed. Thus, 
there is presently insuffi cient evidence in chil-
dren to assert that normal ambulatory BP in con-
junction with a persistently elevated casual BP is 
necessarily reassuring.  

    Masked 

 The opposite phenomenon, the so-called masked 
HTN, occurred in approximately 10 % of chil-
dren and adolescents in studies which have 
explored this condition [ 17 ,  18 ,  23 ], although 
higher prevalence has been reported in other, 
22 % [ 20 ]. Key issues such as the persistence and 
the signifi cance of the phenomenon were ana-
lyzed in a prospective study [ 17 ]. Follow-up of 
234 adolescents demonstrated that the abnormal 
elevation of the daytime ambulatory BP persisted 
in nearly 40 %. Furthermore, 1 out of 10 subjects 
with masked HTN is predisposed to the develop-
ment of sustained HTN and has a higher left ven-
tricular mass index with a prevalence of LVH of 
22 % [ 20 ] and 10 % [ 24 ]. 

 Adolescents with persistent masked HTN 
were more than twice as likely to have a parental 
history of HTN. Other characteristics observed in 
those with masked HTN were that they had a 
higher ambulatory pulse rate and body mass 
index than did normotensive subjects. These 
three characteristics, alone or in combination, 
predispose subjects to the development of HTN 
and an increase in cardiovascular risk later in life 
[ 17 ]. Parental history of HTN, tachycardia, and 
high body mass index are usually accompanied 
by stimulation of the sympathetic nervous sys-
tem, which together with the elevated daytime 

BP and obesity might underlie the development 
of left ventricular hypertrophy in youth with 
masked HTN even before its preceding to sus-
tained HTN [ 25 ,  26 ]. 

 Because both HTN and LVH are harbingers of 
adverse cardiovascular outcomes later in life [ 27 , 
 28 ], masked HTN in childhood should be regarded 
as a condition that requires further follow- up and 
intervention in whom this disorder persists. From 
a therapeutic point of view, masked HTN in pedi-
atric patients is an indicator for further follow-up 
and the institution of lifestyle measures, which 
promote cardiovascular health and have the 
potential to decrease BP or delay the development 
of HTN. Once persistent for 1 year, masked HTN 
may be an indication for BP lowering treatment 
especially in children and adolescents with a pos-
itive family history of HTN. Whether pharmaco-
logical treatment should be initiated in such cases 
must await supporting evidence. 

 In a cross-sectional study of BP and cardiac 
structure in a large population of children with 
chronic kidney disease (CKD), LVH was strongly 
associated with HTN [ 29 ]. The presence of LVH 
was four times higher in children who were iden-
tifi ed as having masked HTN compared with 
children with normal offi ce and ambulatory BP. 
Likewise in patients with repaired aortic coarcta-
tion, there is a high prevalence of masked HTN, 
47.4 % [ 30 ], which is associated with abnormal 
left ventricular structure and function. 

 As for the existence of white-coat or masked 
HTN in children, its importance as a clinical 
entity will depend on whether it carries risk for 
future cardiovascular outcome. Despite the scarce 
information available, recent research has added 
essential information that can help in the better 
design of future studies to answer practical ques-
tions and delineate clinical recommendations. 
The superiority of ambulatory over offi ce BP 
underlines the diagnostic complement of ambula-
tory monitoring to conventional BP measurement 
at the offi ce. Furthermore, Mancia and coworkers 
[ 31 ] established that each BP elevation (offi ce, 
home, or ambulatory) carries an increase in risk 
mortality that adds to that of the other BP eleva-
tions. If the three, offi ce, home or ambulatory, 
show normal BP values, the risk is lower com-
pared to subjects that have at least one of the 
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three BPs elevated. If the elevation exists in two, 
the risk is even higher. Furthermore, if the three 
BPs are elevated, the risk is the highest. 

 Masked HTN in children presents pediatri-
cians with the serious problem of identifying sub-
jects with the condition. This gives rise to a very 
pertinent question. Which children need ambula-
tory BP monitoring? Although the question has 
yet to be resolved, ambulatory BP monitoring is 
useful not only for stratifying risk in individual 
subjects but also for providing data which will 
add to our knowledge of this issue. Clearly, it is 
not practical to perform ambulatory BP monitor-
ing in all subjects with normotension in the offi ce 
or clinic to unmask those with ambulatory HTN, 
but we have to face the reality that children with 
masked HTN may be seriously disadvantaged if 
ambulatory BP monitoring is not performed. 
Once masked HTN is detected, repeated offi ce 
BP measurements should be encouraged to detect 
the potential progressive rise in BP values.  

    Clinical Signifi cance of Discrepant 
Phenomenon 

 The occurrence of white-coat HTN and the reverse 
phenomenon of masked HTN in at least 10 % of 
children and adolescents introduce the potential 
for misdiagnosing subjects who present them-
selves to doctors for BP measurement. This esti-
mate, which is conservative, must surely make 
ambulatory BP monitoring an indispensable 
research tool for the diagnosis and management of 
HTN in children and adolescents [ 32 ], mainly in 
those at higher risk. The fi nding that masked and 
white-coat HTN occur in at least 10 % and 21 % of 
the moderate and severely obese, respectively, 
emphasizes the likelihood of misdiagnosing clini-
cally relevant BP problems in obese youths [ 33 ].   

    Ambulatory Blood Pressure 
Monitoring and Hypertension- 
Induced Organ Damage 

 Once HTN is confi rmed, organ damage evalua-
tion should include heart, great vessels, and kid-
ney due to the importance of subclinical organ 

damage as an intermediate stage in the continuum 
of vascular disease. Cardiovascular damage 
develops in parallel to renal damage, although the 
cardiovascular sequelae of childhood onset HTN, 
such as LVH and dysfunction and atherosclerosis, 
may not become clinically relevant before adult-
hood. Subsequently, evaluation of organ damage 
is also useful as an intermediate end point for 
monitoring treatment-induced protection. 

 Ambulatory BP monitoring has provided 
knowledge about the role of the BP components 
on the development of HTN-induced organ dam-
age. Hypertension in children as defi ned by 
casual BP values, however, is not well correlated 
to any particular form of hypertensive target- 
organ damage. Ambulatory BP monitoring may 
overcome these limitations; therefore, ambula-
tory BP monitoring became an established instru-
ment for the evaluation and prognosis [ 5 ] due to 
the ability to obtain more accurate and reproduc-
ible BP values [ 13 ] and the estimation of circa-
dian variability [ 34 ], a parameter that had 
demonstrated additional value in the evaluation 
of HTN and its impact in organ damage. 

    Renal Diseases 

 Renal disease in children is frequently associated 
with high BP. An increase in BP as a consequence 
of kidney disease contributes to the progression 
of renal damage. A rapid progression of renal 
damage may result in end-stage renal insuffi -
ciency during childhood. Cardiovascular damage 
develops in parallel to this, although the cardio-
vascular sequelae of childhood onset HTN, such 
as LVH and dysfunction and atherosclerosis, may 
not become clinically relevant before adulthood. 
With the decline in the number of functional 
nephrons, a further increase in BP occurs, creat-
ing a vicious cycle which progresses to end-stage 
renal disease. Furthermore, progressive vascular 
disease compromises renal blood supply and 
contributes still further to the vicious cycle by 
increasing renal damage. 

 Evidence of the importance of ambulatory BP 
values in the progression of renal disease has 
come from several clinical studies in children 
with or without established renal insuffi ciency. 
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Besides the GFR reduction, an increase in uri-
nary albumin excretion is a marker of HTN- 
induced renal damage. Proteinuria is a marker of 
glomerular damage in primary and secondary 
glomerulopathies that can increase as a conse-
quence of elevated BP values, so it should be tar-
geted by lowering BP. Even small amounts of 
urinary albumin excretion (UAE), microalbumin-
uria, are correlated with the progression of 
nephropathy and to a higher cardiovascular risk. 
Initially, information came from cross-sectional 
studies which demonstrated a clustering of car-
diovascular risk factors and organ damage asso-
ciated with a subtle increase in UAE. The role of 
microalbuminuria assessment in pediatrics, how-
ever, is limited to diabetics. 

 The regular use of ambulatory BP monitoring 
in patients with renal disease not only permits a 
better assessment of BP control but also fre-
quently uncovers circadian variability abnormali-
ties. A blunted nocturnal BP fall, the non-dipper 
pattern, is characteristic for renal failure, which-
ever the etiology. The role of the pattern as either 
a marker or a pathogenic factor for kidney dam-
age has been stressed in many studies [ 35 ]. 

 Patients with a decrease in glomerular fi ltration 
rate (GFR) are likely to show less of a nocturnal 
dip in BP and frequently show an increase in noc-
turnal versus daytime BP levels when these are 
compared with the BP profi les from normoten-
sives or hypertensives with a normal GFR [ 36 –
 38 ]. The prevalence of non-dipping rises, however, 
with worsening renal function, reaching statistical 
signifi cance once plasma creatinine is elevated to 
levels greater than 400 μmol/l [ 34 ]. When GFR 
decreases to extremely low levels of <10 ml/min 
and creatinine reaches values greater than 
600 μmol//l, more than 70 % of these end- stage 
renal disease subjects show the non-dipper pat-
tern. This fi gure is practically the same as that seen 
in patients during renal replacement therapy. After 
renal transplantation, an abnormal BP decline in 
nighttime occurs almost universally in adults as 
well as in children [ 39 – 44 ]. Some of these patients 
may experience reverse dipping, with nighttime 
BP exceeding daytime BP. In a study by Sorof 
et al. [ 42 ], 72 % of the patients have an attenuated 
decline in nocturnal systolic BP, with 24 % having 
greater nighttime than daytime BP. 

 Even in the absence of renal insuffi ciency, the 
prevalence of the non-dipper pattern is high in 
such diseases as autosomal dominant polycystic 
kidney disease [ 45 ], refl ux nephropathy [ 46 ,  47 ], 
and type 1 diabetes [ 48 ]. It is from the last dis-
ease where the greatest of amount information 
has been obtained. The spectrum of abnormali-
ties of circadian BP variability through all the 
nephropathy stages of type 1 diabetes shows 
about 58 % of the microalbuminuric and 80 % of 
the proteinuric subjects have a persistently 
blunted BP fall during the night. The reduction in 
the BP nocturnal fall is independent of the dis-
ease duration [ 49 ]. In type 1 diabetes, the pres-
ence of persistent microalbuminuria represents 
an early BP dysregulation during sleep even in 
the absence of HTN. When overt nephropathy is 
established, HTN is present and abnormalities in 
the circadian BP profi le are more conspicuous. 
A pathogenic role of nocturnal systolic BP has 
been related to the development of microalbumin-
uria in normotensive type 1 diabetics [ 50 ]. An 
increase in BP during sleep precedes the develop-
ment of microalbuminuria, whereas in those whose 
BP decreased normally during sleep, the progres-
sion to microalbuminuria was less frequent. 

 Mechanisms underlying the circadian variation 
abnormality are not well understood. No potential 
role of sympathetic overdrive was found in a study 
comparing plasma norepinephrine values in dip-
per and non-dipper end-stage renal disease sub-
jects [ 51 ]. Some authors affi rm that the presence 
of the non-dipper pattern in subjects with end-
stage renal disease depends on the presence of 
autonomic neuropathy or corticosteroid treatment 
rather than on the end-stage renal disease itself 
[ 52 ], although the prevalence of non-dipper pat-
tern increases with further decreases in GFR. 

 Whether the abnormal circadian variability 
may contribute to further kidney damage is a 
matter of debate. Some evidence supports the 
potential role of systemic BP transmission as a 
mechanism of inducing renal damage, whereas 
other evidence supports the non-dipping pattern 
as a consequence of the renal damage itself. 
Neither the cause nor the consequence interpreta-
tions of these data are mutually exclusive. In 
some cases, higher BP values during nighttime 
may contribute to the progression toward renal 
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insuffi ciency, while in other cases the values are 
but a consequence of the altered renal function 
itself. In the latter, higher BP may also participate 
in accelerating the loss of renal function, contrib-
uting in turn to more severe HTN. 

 There is practical utility associated with the 
assessment of circadian variability. First, it can 
be used in the prognosis of disease. Second, it 
can aid in the identifi cation of patients with sub-
optimal BP control. The presence of nocturnal 
HTN can contribute not only to a faster decline in 
renal function over time but also to the develop-
ment of more severe hypertensive cardiovascular 
disease. Assessing nocturnal BP as a target for 
protecting against kidney damage seems to be 
important in the treatment of renal disease, 
although the optimal nocturnal BP goal needs to 
be defi ned in prospective studies. 

 Until now BP values which are consistently 
above the 95th percentile for age, sex, and height 
have determined the need to initiate antihyperten-
sive treatment in children and adolescents [ 10 ]. 
Nevertheless, the presence of a non-dipping pat-
tern, when BP values are below the 95th percen-
tile, has not been deemed a suffi cient cause to 
start treatment. Future studies need to be con-
ducted to address this specifi c point. 

 The utility of ABPM in establishing the goal 
of BP values to protect the kidney in children and 
adolescents with CKD has been demonstrated in 
the ESCAPE trial. The study was conducted in 
patients with different glomerular and interstitial 
nephropathies. The long-term renoprotective 
effect of intensifi ed BP control (with a target 24 h 
mean arterial BP below the 50th percentile) or 
conventional BP control (in the 50–95th percen-
tile) was assessed. Intensifi ed BP control with 
target 24 h BP levels in the low range of normal 
confers a substantial benefi t in reducing the risk 
to develop end-stage renal disease among chil-
dren with CKD [ 53 ].  

    Heart 

 The abnormal increase of left ventricular mass 
(LVM) and/or geometry has been recognized as 
one of the most important markers of risk for 

HTN-induced cardiovascular morbidity and mor-
tality in adults. In children and adolescents, the 
relationship between HTN and LVM is more dif-
fi cult to recognize because children and adoles-
cents grow rapidly and their BP increases with age. 

 Cross-sectional studies have shown that the 
major determinants of left ventricular growth are 
body size and sex, with a smaller contribution 
made by BP [ 54 ,  55 ]. The important contribution 
of the somatic growth and the recognition that 
lean body mass contributes somewhat more to 
cardiac growth than fat mass were nicely demon-
strated in the Bogalusa Heart Study [ 56 ]. In a lon-
gitudinal study, LVM tracks from early to late 
adolescence to about the same degree as other 
important risk factors, such as BP and cholesterol 
[ 57 ]. Recently, the potential role of adiposity in 
the increment of LVM has been highlighted. 
Adiposity and LVM are related in childhood, and 
this association tracks and becomes stronger in 
young adulthood. Moreover, the increase in LVM 
from the child to the young adult is related to the 
degree of increase in body mass index [ 58 ]. 

 Studies of normal and hypertensive children 
have found that systolic BP and LVMI are posi-
tively associated across a wide range of BP val-
ues, with no clear threshold to predict 
pathologically increased left ventricular mass 
index. Sensitivity and response to hemodynamic 
load seems to vary with age, sex, and ethnicity, 
which explains some of the differences among 
published results. 

 Although epidemiological studies do not help 
to establish the difference between appropriate 
and excessive increases in LVM, operational 
thresholds have been established. Both the allo-
metric defi nition of excessive mass (>51 g/m 2 ) 
and the percentile distribution of mass and geom-
etry have been recommended. Using these opera-
tional thresholds, a few studies have analyzed the 
prevalence of LVH in not only healthy but also 
hypertensive children and adolescents. In hyper-
tensive children, the prevalence of LVH ranges 
from 24 % to 40 % in different pediatric studies 
[ 59 – 62 ], Table  33.3 .

   The relationship between LVMI and systolic BP 
is more evident when BP is measured using 24 h 
ambulatory BP monitoring [ 62 – 67 ]. Consequently, 
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hemodynamic load seems to play a more important 
role in the growth of LVM than previously recog-
nized by using offi ce BP. According with this, 
LVM tends to be greater in those groups with a 
higher ambulatory BP. In one cross-sectional study, 
both subjects with sustained HTN and masked 
hypertensives had signifi cantly higher LVMI than 
confi rmed normotensive [ 20 ]. Moreover, in a group 
with adolescents who had sustained masked HTN, 
LVMI was signifi cantly higher than that observed 
in normotensive adolescents [ 17 ].  

    Vessels 

 Hypertension-induced abnormalities in arterial 
structure and function are important because they 
underlie many adverse effects. Assessment of 
vascular damage, however, received little atten-
tion prior to the advent of the advanced ultra-
sound technology which permits noninvasive 
study of vascular walls and lumen. Intima-media 
thickness measurement at the carotid artery is the 
most common of the methods to assess structural 
abnormalities. Since age and sex infl uence the 
values of intima-media thickness [ 68 ], measured 
values should be related to percentiles or 
expressed as standard deviation scores. 

 In the few pediatric studies available, hyperten-
sive children and adolescents tend to have an 
increase of intima-media thickness compared to 
those of normotensive controls [ 60 ,  69 ,  70 ], 
although one study did not observe differences 
among normotensives, white-coat, masked, or sus-
tained hypertensives [ 18 ]. Moreover, a relationship 
between intima-media thickness and endothelial 
function has been established in the Cardiovascular 

Risk in Young Finns Study [ 71 ]. The impact of 
other cardiovascular risk factors besides HTN, 
such as cholesterol levels or smoking, needs to be 
considered in the interpretation of intima-media 
thickness levels, since these have been associated 
with intima-media thickness as well [ 72 ]. 
Moreover, measurement is not trivial and subject 
to some observer bias. Hence, despite the increas-
ing evidence for its predictive value in cardiovas-
cular disease, carotid intima- media thickness 
assessments have not yet been recommended uni-
versally for routine clinical use [ 10 ,  12 ]. 

 The information about the relationship between 
carotid wall thickness and ambulatory BP is 
scarce and mainly performed in obese children. 
While one study provided strong evidence that 
carotid intima-media thickness is increased in 
childhood primary HTN independent of the effect 
of obesity [ 73 ], recent fi ndings have demonstrated 
that obese children and adolescents have greater 
carotid intima-media thickness than nonobese 
subjects independent of BP [ 74 ]. These fi ndings 
suggest a possible role of childhood obesity in the 
early onset of carotid artery atherosclerosis.   

    Conclusions 

 Ambulatory BP monitoring is now increasingly 
recognized as being indispensable to the diagno-
sis and management of hypertension. The superi-
ority of ambulatory BP values over those of offi ce 
BP, in relation to the presence and development 
of organ damage, supports the utility of this 
method in this age group. Therefore, it may con-
tribute to a more refi ned approach to the reduc-
tion of cardiovascular and renal risk.     

   Table 33.3    Relationship between ambulatory BP and left ventricular mass index (LVMI)   

 Author  Study population number (condition)  Age (years)  Relationship 

 Belsha [ 63 ]  69 (normotensive, essential HTN)  10–18  Night-SBP 
 Hauser [ 64 ]  95 (aortic coarctation)  6–21  Day-SBP 
 Rucki [ 65 ]  108 (essential HTN)  8–20  Day-SBP 
 Sorof [ 62 ]  37 (referred for diagnosis of HTN)  9–17  24 h, day, night-SBP 
 Richey [ 66 ]  106 (referred for diagnosis of HTN)  6–18  24 h-SBP 
 Stabouli [ 67 ]  124 (referred for diagnosis of HTN)  5–18  24 h, day, night-SBP 

   HTN  hypertension,  SBP  systolic blood pressure  
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        Normal BP Response to Exercise 

 In normal children, the physiologic blood pressure 
response to exercise is complex, involving 
increases in stroke volume and heart rate, changes 
in peripheral resistance, and a response to sympa-
thetic output. Physiologic changes vary with the 
type of exercise with dynamic exercise, the 
increase in cardiac output is accompanied by a 
continuous steep rise in heart rate and systolic 

blood pressure, a small decrease in diastolic blood 
pressure, and a signifi cant decrease in systemic 
vascular resistance [ 1 – 5 ]. The rise in systolic BP is 
higher in boys than in girls and increases in both 
sexes with increasing age and body size [ 2 ]. Both 
lean body mass and fat mass are important hemo-
dynamic determinants of exercise blood pressure 
[ 6 ]. Consistent racial differences in the BP 
response to dynamic exercise have not been 
reported [ 7 ]. With treadmill exercise testing, sys-
tolic BPs as high as 250 mmHg have been recorded 
in healthy normotensive adolescent males. 

 With static or isometric exercise, there is an 
abrupt increase in both systolic and diastolic 
BP, a modest increase in heart rate, stable or 
limited decline in stroke volume, a small increase 
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    Abstract 
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chapter, the physiologic response to activity in normal children and ado-
lescents is reviewed. The exercise BP response and exercise testing recom-
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with hypertension, children at identifi ed risk for premature atherosclerotic 
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in cardiac output, and no change in systemic 
vascular resistance [ 4 ,  8 – 10 ]. The increase in 
systolic and diastolic BP with static exercise can 
be marked. In young adult male weight lifters, 
extremely high blood pressures, exceeding 
400/300, have been reported from direct intra- 
arterial recordings [ 11 ].  

    BP Measurement with Exercise 
Testing 

 The role of exercise testing in the evaluation of 
children and adolescents with defi ned cardiac 
problems and in those with potentially cardiac 
symptoms continues to increase. Current guide-
lines from the American Heart Association pub-
lished in 2006 review the equipment requirements, 
exercise protocols, and required measurements 
for safe and effective assessment of exercise per-
formance in the pediatric age group [ 12 ]. Blood 
pressure responses to exercise testing have been 
reported for both bicycle ergometer and treadmill 
exercise testing in a variety of populations [ 2 – 5 , 
 7 ,  13 – 27 ], with exercise blood pressures moni-
tored manually or with automated instruments. 
The use of varying protocols makes direct com-
parison of these results diffi cult. 

 Regardless of the protocol or equipment, sys-
tolic BP rises continuously with dynamic exer-
cise, with the difference from baseline to peak 
exertion increasing as age and body surface area 
increase. By contrast, diastolic pressure is stable 
or decreases slightly during exercise. Upper ver-
sus lower extremity blood pressure gradients 
with exercise testing have been evaluated in nor-
mal children and adolescents and are very small: 
mean arm-leg gradient at rest was −5 mmHg, 
increasing to 4, 2, and 1 mmHg at 1, 3, and 4 min 
postexercise [ 28 ]. In adults, a maximum normal 
systolic BP response to exercise testing is defi ned 
as 220 mmHg. However, measurement of BP 
response with radial artery catheterization in 
adults during exercise testing revealed that direct 
systolic BP was signifi cantly greater than cuff 
systolic BP by a mean of 29 mmHg with maxi-
mal exercise systolic BP exceeding 240 mmHg in 
20 % of subjects [ 29 ]. Defi ning the normal maxi-
mum BP response to exercise in adolescents has 

been challenging, with cuff systolic BPs as high 
as 250 mmHg being recorded in studies of nor-
motensive postpubertal male athletes [ 2 ,  30 ]. The 
AHA guidelines state that “… there is no evi-
dence of danger when the systolic blood pressure 
reaches the 250 mmHg range during exercise in 
an asymptomatic child or adolescent” [ 12 ].  

    BP Response to Exercise in Pediatric 
Subpopulations 

    Children and Adolescents 
with Hypertension 

 The BP response to exercise correlates best with 
resting BP and this is true across the BP distribu-
tion in normal children and in those with hyperten-
sion [ 4 ]. For children with hypertension, the 
change in SBP and DBP with dynamic and iso-
metric exercise is similar to that seen in non- 
hypertensive subjects, but BPs are higher, 
paralleling those of normotensive children at a 
higher level [ 30 – 35 ]. With effective treatment, 
exercise BP decreases in parallel with changes in 
offi ce and ambulatory BP. The 2005 Bethesda 
Conference recommendations on competitive 
exercise in individuals with cardiovascular disease 
address systemic hypertension without distin-
guishing children and adolescents from adults 
[ 36 ]. The BP-lowering effects of repetitive exer-
cise are reviewed and regular dynamic activity is 
recommended. Intensive resistive training is not 
recommended. Athletic participation is limited 
only “until BP is controlled by appropriate treat-
ment.” The American Academy of Pediatrics 
Council on Sports Medicine and Fitness released 
new recommendations for athletic participation by 
children and adolescents with systemic hyperten-
sion in 2010 [ 37 ]. Daily physical activity is recom-
mended regardless of BP status. Individuals with 
prehypertension or grade one hypertension are not 
limited from participation in competitive athletics. 
Youth with stage two hypertension are restricted 
from competing in high-static sports until BP is in 
the normal range. Other expert commentaries have 
also recommended routine dynamic exercise and 
no exercise limitation in hypertensive children and 
adolescents on therapy [ 30 ,  38 – 40 ].  
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    Children at Increased Risk for Future 
Hypertension and/or Cardiovascular 
Disease 

 In normotensive adults, an exaggerated BP 
response to exercise testing has been shown to 
predict future hypertension and increased cardio-
vascular risk and to correlate with increased arte-
rial stiffness and impaired endothelial function 
[ 41 – 44 ]. In children, the predictive value of exer-
cise BP has also been evaluated. From 3.4 years 
of follow-up in the Muscatine study, subsequent 
systolic BP was best predicted from initial resting 
blood pressure, maximal exercise systolic BP, 
and left ventricular mass. Only exercise blood 
pressure effectively predicted subsequent LV 
mass [ 45 ]. In normotensive adolescents, systolic 
BP response to exercise was signifi cantly higher 
in those with a family history of hypertension 
than in controls [ 46 ]. In 7–10-year-old boys 
with a family history of premature myocardial 
infarction, a signifi cantly greater systolic blood 
pressure and total peripheral resistance was dem-
onstrated in response to cycle ergometer testing 
[ 47 ]. In a larger group from the same laboratory, 
1-year stability was demonstrated for dynamic 
pressor responses in children from hypertensive 
families [ 48 ]. Evaluation of the pressor response 
to treadmill exercise in 6–7-year-old black and 
white children showed that stress responses are 
predictive of resting cardiovascular function at 
2.5-year follow-up [ 49 ]. In a study of Dutch 
adolescents and young adults, exercise responses 
to isometric exercise and bicycle ergometry were 
compared in those with two hypertensive parents 
and those with normotensive parents. Offspring 
of hypertensive parents were found to have 
increased total peripheral resistance during iso-
metric exercise and an attenuated increase in 
stroke volume with dynamic exercise [ 50 ]. In a 
small series of boys with severe hypercholester-
olemia, exercise systolic and diastolic blood 
pressures were found to be signifi cantly higher 
than in normolipidemic controls suggesting 
altered control of arterial vascular tone in this 
setting [ 51 ]. Among children and adolescents 
with white-coat hypertension defi ned by elevated 
offi ce blood pressures with normal ambulatory 

BP recordings, 38 % had an exaggerated BP 
response to treadmill exercise, compared with 
63 % of those with sustained hypertension. This 
was felt to suggest that white-coat hypertension 
in childhood may represent a true prehyperten-
sive state [ 35 ]. In a cross-sectional study of 
Danish third and ninth graders, systolic BP 
measured during a maximal aerobic fi tness test 
correlated signifi cantly with other cardiovascular 
disease risk factors including BMI and insulin 
resistance [ 52 ]. In summary, the BP response to 
exercise appears to be exaggerated in children 
who are at increased risk for hypertension and 
early atherosclerotic disease.  

    Congenital Heart Disease 

 There are three congenital cardiac diagnoses in 
which the blood pressure response to exercise has 
been extensively evaluated: postoperative coarc-
tation of the aorta, aortic stenosis, and hypertro-
phic cardiomyopathy. The characteristic exercise 
BP responses are summarized below. 

    Coarctation of the Aorta 
 After surgical repair of coarctation of the aorta, 
long-term follow-up studies document persistent 
hypertension, signifi cant cardiovascular morbid-
ity, and premature mortality despite elimination of 
resting arm-leg pressure gradient [ 53 – 55 ]. An 
upper body hypertensive response to exercise and 
development of a signifi cant arm-leg gradient 
have been well described in these patients, even 
when resting blood pressures are normal [ 56 – 59 ]. 
Exercise-induced hypertension has also been 
reported after stenting of coarctation [ 60 ]. This 
has been attributed to a variety of mechanisms 
including histologic and physiologic abnormali-
ties of the aortic wall [ 61 ], altered baroreceptor 
function [ 62 ], increased vascular resistance and 
abnormal vasodilator function in the upper body 
[ 63 ], increased norepinephrine response to exer-
cise with increased plasma renin levels [ 64 ,  65 ], 
altered fl ow around the surgically altered aortic 
arch [ 66 ], and altered mechanics at the repair or 
stent site [ 67 ]. The signifi cance of isolated exer-
cise hypertension in post-coarctectomy patients 
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and its relation to clinical outcome is not known 
and some have suggested that exercise testing 
results in this context are not meaningful [ 68 ]. 
However, exercise-induced hypertension with 
normal rest pressures has been shown to correlate 
with increased carotid intima-media thickness, a 
subclinical measure of atherosclerosis, suggesting 
that it may contribute to the ultimate development 
of clinical cardiovascular disease [ 69 ]. In addi-
tion, exercise-induced hypertension with normal 
rest pressures has been shown to predict develop-
ment of chronic hypertension in adults post child-
hood coarctation repair after a mean follow-up 
period of 6.3 years [ 70 ]. In the context of known 
increased risk, the presence of exercise- induced 
hypertension, especially if associated with 
increased LV mass, may identify a group of post-
coarctectomy patients who warrant antihyperten-
sive treatment. Cardioselective beta blockade has 
been shown to be effective in this setting [ 71 ].  

    Aortic Stenosis 
 As might be anticipated with obstruction to left 
ventricular outfl ow, the exercise response of 
patients with aortic stenosis is often abnormal. In 
adult series, the increase in cardiac output with 
exercise is reduced, approximately 50–60 % of 
normal [ 72 ,  73 ]. With exercise testing, this is 
associated with a blunted blood pressure rise, the 
development of anginal or pre-syncopal symp-
toms, and the onset of signifi cant ST depression 
in one third to two thirds of asymptomatic adult 
patients, with abnormal results correlating best 
with resting gradient [ 74 ]. Several recent pro-
spective series have shown that in asymptomatic 
patients, an abnormal exercise test is strongly 
predictive of an adverse outcome (the onset of 
clinical symptoms in daily life, aortic valve sur-
gery, or sudden death) over relatively short-term 
(12–36 month) follow-up [ 75 – 79 ]. In Europe, 
exercise testing has been recommended to aid in 
clinical decision-making in asymptomatic 
patients with moderate gradients every year and 
with severe gradients every 6 months [ 80 ]. In the 
2008 ACC/AHA guidelines for management of 
aortic valvular disease, exercise testing is recom-
mended in asymptomatic adults with moderate 
Doppler gradients above 50 mmHg [ 81 ]. 

 In children with aortic valve stenosis, exercise 
results have been less consistent. Beginning in 
the 1960s, characteristic ischemic ECG changes 
of ST-segment depression with exercise were 
reported in children with aortic valve stenosis; 
the presence and severity of the ischemic 
response correlated with the magnitude of the 
aortic valve gradient [ 82 – 84 ]. In the 1970s, a 
series of investigators reported lower systolic BP 
rise with exercise in children with aortic stenosis 
compared with normal children and suggested 
that the exercise BP response, combined with 
analysis of electrocardiographic changes, could 
be used to quantify the severity of stenosis 
[ 85 – 87 ]. However, in one of the largest series, 70 
children with isolated AS, maximal exercise 
responses for work load, heart rate, and peak 
working capacity were reduced compared with 
normal controls, but neither maximal blood pres-
sure response nor ECG abnormalities correlated 
with the severity of the outfl ow gradient [ 88 ]. 
Unfortunately, there was no physiologic measure 
of exercise effort to validate comparison among 
the patients with aortic stenosis and controls. A 
later report of exercise testing during cardiac 
catheterization demonstrated that aortic stenosis 
patients with exercise-induced ST-segment 
depression had signifi cantly higher exercise LV 
pressure, higher LVOT gradient, and lower aortic 
systolic BP with a correspondingly higher LV-O2 
supply/demand ratio, supporting the concept of 
myocardial ischemia as the etiology of electro-
cardiographic fi ndings [ 89 ]. Two more relatively 
recent studies have demonstrated a greater 
increase in QT interval with exercise in patients 
with AS compared with controls and this has 
been suggested as a potential mechanism for rare 
cases of serious ventricular arrhythmias and 
sudden death in this population [ 90 ,  91 ]. Finally, 
a recent survey- based review of current practice 
among academic pediatric cardiology programs 
in managing patients with aortic stenosis reported 
that 28 % of programs use exercise testing includ-
ing BP response as part of the routine evaluation 
and follow-up of children with moderate and 
severe aortic stenosis [ 92 ]. The most recent 
Bethesda Conference guidelines on competitive 
athletics in children with heart disease require 
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exercise testing results in patients with moderate 
aortic stenosis to determine exercise recommen-
dations [ 93 ].  

    Hypertrophic Cardiomyopathy 
 Sudden death is a dreaded occurrence in patients 
with hypertrophic cardiomyopathy (HCM) and 
the risk is greatest in children and young adults 
[ 94 – 102 ]. Exercise hypotension has been well 
documented in this setting, occurring in approxi-
mately a third of patients, and is strongly associ-
ated with young age and a family history of 
sudden death [ 103 ]. In prospective studies from 
both tertiary referral centers and community- 
based populations, an abnormal BP response to 
exercise was observed in 11–37 % of patients. On 
follow-up, an abnormal BP response to exercise 
is associated with increased risk of sudden car-
diac death with high negative but low positive 
predictive accuracy [ 104 – 106 ]. The pathophysi-
ologic basis for failure to increase blood pressure 
appropriately during exercise has not been defi ni-
tively identifi ed [ 107 – 110 ]. Recent evidence- 
based guidelines addressing diagnosis and 
treatment of HCM from the American College of 
Cardiology/European Society of Cardiology 
[ 111 ] and the American College of Cardiology 
Foundation/American Heart Association [ 112 ] 
recommend upright exercise testing using a 
Bruce or modifi ed Bruce protocol and defi ned an 
abnormal BP response as <20 mmHg rise in sys-
tolic BP from baseline or >20 mmHg decrease in 
systolic BP from peak in the fi rst minute postex-
ercise as abnormal. A normal BP response helps 
to defi ne a low-risk patient; an abnormal BP 
response requires further risk stratifi cation. In 
addition to the abnormal hemodynamic response, 
exercise testing can elicit ventricular arrhyth-
mias; while rare, this is associated with increased 
risk of sudden cardiac death [ 113 ,  114 ]. 

 Since the second edition of this text, there has 
been an increased focus on exercise-echocardio-
graphic assessment of patients with HCM for 
development of left ventricular outfl ow tract gra-
dients [ 112 ,  115 – 118 ]. In patients with no signifi -
cant rest gradient, demonstration of a postexercise 
gradient >30 mmHg is said to redefi ne the 
HCM as obstructive. A history of syncope or 

pre-syncope independently predicts development 
of a signifi cant postexercise outfl ow tract gradi-
ent. The recent ACC/ESC and ACCF/AHA guide-
lines recommend exercise echocardiography for 
the detection and quantifi cation of dynamic LVOT 
obstruction in patients with a resting echo/
Doppler gradient of less than 50 mmHg [ 111 , 
 112 ]. In HCM, outfl ow tract obstruction at rest is 
clearly associated with a worse prognosis, but the 
prognostic signifi cance of exercise-provoked gra-
dients in adults is unclear and this has not been 
assessed in children or adolescents. In a retro-
spective review of exercise test results and sur-
vival over a 4-year follow- up in minimally 
symptomatic adults, lower BP response to exer-
cise, higher LV outfl ow tract gradient at rest, and 
lower peak oxygen consumption were signifi cant 
predictors of death or severe symptoms [ 119 ]. 

 While most of the studies reported above have 
included children and adolescents, there have 
been some that exclusively evaluated children 
with hypertrophic cardiomyopathy. In a small 
series from Japan, exercise BP response was 
reduced in all ten patients with HCM and two had 
a hypotensive response to exercise [ 120 ]. A series 
of 23 patients with HCM, aged 6–23 years, with 
previous history of cardiac arrest, syncope, or a 
family history of sudden cardiac death underwent 
exercise thallium scintigraphy, electrophysio-
logic study, and ambulatory ECG monitoring 
[ 121 ]. In this highly selected patient group, all 
patients with a history of syncope or cardiac 
arrest had inducible ischemia on thallium scintig-
raphy and a majority had LV cavity dilation. BP 
response to exercise is not reported. In a continu-
ous series of 99 pediatric patients with HCM, all 
less than 18 years of age, treadmill exercise 
results were reported in 43 [ 122 ]. All patients 
survived testing, but 42 % had a hypotensive 
response to exercise and 19 % developed 
chest pain with signifi cant ST depression. 
Unfortunately, exercise results were only avail-
able for one of the subset of 12 patients from the 
whole series who went on to sudden death; in that 
child, there was a BP drop with exercise. A con-
secutive series of children with HCM were evalu-
ated by echocardiography, ambulatory ECG 
monitoring, and exercise testing [ 123 ]. Of the 38 
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children who underwent exercise testing, 16 were 
symptomatic and 50 % of these had a blunted BP 
response to exercise, compared with 10 % of 
asymptomatic children. Maximum oxygen con-
sumption (VO2max) was signifi cantly lower in 
the symptomatic patients, and by linear regres-
sion, there was a signifi cant inverse relationship 
between NYHA class and VO2max. Children 
with HCM had signifi cantly decreased early dia-
stolic tissue Doppler velocities for ventricular 
infl ow compared with controls and in regression 
analysis, early transmitral left ventricular fi lling 
velocity predicted death, cardiac arrest, or ven-
tricular tachycardia. Maximum oxygen con-
sumption with exercise was most predictive of 
subsequent symptomatology. In an extension of 
this study, a restrictive physiology pattern, 
defi ned as either left atrial enlargement without 
left ventricular dilation, abnormal early diastolic 
tissue Doppler velocities for ventricular infl ow, 
or abnormal early transmitral left ventricular fi ll-
ing velocity, identifi ed a group of children and 
adolescents at high risk for poor outcome [ 124 ]. 

 The 2005 Bethesda Conference recommenda-
tions on competitive athletics in children and adults 
with cardiovascular disease recommend limitation 
from all competitive sports in individuals with a 
probable or unequivocal clinical diagnosis of 
HCM, regardless of age or prior treatment [ 125 ]. In 
genotype positive-phenotype negative individuals, 
regular exercise stress testing is recommended. If 
blood pressure response and exercise tolerance 
remain normal and there are no exercise-related 
ventricular arrhythmias, no restriction from com-
petitive athletics is recommended [ 125 ]. The 2011 
ACCF/AHA guideline allows participation in low-
intensity competitive sports like golf or bowling 
and recreational participation in activities with low 
and moderate levels of exercise, with an emphasis 
on aerobic exercise [ 112 ].    

    Exercise as Nonpharmacologic 
Treatment of Essential 
Hypertension 

 When primary hypertension begins in childhood, 
a nonpharmacologic approach to lowering BP is 
preferable when possible, since initiation of drug 

treatment has known signifi cant side effects. In 
other parts of this textbook, the BP-lowering 
effects of weight loss and diet change are pre-
sented. Here, the BP-lowering effect of exercise 
is reviewed. 

 An immediate decrease in BP occurs after 
exercise in all age groups and this decrease is sus-
tained [ 126 ]. Blood pressure remains lower for 
the rest of a 24 h period after each 30 min period 
of moderate exercise through a combination of 
decreased sympathetic activity and increased 
endothelium-dependent vasodilation [ 127 ]. 
Many epidemiologic studies in children and ado-
lescents have shown a strong relationship 
between higher levels of regular physical activity 
and lower blood pressure. The DISC study was a 
randomized clinical trial of a reduced saturated 
fat and cholesterol diet in 8–10-year-old children 
with moderate baseline cholesterol elevation. 
Over a 3-year period, self-reported levels of 
physical activity were signifi cantly correlated 
with blood pressure: for every 100 estimated-
metabolic- equivalent hours of physical activity, 
systolic BP was 1.15 mmHg lower [ 128 ]. In the 
Muscatine study, a subset of the cohort under-
went assessment of physical fi tness. Increased fi t-
ness and strength correlated inversely with BP 
over a 5-year interval [ 129 ]. From the NHANES 
survey of 1998–2002, a subset of 3,110 adoles-
cents and 2,205 adults underwent maximal tread-
mill exercise testing. Cardiorespiratory fi tness 
was estimated by exercise duration with 33.6 % 
of adolescents and 13.9 % of adults classifi ed as 
having low fi tness. Systolic blood pressures were 
signifi cantly higher in the low versus high fi tness 
groups [ 130 ]. In another analysis of these 
NHANES adolescent results, higher systolic BP 
clustered with adiposity, insulin resistance, and 
dyslipidemia in the lowest quintile of cardiore-
spiratory fi tness [ 131 ]. In the Northern Ireland 
Young Hearts project, a random cohort of 
12–15-year-old adolescents underwent cardio-
vascular risk assessment. Over a 3-year interval, 
there was a signifi cant relationship between 
increased self-reported physical activity and 
lower blood pressure [ 132 ]. In the Young-HUNT 
study from Norway, activity levels, weight mea-
sures, and BP were evaluated in more than 8,000 
adolescents. In this population, low levels of 
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physical activity were signifi cantly associated 
with higher mean diastolic BP and increased 
odds of overweight and obesity [ 133 ]. 

 The effects of specifi c activity interventions 
on blood pressure in children and adolescents 
have been evaluated in a series of randomized 
controlled trials. These have been systematically 
reviewed in a recent meta-analysis [ 134 ]. The 
review included 12 trials representing 16 out-
comes in 1,266 subjects. Sample size ranged 
from 16 to over 500 subjects and age ranged from 
7 to 19 years. The training period varied from 8 to 
36 weeks with frequency ranging from two to 
fi ve times a week and duration from 10 to 75 min 
per session. Ten trials used primarily aerobic 
training and two used resistance training. 
Collectively, the studies showed a 1 % reduction 
in systolic BP and a 3 % reduction in diastolic BP. 
Subsequent trials confi rm signifi cant blood pres-
sure-lowering effects of exercise interventions in 
children [ 135 – 137 ]. In one of these trials in obese 
prepubescent children, late follow-up after 2 
years showed signifi cantly lower BP on ambula-
tory monitoring correlated with higher levels of 
physical activity and lower BMI [ 138 ]. Although 
the magnitude of change in blood pressure in 
these studies is not large, it occurs at a time when 
blood pressure is normally increasing. Both the 
epidemiologic studies and the intervention trials 
indicate that the age-related rise in blood pressure 
may be blunted by frequent, regular activity. 
Combining this with knowledge of the strong 
association between hypertension and obesity 
and the established benefi ts of exercise in weight 
control, regular dynamic physical activity should 
be a standard part of the management of primary 
hypertension in children and adolescents.  

    Exercise Recommendations 
in Hypertensive Athletes 

 Activity recommendations for specifi c BP-related 
subgroups of children have been included 
throughout this chapter. As noted in the section 
describing the exercise response in hypertensive 
children and adolescents, the 2005 Bethesda 
Conference recommendations on competitive 
exercise in individuals with cardiovascular 

disease address systemic hypertension without 
distinguishing children and adolescents from 
adults [ 36 ]. The BP-lowering effects of repetitive 
exercise are reviewed and regular dynamic activ-
ity is recommended. Intensive resistive training is 
not recommended. Participation in competitive 
athletics is limited only “until BP is controlled by 
appropriate treatment.” The American Academy 
of Pediatrics Council on Sports Medicine and 
Fitness released new recommendations for ath-
letic participation by children and adolescents 
with systemic hypertension in 2010 [ 37 ]. Daily 
physical activity is recommended regardless of 
BP status. Individuals with prehypertension or 
grade one hypertension are not limited from par-
ticipation in competitive athletics. Youth with 
stage two hypertension are restricted from high- 
static sports until BP is in the normal range. These 
guidelines and many other expert commentaries 
have recommended regular dynamic exercise and 
no exercise limitation in hypertensive children 
and adolescents on effective therapy [ 30 ,  38 – 40 ].     
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    Abstract 

   The initial approach to management of primary mild to moderate 
 hypertension in children and adolescents is implementation of changes in 
lifestyle. Lifestyle intervention may also be quite important as an adjunct to 
pharmacologic treatment in both primary and secondary forms of hyperten-
sion. In that setting, appropriate changes in diet, physical activity, and weight 
management may allow the use of a lower dose of pharmacologic treatment. 

 It should not be surprising that lifestyle change is an important therapeu-
tic approach because it is well recognized that hypertension results from a 
variety of causes, including genetics, obesity, and other environmental and 
dietary factors. Thus, intervening with changes in diet, increased physical 
activity, and weight management can disrupt those causal pathways. 

 In this chapter, we will explore the various non-pharmacologic approaches 
that have been shown to be effective in blood pressure reduction in children 
and adolescents. We will focus on dietary interventions, physical activity 
interventions, weight management, which is quite important for children 
and adolescents who are overweight or obese, and other interventions, such 
as stress reduction.  
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        Diet 

 Many dietary factors have been studied relative to 
blood pressure in youth, sodium probably the 
most. Of the more than 20 observational studies 
that have been done on sodium reduction and 
blood pressure in children, most studies suggest a 
signifi cant positive relationship [ 1 – 3 ]. The asso-
ciation between sodium and blood pressure may 
be more pronounced in certain groups of youth, 
such as African Americans, those with diabetes, 
and those with a family history of hypertension 
[ 4 ]. Blood pressure in children who are over-
weight or obese may also be more responsive to 
sodium, according to recent fi ndings from the 
National Health and Nutrition Examination 
Survey (NHANES) 2003–2008 [ 5 ]. In this study, 
usual dietary sodium intake and risk for high 
blood pressure were compared among children 
and adolescents aged 8–18 years by weight sta-
tus. This study found that, for those who were 
overweight or obese, the risk of having high blood 
pressure increased by 74 % for every 1,000 mg 
(approximately one half teaspoon of salt) per day 
increase in sodium intake, whereas the risk 
increased only 6 % in non-overweight children 
and teens. Mechanistically, blood pressure of 
obese adolescents may be particularly sensitive to 
changes in sodium intake due to the higher activ-
ity of the sympathetic nervous system and hyper-
insulinemia [ 6 ,  7 ]. Both conditions have been 
shown to alter urinary sodium excretion in chil-
dren, adolescents, and young adults [ 8 ,  9 ]. 

 Salt is the major source of sodium in chil-
dren’s diets, and 80 % of the salt children eat 
comes from processed foods and restaurant fare 
[ 10 ]. When salt intake is reduced in the diets of 
infants and children, on average, blood pressure 
responds favorably. As evidence, a meta-analysis 
from 13 randomized controlled salt reduction tri-
als showed that even a modest decrease in salt 
intake in the diets of youth was associated with a 
small but signifi cant decrease in blood pressure 
[ 11 ]. Current sodium intakes among children in 
the USA are well above adequate intake (AI) 
 levels [ 12 ]. Given this, the National High 
Blood Pressure Education Program (NHBPEP) 

suggests that all children may benefi t from 
 lowering dietary sodium from the current intakes 
to AI  levels, which are 1.2 g/day for 4–8 year 
olds and 1.5 g/day for older children [ 13 ]. 

 For infants, breast milk on average has lower 
sodium content along with many other nutritional 
benefi ts [ 14 ].    Exclusive breast-feeding has been 
associated with early cardiovascular benefi ts 
including lower blood pressure [ 15 ], lower cho-
lesterol levels, and lower body mass index com-
pared to formula-fed infants [ 16 ,  17 ]. The 
Surgeon General’s Offi ce, the World Health 
Organization, the American Academy of 
Pediatrics, and the American Academy of Family 
Physicians recommend exclusive breast-feeding 
through the fi rst 6 months of life for this and 
other reasons. 

 Supplementation trials with calcium and 
potassium either alone or in combination have 
resulted in signifi cant blood pressure lowering in 
adults, but studies in children have been too few 
to draw defi nitive conclusions. In three calcium 
supplementation trials [ 18 – 20 ], doses ranged 
from 600 to 1,000 mg/day, trial duration ranged 
from 4 to 12 weeks, and blood pressure lowering 
was variable with lower systolic blood pressure 
reported in two studies [ 18 ,  19 ] and lower dia-
stolic blood pressure in the third [ 20 ]. On aver-
age, blood pressure reductions were greater in 
those with hypertension and low calcium intakes 
pretreatment (<800 mg/day). Potassium supple-
mentation trials have been equally variable in 
dose and duration; longer-term trials with doses 
of 1,500 mg/day resulted in lower age-related 
blood pressure increases in systolic and diastolic 
blood pressure compared to non-supplemented 
children [ 21 ]. Both calcium and potassium sup-
plementation have been shown to induce urinary 
sodium excretion [ 21 ,  22 ]; this likely contributes 
to the hypotensive effects observed. At present, 
there is too limited data on these minerals to sup-
port clinical recommendations for use in blood 
pressure management in children. 

 Other nutrients that have been associated with 
blood pressure levels in children include magne-
sium [ 23 ,  24 ], folic acid [ 25 ,  26 ], unsaturated fat 
[ 27 – 29 ], dietary fi ber [ 27 ,  30 ], and total fat [ 28 , 
 29 ]; however, these associations have been small 
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and fi ndings inconsistent. Many of these associa-
tions have been derived from cross-sectional data, 
where independent associations are often diffi cult 
to ascertain because of the intercorrelation of 
multiple nutrients in the diet. Also, nutrient- based 
approaches fail to take into account the potential 
synergistic effects between nutrients, other food 
components, and blood pressure. Recent research 
on dietary patterns considers these factors and 
offers promising information on the effects of the 
diet as a whole on blood pressure and other car-
diovascular risk factors. In adults, a dietary pat-
tern high in fruits and vegetables (8–9 servings/
day), low-fat dairy products (2 servings/day), and 
low in red meat and refi ned carbohydrates was 
shown to lower systolic and diastolic blood pres-
sure within 2 weeks of initiation, independent of 
body weight changes [ 31 ]. The effects of this diet, 
which is also known as the Dietary Approaches to 
Stop Hypertension (DASH) diet, were more sig-
nifi cant for those with hypertension and were 
enhanced by sodium reduction [ 32 ]; also see 
  www.dashdiet.org    . 

 Similar benefi cial effects of a DASH-type 
dietary pattern have been observed in children. 
The Framingham Children’s Study showed that 
children who consumed higher intakes of fruits 
and vegetables (≥4 servings/day) plus dairy prod-
ucts (≥2 servings/day) in their preschool years had 
a smaller age-associated increased in systolic and 
diastolic blood pressure throughout childhood 
than children who consumed less of these foods, 
even after adjusting for body mass index [ 33 ]. 
Couch et al. [ 34 ] showed that adolescents with 
prehypertension and hypertension could achieve a 
signifi cant reduction in systolic blood pressure in 
response to a 3 month behaviorally oriented nutri-
tion intervention emphasizing a diet high in fruits 
and vegetables and low-fat dairy foods and that 
was low in fat and sodium as well as high in potas-
sium. More recently, Damasceno et al. [ 35 ] 
showed that regular consumption of fruits (≥2 
servings per day) was associated with lower sys-
tolic and diastolic blood pressure. Greater con-
sumption of vegetables (>2 servings/day) was 
associated with lower systolic blood pressure in a 
study of approximately 800 adolescents in Brazil. 
Greater adherence to a DASH- type diet was also 

shown to be associated with lower risk of 
 hypertension in adolescents with diabetes [ 36 ]. 
Taken together, these fi ndings suggest that a 
dietary pattern emphasizing fruits, vegetables, and 
low-fat dairy foods may be benefi cial in the pre-
vention and management of elevated blood pres-
sure in children and adolescents. Additional 
studies are needed to confi rm these relationships 
and to determine whether this dietary pattern is 
achievable and effective in children at risk for car-
diovascular disease. Current guidelines for blood 
pressure management in children suggest that all 
children, and hypertensive youth in particular, can 
benefi t from a dietary increase in fresh vegetables, 
fresh fruits, fi ber, and nonfat dairy [ 13 ]. Clinicians 
should counsel patients on how to implement this 
diet and recognize certain barriers, such as cost, 
and discuss approaches to overcome these barri-
ers. Registered dietitians can be quite helpful in 
the implementation of this dietary approach.  

    Physical Activity 

 The association of lower levels of physical activ-
ity and higher levels of blood pressure has been 
demonstrated in epidemiologic studies of adults 
and children. For example, Sallis et al. found that 
the level of physical activity was inversely related 
to diastolic blood pressure in young adults [ 37 ]. 
In longitudinal studies, low levels of physical 
activity have been shown to be associated with 
higher rates of development of hypertension [ 38 ]. 
In children, Gidding et al. showed that higher 
self-reported physical activity was associated 
with lower systolic blood pressure [ 39 ]. 

 It is these epidemiologic relationships that 
have led to consideration of using increased 
physical activity as a therapeutic approach to 
elevated blood pressure. Since these relationships 
are not limited to individuals with hypertension, 
it has also been suggested that physical activity 
can be used as an approach to the prevention of 
hypertension and, more specifi cally, in pediatric 
patients with prehypertension [ 40 ]. 

 In adults, numerous clinical trials have evalu-
ated the effect of increasing physical activity on 
blood pressure. Most studies have focused on 
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physical activity programs utilizing aerobic 
 exercise. Aerobic exercise is defi ned as exercise 
that is usually rhythmic, involving use of large 
muscle groups, which results in increased heart 
rate and respiratory rate. Examples of aerobic 
activity include walking, running, cycling, and 
swimming. Fewer trials have evaluated the impact 
of resistance exercise, such as weight training. 
Meta-analyses have been done on clinical trials of 
both aerobic [ 41 ,  42 ] and resistance [ 43 ] activity 
and their relationship to blood pressure in adults. 

 The studies of aerobic exercise have included 
individuals with normal blood pressure, prehy-
pertension, and hypertension. The meta-analyses 
of aerobic exercise show that it is associated with 
a reduction of systolic blood pressure ranging 
from 2 to 7 mmHg. The largest declines in blood 
pressure seen with aerobic activity occur in stud-
ies of patients with hypertension. 

 The studies of resistance activity show a 
reduction of systolic blood pressure from 3 to 
6 mmHg. Of interest is that increased physical 
activity appears to lower blood pressure in adults 
independent of any effect on lowering weight or 
body mass index. 

 While different regimens have been used to 
increase aerobic activity, the most common proto-
col uses approximately 120 min of moderate- 
intensity exercise a week. Moderate-intensity 
activity includes brisk walking, where vigorous 
activity includes running and cycling. Some data 
suggest that it is easier to sustain moderate levels 
of activity over longer periods of time and that 
fewer injuries occur with moderate compared to 
vigorous physical activity. These results taken 
together have resulted in recommendations to 
include increased physical activity in the non- 
pharmacologic regimen for treating hypertension 
in adults [ 44 ]. The American College of Sports 
Medicine concluded that the optimal frequency, 
intensity, time, and type of physical activity need 
to be better defi ned, but they recommended that 
adults with hypertension perform moderate- 
intensity activity (40–60 % V02 R) for greater than 
30 min per day on most, preferably all, days of the 
week. They suggested that endurance physical 
activity should be the primary form but that this 
could be supplemented by resistance activity [ 44 ]. 

 The mechanisms by which physical activity 
reduces blood pressure are not completely under-
stood [ 45 ]. Possible mechanisms include changes 
in neurohumoral, vascular, and cardiac structural 
features. Catecholamine concentrations and insulin 
resistance decrease in response to chronic exercise; 
peripheral vascular resistance decreases in response 
to both acute and chronic endurance activity. 

 There have been fewer studies of physical 
activity interventions and blood pressure in chil-
dren and adolescents. A meta-analysis of 12 ran-
domized clinical trials in children and adolescents 
showed that overall increased physical activity 
leads to a small and statistically insignifi cant 
reduction in blood pressure [ 46 ]. Strong et al. 
reviewed the literature related to physical activity 
and cardiovascular risk factors in youth and found 
individual studies that demonstrated statistically 
signifi cant effects of physical activity on lowering 
blood pressure, particularly in children and ado-
lescents with elevated blood pressure [ 47 ]. For 
example, Danforth et al. used a walking/jogging 
program in a group of 12 African American chil-
dren with hypertension [ 48 ]. The exercise ses-
sions were for 30 min, 3 days per week for 3 
months, with a target intensity of 60–80 % of 
maximum heart rate. They found a 9 mmHg 
reduction in both systolic and diastolic blood 
pressure over the course of the program. They 
also followed the participant after the program 
was over. There was an ongoing effect for lower 
systolic blood pressure after detraining. The 
decrease in blood pressure was independent of 
decreases in body weight. Hansen et al. studied 68 
normotensive and 69 hypertensive children age 
9–11 years [ 49 ]. In this school-based study, the 
intervention included three additional 50 min ses-
sions of physical education class per week. In 
hypertensive boys, the systolic blood pressure was 
reduced on average by 6 mmHg over an 8 month 
intervention period, but there was no reduction of 
blood pressure in the girls with hypertension. 

 No studies have shown a deleterious effect of 
either aerobic or resistance exercise protocols, 
especially when they are performed under super-
vision. These results have led to the recommenda-
tions from the National Heart, Lung, and Blood 
Institute that pediatric patients with hypertension 
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engage in a lifestyle program including increased 
physical activity [ 50 ]. The recommendation is that 
children with hypertension should engage in mod-
erate-to-vigorous physical activity on a regular 
basis. Health-care professionals should prescribe 
moderate-to- vigorous activity for 60 min per day. 
This regimen should include vigorous intensity 
(running, playing soccer) activity 3 days per week. 

 A frequent clinical concern is whether it is safe 
for children and adolescents with hypertension to 
participate in athletics. The American Academy 
of Pediatrics has addressed these issues in a pol-
icy statement published in 2010 [ 51 ]. They rec-
ommend that children and adolescents with 
hypertension should be encouraged to participate 
in noncompetitive physical activity on a regular 
basis. However, those children and adolescents 
who have stage 2 hypertension should be restricted 
from strenuous physical activity until normal 
blood pressure is achieved. This is especially true 
for high static sports (classes 111A–111C 
Fig.  35.1 ). Prehypertension or stage 1 hyperten-
sion in the absence of end-organ damage, such as 
left ventricular hypertrophy, should not limit a 
child’s eligibility for competitive sports.

       Weight Management 

 Obesity is one of the strongest determinants 
of blood pressure [ 52 ]. In recent years, the aver-
age blood pressure and the prevalence of hyper-
tension in children and adolescents have gone up 
[ 53 ,  54 ]. A major part of the explanation for this 
rise in blood pressure is the increasing prevalence 
and severity of obesity in this age group [ 55 ]. 

 Because of the strong relationship between 
obesity and hypertension, weight management 
has been a mainstay of non-pharmacologic treat-
ment for individuals with elevated blood pressure 
and overweight or obesity. Studies have shown 
that a 10 kg weight loss in adults is associated 
with a 5–20 mmHg drop in systolic blood pres-
sure [ 56 ]. However, it is important to inform 
patients that they do not need to reach an ideal 
body weight to see important improvements in 
blood pressure. 

 It is currently estimated that the prevalence of 
obesity in children and adolescents in the USA is 
about 17 %. When overweight is combined with 
obesity, the prevalence is approximately 32 % 
[ 55 ]. There are fewer studies that have evaluated 
the impact of improvement of body mass index 
on blood pressure in children and adolescents. 
Kirk et al. demonstrated that, in the context of a 
clinical weight management program, improve-
ment in body mass index is associated with 
improvement in systolic blood pressure as well as 
other cardiovascular disease risk factors [ 57 ]. 
Reinehr et al. evaluated the changes in cardiovas-
cular risk factor profi le in relation to the degree of 
weight loss in children and found that blood pres-
sure reduction is achieved with weight loss [ 58 ]. 
In pediatric studies, a reduction in BMI of 8–10 % 
is associated with an 8–10 mmHg reduction in 
blood pressure [ 57 ,  58 ]. 

 The best approach to weight management for 
pediatric patients has been published [ 50 ,  59 ]. 
This includes a strong focus on behavior change 
related to improving diet and increasing the level 
of physical activity. This approach includes the 
behavior change principles of stimulus control, 
goal setting, recording of diet and activity (moni-
toring), and rewards. Stimulus control includes 
changing the environment to reduce availability of 
calorie dense food to encourage physical activity 
while discouraging sedentary time. Elimination of 
television or computers from a child’s bedroom is 
an example of stimulus control. Parents should 
work with their children to set goals that can be 
accomplished and monitored. For example, 
because skipping meals is associated with 
increased body mass index, eating breakfast at 
least 5 days each week would be such a goal. 
Once a goal is set, it is important to monitor prog-
ress toward the goal. This can happen in a variety 
of ways, but a simple chart of daily eating and 
activity can work quite well. The reward should 
be meaningful but small. Food should never be 
used as a reward in any setting, including at 
school. The reward should be tailored to the age 
and developmental stage and interests of the child. 

 Motivational interviewing has been suggested 
as an approach to better understand how patients 
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and their family understand the changes to be 
made and helps the clinician understand the 
 perceived barriers to change [ 60 ]. Instead of a 
prescriptive approach, motivational interviewing 
involves an interaction between the provider and 

the patient. It often involves a negotiation around 
what the patient believes is important and what 
they think can be accomplished. This approach is 
helpful in building small, incremental, but sus-
tainable changes in behavior.  

  Fig. 35.1    Classifi cation of sports according to cardiovas-
cular demands (based on combined static and dynamic 
components). This classifi cation is based on peak static 
and dynamic components achieved during competition. 
It should be noted, however, that the higher values may 
be reached during training. The increasing dynamic com-
ponent is defi ned in terms of the estimated percent 
of maximal oxygen uptake (Max0 2 ) achieved and results 
in an increasing cardiac output. The increasing static 
 component is related to the estimated percent of maximal 
voluntary contraction (MVC) reached and results in 
an increasing blood pressure load. The lowest total 
cardiovascular demands (cardiac output and blood pres-
sure) are shown in  Box IA  and the highest are shown in 
 Box IIIC .  Boxes IIA, IB, IIIA, IIB, IC, IIIB , and  IIC  depict 

low-moderate, moderate, and high-moderate total cardio-
vascular demands. These categories progress diagonally 
across the table from lower left to upper right. *Danger of 
bodily collision.  † Increased risk if syncope occurs. 
 V Participation not recommended by the American 
Academy of Pediatrics.  † The American Academy of 
Pediatrics classifi es cricket in the IB box (low static, 
moderate dynamic) (Reprinted    from Rice SG; American 
Academy of Pediatrics, Council on Sports Medicine 
and Fitness. Medical conditions affecting sports part-
icipation.  Pediatrics.  2008;121(4):841–848; originally 
adapted from Mitchell JH, Haskell W, Snell P, Van 
Camp SP. 38th Bethesda Conference.  J Am Coll 
Cardiol.  2005;45(8):1364–1367, with permission from 
Elsevier)       
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    Other Non-pharmacologic 
Approaches 

 Some other approaches to therapy, such as relax-
ation and stress reduction, have been proposed in 
the treatment of hypertension in adults. However, 
controlled trials of relaxation therapies have not 
shown a consistent and signifi cant effect on blood 
pressure. In children and adolescents, a variety of 
stress reduction techniques, including meditation 
and progressive muscle relaxation, have been 
investigated [ 61 ,  62 ] with mixed results. At pres-
ent, it is not recommended that relaxation and 
stress reduction be utilized in the standard clini-
cal approach to children with hypertension. 
Nevertheless, further research in this area is 
warranted.  

    Conclusions 

 Non-pharmacologic treatment is quite important 
in the management of hypertension in children 
and adolescents. Several interventions, including 
changes in diet and physical activity, now present 
true evidence-based approaches to management. 
However, many questions remain unanswered or 
only partially answered. What is the optimum 
diet for children with hypertension? Is the answer 
the same for all patients or might there be some 
patients who respond better to some dietary 
changes than others? What is the best regimen of 
physical activity, including intensity, duration, 
and frequency of physical activity? How should 
lifestyle changes be used to complement pharma-
cologic treatment when that is necessary? What 
is the best way to achieve and monitor behavioral 
change? Answers to these questions will be quite 
important to refi ne non-pharmacologic therapy in 
the future.     
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        Introduction 

 Historically, hypertension was thought to be 
exceedingly rare in young children and uncom-
mon in adolescents. As recently as the early 

1970s, there was ongoing debate regarding the 
clinical utility of routine blood pressure (BP) 
screening in the general pediatric population [ 1 ,  2 ]. 
In addition, there was no widely accepted 
 defi nition of what constituted a hypertensive BP 
reading in children. Established standards for 
normal BP in infants and children of varying ages 
existed [ 3 ,  4 ]; however, in practice, BP values 
exceeding 130–140/85–90 were arbitrarily con-
sidered to be the upper limits of normal in all 
children. Results from the fi rst Health and 
Nutrition Examination Survey (1971–1974) sug-
gested that pediatric hypertension was far more 
common than previously thought [ 5 ]. Although 
they reported a prevalence rate of only 0.8 % in 
12–17-year-olds, the defi nition used for 
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hypertension was systolic BP > 160 mmHg or 
diastolic BP > 95 mmHg. When a less restrictive 
defi nition was applied (systolic BP > 140 or dia-
stolic BP > 90), the prevalence rate in the same 
age group increased to 5.6 % [ 5 ]. Around this 
time, pharmacologic treatment of childhood 
hypertension was generally restricted to those 
with an established underlying cause and/or 
symptomatic disease. Given the rarity with which 
antihypertensive drugs were used in children, it is 
not surprising that young patients were largely 
ignored in early studies evaluating the safety and 
effi cacy of these agents. 

 Over the last four decades, childhood BP has 
been studied more rigorously, resulting in clearer 
defi nitions of pediatric BP values and consensus 
recommendations pertaining to appropriate BP 
measurement and monitoring. This has resulted in 
a broader understanding of the prevalence of child-
hood hypertension as well as the implications of 
hypertension for short-term and long-term overall 
health. In addition, indications for the initiation of 
drug therapy have been further clarifi ed. 

 Since the National Heart, Lung, and Blood 
Institute (NHLBI) commissioned the First Task 
Force on Blood Pressure Control in Children in 
1977, normative BP values have been adopted as 
the standard for assessment of BP in children [ 6 ]. 
Hypertension has been defi ned as BP consistently 
above the 95th percentile for age, gender, and 
height. Normative BP values have been refi ned 
over time, with the most recent update presented 
in the National High Blood Pressure Education 
Program’s (NHBPEP) Fourth Report published 
in 2004 [ 7 ]. Table  36.1  provides the classifi cation 
schema for BP in childhood from the Fourth Task 
Force Report.

   The widespread adoption of these defi nitions 
has facilitated increased uniformity in the classifi -
cation of pediatric BP. As a result, the scope of 
disease burden has come into sharper focus. 
Screening studies dating back to the late 1970s 
and 1980s estimated that less than 2 % of children 
were persistently hypertensive [ 8 ,  9 ]. These stud-
ies also demonstrated the necessity of repeated 
BP measurement in order to make an accurate 
diagnosis of hypertension, as there is a clear trend 
of regression toward the mean in those with 

initially elevated readings, as well as signifi cant 
lability of BP values, even in children with sec-
ondary forms of hypertension. Disturbingly, sev-
eral recent studies suggest that the percentage of 
children and adolescents with hypertensive BP 
readings has doubled in the last two decades, with 
3–5 % now affected [ 10 – 12 ]. In addition, there 
has been a concomitant rise in the prevalence of 
prehypertension, with 10–15 % of youths now 
affected [ 11 ,  12 ], as well as an increase in abso-
lute systolic and diastolic BP values of 1.4 mmHg 
and 3.3 mmHg, respectively [ 13 ]. This upward 
trend in BP has generally been attributed to the 
ongoing childhood obesity epidemic. 

 With these data in mind, it is reasonable to 
assert that childhood hypertension can no longer 
be considered a rare entity. Pediatric providers 
are confronted with patients with elevated BP 
with increasing regularity. Unfortunately, there is 
evidence that primary care pediatricians remain 
uncomfortable with the evaluation and treatment 
of children with elevated BP [ 14 ,  15 ]. With 
respect to pharmacologic therapy, this is under-
standable given the underrepresentation of pedi-
atric patients in drug trials and the attendant lack 
of clear dosing guidelines for the pediatric popu-
lation historically. Important legislative initia-
tives over the last 15 years, including the Food 
and Drug Administration Modernization 
(FDAMA) Act of 1997 and Best Pharmaceuticals 
for Children Act of 2002, have stimulated a 
marked increase in pediatric trials of antihyper-
tensive agents. As a result, there is now a growing 

   Table 36.1    Classifi cation of blood pressure in children   

 Blood pressure 
classifi cation 

 Blood pressure percentiles 

 Normal  SBP and DBP < 90th 
percentile 

 Prehypertension  SBP or DBP 90–95th 
percentile or 
BP > 120/80 mmHg even if 
<90th percentile 

 Stage 1 hypertension  SBP or DBP ≥ 95–99th 
percentile + 5 mmHg 

 Stage 2 hypertension  SBP or DBP > 99th 
percentile + 5 mmHg 

   BP  blood pressure,  DBP  diastolic blood pressure,  SBP  
systolic blood pressure  
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list of antihypertensive medications approved by 
the FDA for pediatric use. Similar efforts in 
Europe, specifi cally the Regulation of Medicinal 
Products for Paediatric Use, promise to further 
promote the rigorous study of antihypertensive 
medications in children [ 16 ]. Therefore, pediatric 
providers should feel emboldened by the increas-
ing body of evidence-based data with respect to 
dosing, effi cacy, and safety of antihypertensive 
drugs in children. It should, however, be noted 
that data pertaining to long-term outcomes of 
those receiving antihypertensive drug therapy, 
including effects on target-organ damage and 
cardiovascular morbidity, remain limited.  

    General Approach 
to the Hypertensive Child 

 The Fourth Report of the NHBPEP provided cli-
nicians with updated recommendations for BP 
screening in the pediatric population as well as 
guidelines for the diagnosis, evaluation, and 
treatment of hypertension. Revised tables were 
provided that include the 50th, 90th, 95th, and 
99th percentiles by gender, age, and height per-
centiles. Based on these guidelines, annual BP 
screening is presently recommended in all chil-
dren >3 years of age; routine BP measurement in 
children <3 years is limited to those with 
increased risk of hypertension [ 7 ]. 

 If BP elevations are noted on screening, con-
fi rmation using appropriate equipment and mea-
surement technique is critical. Given the high 
prevalence of reactive (“white coat”) hyperten-
sion in children [ 17 – 19 ], ambulatory BP moni-
toring (ABPM) is increasingly utilized to confi rm 
elevated offi ce readings (see Chap.   11    ). In those 
with confi rmed hypertension, a detailed evalua-
tion is recommended to distinguish between pri-
mary and secondary hypertension, to assess for 
additional cardiovascular risk and to assess for 
target end-organ damage (as detailed in Chaps. 
  29     and   32    ). In all patients, appropriate counseling 
regarding therapeutic lifestyle changes is indi-
cated. Recommendations in this regard generally 
involve family-based interventions to modify the 
diet, increase physical activity, and facilitate 

weight loss (see Chap.   35    ). In childhood, drug 
therapy for hypertension is typically reserved for 
patients with defi nite indications, as outlined in 
Table  36.2 .

   In the adult population, death from ischemic 
heart disease and stroke increases progressively 
and linearly from systolic blood and diastolic 
BPs of 115 mmHg and 75 mmHg, respectively 
[ 20 ]. Efforts to increase awareness of the risks 
associated with hypertension and optimize ther-
apy in adults have resulted in favorable trends in 
morbidity and mortality attributed to hyperten-
sion [ 21 ]. Cardiovascular events are rare in chil-
dren and, therefore, are not practical end points in 
the study of antihypertensive therapies. Although 
subclinical end-organ damage (left ventricular 
hypertrophy, increased carotid artery intimal-
medial thickness; discussed in detail in Chap.   29    ) 
[ 22 – 24 ] has been increasingly recognized in 
hypertensive children, there are few studies look-
ing at the impact of therapy on progression and/
or regression. Given the paucity of outcome-
based studies in the pediatric population, goals 
for antihypertensive therapy in  children have not 
been well established and are largely inferred 
from adult studies. As recommended in the 
NHBPEP Fourth Task Force Report, in uncom-
plicated primary hypertension, the goal should be 
reduction of BP to less than the 95th percentile. 
In the setting of concurrent disease or target end-
organ damage, BP should be lowered to less than 
the 90th percentile [ 7 ]. Recent recommendations 
by the European Society of Hypertension 

   Table 36.2    Indications for initiation of pharmacologic 
therapy in hypertensive children   

 Clinical indication  Blood pressure 
goal a  

 Persistent hypertension despite 
therapeutic lifestyle changes 

 <95th percentile 

 Hypertension with associated 
end-organ damage 

 <90th percentile 

 Hypertension in the setting 
of chronic kidney disease 

 <90th percentile 

 Hypertension in the setting 
of diabetes mellitus (types 1 or 2) 

 <90th percentile 

 Secondary hypertension  <90th percentile 
 Symptomatic primary hypertension  <95th percentile 

    a based on casual/offi ce blood pressure measurement  
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advocate for more  rigorous BP control, with tar-
get BPs below the 90th percentile in uncompli-
cated hypertensive children, below the 75th 
percentile in children with CKD, and below the 
50th percentile in children with concomitant 
CKD and proteinuria [ 16 ]. These goals were 
derived based on evidence that more aggressive 
BP control may be particularly benefi cial in 
slowing renal functional decline in children with 
chronic kidney disease [ 25 ]. One comment about 
these recommendations is that they are based on 
ABPM targets; how they relate to the usual 
approach to treatment using offi ce BP values 
remains unclear at this time. 

 When antihypertensive drug therapy is neces-
sary, a stepped-care approach (see Fig.  36.1 ) to 
the initiation and escalation of drug dosing is 
typically recommended [ 7 ,  26 ]. After a fi rst-line 
agent is selected, it should be started at the lowest 
recommended dose range with ongoing BP mon-
itoring to determine effect. If the BP remains 
above the desired range, the dose is gradually 
increased until adequate BP control is achieved 
or until the maximum recommended dose is 

reached, at which time a medication from a 
 different class should be added. All patients 
require monitoring for medication-related side 
effects, which may be dose limiting and require 
addition of a second agent earlier or replacement 
of the fi rst agent altogether.

   Given the lack of pediatric data on the optimal 
fi rst-line agent, selection of an initial antihyper-
tensive agent is largely dependent on the judg-
ment of the individual provider. Although specifi c 
drugs may be preferential in particular clinical 
settings based on putative benefi ts or predicted 
response (see below, Directed Therapy), consid-
erable variation exists in the choice of a fi rst 
agent, particularly in the setting of primary 
hypertension. A survey of pediatric nephrologists 
revealed that 47 % used angiotensin-converting 
enzyme (ACE) inhibitors, 37 % calcium channel 
blockers (CCBs), 15.3 % diuretics, and 6.6 % 
beta-adrenergic blockers as fi rst-line therapies in 
primary hypertension [ 27 ]. Studies comparing 
the effi cacy of the different classes of antihy-
pertensive medications in children are lacking. 
The vast majority of studies evaluating the 

  Fig. 36.1    Stepped-care approach to prescribing antihypertensive medications in children and adolescents       

 

M.A. Ferguson and J.T. Flynn



543

BP-lowering effect of the various antihyperten-
sive classes in children have demonstrated a sig-
nifi cant absolute reduction in BP as a result of 
treatment [ 28 ], with ACE inhibitors, angiotensin 
II receptor antagonists (ARBs), and CCBs dem-
onstrating similar antihypertensive effi cacy [ 29 ]. 
In addition to assessing putative benefi t and like-
lihood of response to a particular agent, it is also 
important to consider potential adverse effects 
prior to initiating therapy. For example, non- 
cardioselective beta-adrenergic blockers are gen-
erally avoided in those with reactive airway 
disease due to an increased risk of bronchospasm 
[ 30 ] and ACE inhibitors/ARBs are absolutely 
contraindicated in pregnancy due to the potential 
for fetopathy [ 31 ]. 

 The following sections provide a review of 
classes of antihypertensive agents, emphasizing 
those with existing pediatric effi cacy and safety 
data. For each class, a brief summary of the 
mechanism of action is provided. Table  36.3  pro-
vides dosing guidelines for medications com-
monly used in hypertensive children.

       Angiotensin-Converting Enzyme 
Inhibitors 

 ACE inhibitors have a number of modulatory 
effects on the renin-angiotensin-aldosterone system 
(RAAS) that result in a reduction in BP. Foremost, 
ACE inhibitors downregulate the conversion of 
angiotensin I to angiotensin II, a potent vasocon-
strictor that also stimulates the secretion of aldoste-
rone from the adrenal cortex. In addition, ACE 
inhibitors prevent the metabolism of bradykinin, an 
endogenous vasodilator and stimulator of natriure-
sis through direct renal tubular effects [ 32 ]. 

 Relative to other antihypertensive classes, 
ACE inhibitors have the largest body of evidence 
supporting their use in pediatric patients [ 33 ]. 
The large majority of these agents have been sys-
tematically studied in FDAMA-related industry- 
sponsored trials. As a result, there are robust 
pediatric specifi c data related to dosing, effi cacy, 
and safety. 

 Captopril, the fi rst orally available ACE inhib-
itor, was developed in 1975 and received FDA 

approval for the treatment of adult hypertension 
in 1981 [ 34 ,  35 ] In 1979, Oberfi eld et al. [ 36 ] 
described the use of captopril in the successful 
treatment of a child with malignant hypertension 
refractory to therapy with other oral antihyper-
tensive agents. Since that time, a number of 
small, uncontrolled, and largely descriptive stud-
ies have recapitulated the utility of captopril in 
hypertensive children over a broad range of age 
groups and helped elucidate complications asso-
ciated with therapy, including hypotension, 
hyperkalemia, diminished glomerular fi ltration 
rate (GFR), and leukopenia [ 37 – 41 ]. Although 
captopril does not have a pediatric specifi c indi-
cation, owing largely to its patent expiration prior 
to passage of the FDAMA, established dosing 
guidelines exist [ 7 ] and it continues to be a valu-
able agent in the treatment of selected children 
with elevated BP. Information is available for the 
preparation of a stable extemporaneous solution. 
Disadvantages of captopril include it’s short 
duration of action, necessitating three times daily 
dosing. 

 Well-designed pediatric-specifi c trials have 
been conducted for most of the longer-acting 
ACE inhibitors, resulting in published safety and 
effi cacy data. Enalapril, lisinopril, and fosinopril 
have been studied using similar double-blind, 
placebo   -controlled, dose-response designs. In 
patients aged 6–16 years, enalapril and lisinopril 
were both found to reduce BP in a dose- dependent 
manner that was maintained across all study sub-
groups (age, gender, race, and ethnicity) [ 42 ,  43 ]. 
Minimum effective doses were similar for enala-
pril and lisinopril (0.08 mg/kg/day and 0.07 mg/
kg/day, respectively). Few adverse events were 
reported during either trial; however, the short 
duration of each (4 weeks) precluded robust con-
clusions with respect to safety and tolerability. 
As a result of these trials, FDA-approved labeling 
for enalapril and lisinopril includes clear dosing 
guidelines as well as instructions for preparation 
of an extemporaneous suspension [ 44 ]. 

 The fosinopril trial demonstrated substantial 
reduction of systolic and diastolic BP in low 
(0.1 mg/kg/day)-, medium (0.3 mg/kg/day)-, and 
high (0.6 mg/kg/day)-dose groups; however, no 
dose-response relationship was observed [ 45 ]. 
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   Table 36.3    Medications for the treatment of hypertension in children   

 Class  Drug  Starting dose  Interval  Maximum dose a  

 ARAs  Eplerenone  25 mg/day     QD–BID  100 mg/day 
 Sprinolactone b   1 mg/kg/day  QD–BID  3.3 mg/kg/day up to 100 mg/day 

 ARBs  Candesartan b   1–6 years: 0.2 mg/kg/day  QD  1–6 years: 0.4 mg/kg/day 
 6–17 years: <50 kg 
4–8 mg QD 

 6–17 years: <50 kg 32 mg daily 

 >50 kg 8–16 mg QD  >50 kg: 32 mg daily 
 Losartan b   0.7 mg/kg/day 

(up to 50 mg QD) 
 QD  1.4 mg/kg/day (max 100 mg QD) 

 Olmesartan b   20–35 kg: 10 mg QD  QD  20–35 kg: 20 mg QD 
 >35 kg: 20 mg QD  >35 kg: 40 mg QD 

 Valsartan b   <6 years: 5–10 mg/day  QD  <6 years: 80 mg QD 
 6–17 years: 1.3 mg/kg/
day (up to 40 mg QD) 

 6–17 years: 2.7 mg/kg/day (up to 
160 mg QD) 

 ACE inhibitors  Benazepril b   0.2 mg/kg/day 
(up to 10 mg/day) 

 QD  0.6 mg/kg/day (up to 40 mg/day) 

 Captopril b   0.3–0.5 mg/kg/dose  BID–ID  0.6 mg/kg/day (up to 450 mg/day) 
 Enalapril b   0.08 mg/kg/day  QD–BID  0.6 mg/kg/day (up to 40 mg/day) 
 Fosinopril  0.1 mg/kg/day 

(up to 10 mg/day) 
 QD  0.6 mg/kg/day (up to 40 mg/day) 

 Lisinopril b   0.07 mg/kg/day 
(up to 5 mg/day) 

 QD  0.6 mg/kg/day (up to 40 mg/day) 

 Quinapril  5–10 mg/day  QD  80 mg/day 
 α- and 
β-adrenergic 
antagonists 

 Carvedilol b   0.1 mg/kg/dose 
(up to 6.25 mg BID) 

 BID  0.5 mg/kg/dose up to 25 mg BID 

 Labetalol b   2–3 mg/kg/day  BID  10–12 mg/kg/day (up to 1.2 g/day) 
 β-adrenergic 
antagonists 

 Atenolol b   0.5–1 mg/kg/day  QD  2 mg/kg/day up to 100 mg day 
 Bisoprolol/HCTZ  2.5/6.25 mg daily  QD  10/6.25 mg daily 
 Metoprolol  1–2 mg/kg/day  BID  6 mg/kg/day (up to 200 mg/day) 
 Propranolol c   1 mg/kg/day  BID–QD  8 mg/kg/day (up to 640 mg/day) 

 CCBs  Amlodipine b   0.06 mg/kg/day  QD  0.3 mg/kg/day (up to 10 mg/day) 
 Felodipine  2.5 mg/day  QD  10 mg/day 
 Isradipine b   0.05–0.15 mg/kg/dose  TID–QD  0.8 mg/kg/day up to 20 mg/day 
 Extended release 
nifedipine 

 0.25–0.5 mg/kg/day  QD–BID  3 mg/kg/day (up to 120 mg/day) 

 Central 
a-agonist 

 Clonidine b   5–20 mcg/kg/day  QD–BID  25 mcg/kg/day (up to 0.9 mg/day) 

 Diuretics  Amiloride  5–10 mg/day  QD  20 mg/day 
 Chlorthalidone  0.3 mg/kg/day  QD  2 mg/kg/day (up to 50 mg/day) 
 Furosemide c   0.5–2 mg/kg/dose  QD–BID  6 mg/kg/day 
 HCTZ  0.5–1 mg/kg/day  QD  3 mg/kg/day (up to 50 mg/day) 

 Vasodilators  Hydralazine  0.25 mg/kg/dose  TID–QD  7.5 mg/kg/day (up to 200 mg/day) 
 Minoxidil  0.1–0.2 mg/kg/day  BID–TID  1 mg/kg/day (up to 50 mg/day) 

   ACE  angiotensin-converting enzyme,  ARA  aldosterone receptor antagonist,  ARB  angiotensin II receptor blocker,  CCB  
calcium channel blocker,  HCTZ  hydrochlorothiazide 
  a The    maximum recommended adult dose should not be exceeded 
  b Information on preparation of a stable extemporaneous suspension is available for these agents 
  c Available as a FDA-approved commercially supplied oral solution  
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During the randomized placebo withdrawal 
phase, a signifi cant increase in systolic BP was 
observed in the placebo arm, though the absolute 
difference between the two groups was only 
3.7 mmHg. The study included a 52-week open- 
label extension, during which BP reduction was 
maintained long term on fosinopril with favor-
able safety and tolerability profi les. Unfortunately, 
fosinopril was administered only in the tablet 
form during the study. As a result, the FDA- 
approved label information only includes dosing 
recommendations for children weighing >50 kg, 
as an appropriate dose strength is not available 
for those weighing <50 kg [ 44 ]. Of note, post hoc 
analysis of the fosinopril trial results demon-
strated reduced effi cacy in black children com-
pared to non-black children, a fi nding similar to 
studies of ACE inhibitors in adults [ 46 ,  47 ]. 

 There are limited published data regarding the 
effi cacy and safety of benazepril, quinapril, and 
ramipril. FDA analyses of the benazepril and 
ramipril trials are, however, available online. 
Benazepril was granted pediatric exclusivity after 
pharmacokinetic (PK) and dose-response studies 
were submitted to the FDA [ 48 ]. Dose-response 
analysis demonstrated positive slopes for both 
systolic and diastolic BP, though it did not reach 
statistical signifi cance [ 48 ]. The placebo group 
exhibited a signifi cant withdrawal effect, with 
increases in mean systolic (5.18 mmHg) and dia-
stolic (5.16 mmHg) BP greater than the mean 
changes in the overall benazepril group. PK stud-
ies also found an extemporaneously compounded 
suspension to be bioequivalent to the tablet for-
mulation. Thus, FDA-approved labeling for 
benazepril includes pediatric-specifi c dosing rec-
ommendations as well as instructions for prepa-
ration of the suspension. Results from the ramipril 
trial were disappointing. Specifi cally, prospective 
analyses of BP showed no signifi cant effects 
[ 48 ]. The authors speculated that this was related 
to the trial design and the extremely long-acting 
effects of ramipril compared to other ACE inhibi-
tors (R Portman, personal communication). The 
only pediatric data published regarding quinapril 
are from a small PK study in 24 patients aged 2.5 
months to 6 years. Effect of therapy on BP was 
not reported and dosing guidelines for children 
are not available.  

    Angiotensin Receptor Blockers 

 ARBs, like ACE inhibitors, produce a BP-lowering 
effect through modulation of the RAAS. 
Specifi cally, ARBs act by inhibiting the activa-
tion of the AT 1  receptor by angiotensin II [ 49 ]. 
Therefore, the actions of angiotensin II on the 
AT 1  receptor, as described previously, are down-
regulated by ARBs, leading to increased effects 
on the AT 2  receptor. ARBs do not, however, 
affect the bradykinin system. 

 As one of the newest antihypertensive drug 
classes, virtually all ARBs were still on patent 
when the FDAMA was enacted. As a result, 
industry-sponsored trials have provided a wealth 
of reliable data regarding dosing, effi cacy, and 
safety of these agents in children and adoles-
cents. Thus far, pediatric exclusivity has been 
granted for losartan, candesartan, olmesartan, 
and valsartan [ 44 ], with additional agents of this 
class still under study in the pediatric age group. 

 The losartan trial evaluated the effect of once- 
daily dosing of this agent on hypertensive chil-
dren 6–16 years of age [ 50 ]. After 3 weeks of 
therapy, signifi cant dose-dependent reductions of 
diastolic and systolic BP were demonstrated. 
During the randomized placebo washout phase, 
BP increased after discontinuation of losartan in 
moderate-dose (0.75 mg/kg) and high-dose 
(1.44 mg/kg) groups though no difference was 
noted in the low-dose (0.07 mg/kg) group, sug-
gesting a similar response to placebo. Based on 
these results, 0.75 mg/kg/day has been recom-
mended as an effective starting dose. Losartan 
was well tolerated across all dosing ranges, 
although the brief study duration (5 weeks) 
 precluded robust conclusions regarding safety. 
A suspension formulation was studied and 
instructions for preparation are provided in the 
FDA- approved labeling information along with 
pediatric-specifi c dosing guidelines. A trial of 
losartan in hypertensive children aged 6 months 
to 6 years is ongoing, but no longer recruiting 
participants [ 51 ]. 

 Candesartan has been studied in pediatric 
patients ranging in age from 1 to 17 years [ 52 , 
 53 ]. In older children (6–17 years), no dose- 
response relationship was demonstrated across 
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low-, moderate-, and high-dose treatment groups; 
however, systolic BP was noted to be signifi -
cantly reduced in all treatment groups when com-
pared to placebo [ 52 ]. There was no apparent 
difference in BP response based on age, sex, or 
Tanner stage, though the reduction in BP did 
appear to be attenuated in blacks compared to 
non-blacks. Response appeared to be sustained 
over a 52-week open-label extension phase with 
safety and tolerability profi les comparable to 
adults. In younger children (1–6 years), dose- 
dependent decreases in systolic and diastolic BP 
were observed that appeared to be independent of 
age, sex, or race [ 53 ]. No placebo-controlled 
washout phase was included, though a 52-week 
extension phase did suggest that the antihyper-
tensive effect of candesartan was sustained with 
good tolerability and safety profi les. A pre-
planned regression analysis combined the effi -
cacy results from both candesartan trials and 
demonstrated that reductions in systolic BP and 
diastolic BP were monotonic and dose related for 
the 1–17 age range as a whole [ 53 ]. FDA- 
approved labeling includes dosing recommenda-
tions for children 1–17 years as well as 
instructions for the preparation of a stable oral 
solution [ 44 ]. 

 Similar to candesartan, valsartan trials have 
been completed in hypertensive children ranging 
in age from 1 to 16 years. In older children (6–16 
years), valsartan therapy resulted in dose- 
dependent reductions in systolic and diastolic BP 
that were independent of weight, age, sex, and 
race [ 42 ]. During the placebo withdrawal phase, 
the increase in BP was signifi cantly higher in the 
pooled placebo group compared to the pooled 
valsartan group. During the 52-week open-label 
phase, valsartan was well tolerated with only two 
serious adverse events that were thought to be 
drug related. In younger children (1–5 years), 
valsartan treatment signifi cantly lowered systolic 
and diastolic BP in low-, medium-, and high-dose 
groups; however, no dose-response relationship 
was demonstrated. The BP-lowering effect was 
further confi rmed by reversal of effect in those 
assigned to placebo during the withdrawal. As 
with the older cohort of children, a favorable 
safety and tolerability profi le was seen during the 

52-week open-label extension phase. 
Additionally, effects on development were 
assessed, although in a limited fashion, and 
showed no adverse effects of valsartan. Dosing 
ranges for 6–16-year-olds now appear on the 
FDA-approved labeling as do instructions for 
preparation of suspension; however, use is not 
recommended in children less than 6 years of age 
due to safety concerns [ 54 ]. 

 Irbesartan and olmesartan have both been 
studied in pediatric patients as well. The olmesar-
tan trial in 6–16-year-old children demonstrated 
a dose-response effect, though only two dosing 
regimens were evaluated [ 55 ]. This study 
included a separate cohort of black children. 
Although BP-lowering effi cacy was observed in 
patients of all ethnic backgrounds, the predomi-
nantly non-black patient cohort achieved greater 
BP reductions than the black patient cohort. 
FDA-approved labeling for olmesartan includes 
dosing guidelines for children 6–16 years as well 
as instructions for solution preparation. Early 
studies of irbesartan suggested effi cacy in hyper-
tensive children, particularly those with chronic 
kidney disease [ 56 ,  57 ]. However, a later study 
did not fi nd a signifi cant effect on systolic BP at 
doses ranging from 0.5 to 4.5 mg/kg [ 38 ].  

    Aldosterone Receptor Antagonists 

 Aldosterone receptor antagonists (ARAs) exert 
their BP-lowering effects by competitively 
blocking mineralocorticoid receptor sites in the 
distal renal tubule, increasing sodium chloride 
and water excretion while conserving potassium 
and hydrogen. In addition, they may block the 
effect of aldosterone on arteriolar smooth mus-
cle as well. 

 In recent years, there has been an increased 
understanding of the role of aldosterone on over-
all cardiovascular health in adults. Beyond the 
traditional sodium-retaining effect of aldoste-
rone, it is now clear that the hormone may acti-
vate receptors in multiple other organs including 
the heart, brain, and blood vessels ultimately 
leading to infl ammation and fi brosis [ 58 ]. This 
knowledge, in combination with emerging adult 
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data showing a decrease in mortality in patients 
with severe heart failure treated with aldosterone 
blockade [ 59 ,  60 ], has sparked renewed interest 
in this drug class. 

 Currently, there are two available ARAs, spi-
ronolactone and eplerenone. Spironolactone has 
been available for decades; however, published 
data regarding effi cacy and safety in the treat-
ment of pediatric hypertension remains limited. 
A recent observational study reported acceptable 
safety and tolerability profi les in children receiv-
ing spironolactone, largely as part of multidrug 
diuretic regimens in the setting of heart disease or 
chronic lung disease [ 61 ]. No BP data were 
reported and adverse events were limited to dys-
kalemia. Problematic progesterone-like and anti-
androgenic adverse effects can be seen in adults 
due to nonspecifi c binding to steroid receptors, 
including gynecomastia, erectile dysfunction, 
and decreased libido in men and menstrual abnor-
malities in women [ 62 ,  63 ]. Although instruc-
tions for preparation of an extemporaneous 
suspension are available for spironolactone, only 
unlabeled pre-FDAMA dosing guidelines exist 
for the treatment of hypertensive children. 

 Eplerenone is a newer, selective ARA with 
fewer endocrinologic side effects than spirono-
lactone. In a recent trial, the antihypertensive 
effect of eplerenone was evaluated in pediatric 
patients 4–17 years of age [ 64 ]. Reductions in 
both systolic and diastolic BP were achieved on 
therapy; however, this reached signifi cance only 
in the high-dose group. No dose-response effect 
was demonstrated. There were few adverse 
events reported during the trial, though the brief 
duration of the study precluded assessment of 
tolerability with chronic use.  

    Beta-Adrenergic Antagonists 

 The β-adrenergic antagonists are a large class of 
medications with heterogeneous pharmacologic 
properties. They act by blocking stimulation of 
β1- and β2-adrenoreceptors of the nervous sys-
tem, resulting in decreased BP by a number of 
mechanisms, including a reduction in cardiac 
output, a diminution of renin release, a decrease 

in central nervous system sympathetic outfl ow, 
and a presynaptic blockade that inhibits cate-
cholamine release [ 65 ]. All currently available 
agents antagonize cardiac β1-receptors competi-
tively, but vary in the degree of β2-receptor 
blockade in extra cardiac tissues. In addition, 
there are other β-adrenergic antagonists that 
have vasodilating properties either through con-
comitant alpha blockade or through the genera-
tion and release of nitric oxide. With this in 
mind, it is not surprising that there is consider-
able within-class variability with respect to tol-
erability and side effect profi les [ 66 ]. 

 Most β-adrenergic antagonists no longer had 
patent protection when the FDAMA was enacted. 
Hence, few drugs in this class have been studied 
rigorously in hypertensive children and evidence- 
based data with respect to effi cacy and safety in 
this population are lacking. Two notable excep-
tions are metoprolol and bisoprolol, the latter of 
which was studied in a combination preparation 
with hydrochlorothiazide (HCTZ). Using an 
extended release formulation, the pediatric meto-
prolol trial demonstrated a signifi cant reduction 
in systolic BP in those treated at moderate (1 mg/
kg) and high (2 mg/kg) doses and a signifi cant 
reduction in diastolic BP at high dose [ 67 ]. In 
addition, the placebo-corrected change in dia-
stolic BP exhibited a statistically signifi cant 
dose-response relationship. A 52-week open- 
label extension revealed a favorable tolerability 
and safety profi le. In the bisoprolol/HCTZ study, 
treatment groups did exhibit signifi cant reduc-
tions in systolic and diastolic BP [ 68 ]. However, 
there was a large placebo effect and the percent-
age of children who achieved BP less than the 
90th percentile was not signifi cantly different in 
the bisoprolol/HCTZ group compared to the pla-
cebo group. Of note, the bisoprolol/HCTZ group 
had fewer overall adverse events and fewer seri-
ous adverse events than subjects treated with 
placebo. 

 Propranolol was the fi rst β-adrenergic antago-
nist available in the United States and, histori-
cally, is the most extensively used in children and 
adolescents [ 69 ]. However, the availability of 
controlled clinical trials of this agent in children 
is lacking. There are published reports describing 
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the use of propranolol in children, though these 
involve a limited number of subjects making it 
diffi cult to draw conclusions with respect to effi -
cacy and safety [ 70 – 72 ]. It should be noted that 
propranolol is available in a commercially avail-
able oral solution. 

 Vasodilatory β-adrenergic antagonists have 
recently garnered much attention as potential 
alternatives to traditional beta-blockers in the 
management of hypertension in the adult popula-
tion. Carvedilol and labetalol cause vasodilation 
through α1-receptor blockade and nebivolol 
induces endothelium-dependent vasodilation by 
stimulating nitric oxide activity [ 73 ]. Whereas 
conventional β-adrenergic antagonists tend to 
raise peripheral vascular resistance (PVR) and 
reduce cardiac output (CO), these reduce PVR 
while maintaining or improving CO. At this point, 
none of these agents have been specifi cally stud-
ied for hypertension in the pediatric population.  

    Calcium Channel Blockers 

 Calcium channel blockers (CCBs) are a pharma-
cologically heterogeneous class of drugs that 
have a long history of use in the treatment of both 
adult and childhood hypertension. CCBs antago-
nize the L-type voltage-dependent slow channel 
of the cellular membrane of myocardial and vas-
cular smooth muscle, ultimately resulting in 
decreased contraction and a reduction of BP 
through dilation of the peripheral arteries [ 69 ]. 

 CCBs are divided into two classes: the tertiary 
amines and the dihydropyridines. The tertiary 
amines, diltiazem and verapamil, are used pri-
marily as antiarrhythmic agents because of their 
effect on AV nodal conduction, although both are 
effective antihypertensive agents as well. Neither 
diltiazem nor verapamil has been specifi cally 
studied in hypertensive children. Dihydropyridine 
CCBs commonly used in pediatric hypertension 
include nifedipine, isradipine, felodipine, and 
amlodipine. 

 Nifedipine is available in a short-acting and 
extended release formulation, neither of which 
has been rigorously studied in children. The pub-
lished literature regarding the use of nifedipine in 

hypertensive pediatric patients is largely restricted 
to the use of the short-acting agent in the setting 
of hypertensive urgencies [ 74 – 77 ]. More recently, 
the use of this agent has been avoided for acutely 
elevated BP as it has been associated with a pre-
cipitous drop in BP and an increased risk for myo-
cardial infarction, stroke, and death in the adult 
population [ 78 ]. Pediatric data suggest that short-
acting nifedipine may be used safely with judi-
cious dosing in otherwise healthy children [ 79 , 
 80 ]; however, many recommend abandoning its 
use in children given the availability of safer alter-
natives [ 81 ,  82 ]. There is a paucity of published 
reports describing the use of nifedipine for the 
treatment of chronic hypertension in children. 
One study compared the effi cacy and tolerability 
of extended release nifedipine and amlodipine in 
a small cohort of pediatric renal transplant recipi-
ents [ 83 ]. The two drugs were noted to have com-
parable effi cacy, though nifedipine appeared to be 
associated with more side effects, particularly 
gingival hyperplasia. Based on published reviews, 
it seems safe to assume that extended release nife-
dipine is commonly used in children for the man-
agement of chronic hypertension [ 84 ]. One factor 
limiting the use of extended release nifedipine is 
the necessity to swallow a pill, which may not be 
feasible in younger children. 

 As with nifedipine, effi cacy and safety data for 
isradipine in childhood hypertension are limited. A 
number of single-center case series have been pub-
lished detailing isradipine use in children [ 85 – 87 ]. 
Most of the children included in these studies were 
hospitalized with new onset secondary hyperten-
sion. In this population, isradipine effectively 
 lowered systolic and diastolic blood pressure with 
a low rate of adverse events. Most children required 
dosing three to four times daily, which may limit 
the use of isradipine for long- term therapy. Acutely, 
isradipine appears to be a safe and effective 
medication for reduction of severe hypertension 
and its use has been advocated over nifedipine in 
children [ 88 ]. A stable extemporaneous solution 
can be compounded that allows for appropriate 
dosing in infants and young children. 

 Felodipine use in childhood hypertension has 
been more rigorously studied than either nifedip-
ine or isradipine. A highly variable kinetic profi le 
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similar to that seen in young adults was noted in 
a small number of pediatric transplant patients 
who underwent pharmacokinetic testing [ 89 ]. In 
a single-center crossover study, once-daily dos-
ing of felodipine was found to be more effective 
than extended release nifedipine in children with 
hypertensive renal disease as assessed by ambu-
latory BP monitoring [ 90 ]. In addition, compli-
ance was signifi cantly better in those treated with 
felodipine. In the industry-sponsored clinical 
trial, felodipine 5 mg resulted in signifi cantly 
improved diastolic BP values over placebo; how-
ever, no dose-response relationship was observed 
and no signifi cant difference in BP values was 
noted at lower or higher doses [ 91 ]. 

 Considerably more data are available regard-
ing the use of amlodipine in childhood hyperten-
sion than the other CCBs. In single-center 
pediatric studies, amlodipine consistently dem-
onstrated effi cacy in reducing BP in patients with 
both primary and secondary hypertension [ 92 –
 96 ]. Amlodipine was reported to provide sus-
tained BP control on stable dosing with favorable 
safety and tolerability over a mean follow-up 
duration of 20 months [ 97 ]. Population pharma-
cokinetic studies demonstrated clearance and dis-
tribution characteristics in older children that 
were similar to adults. Plasma concentrations 
were similar whether amlodipine was dosed once 
or twice daily, suggesting that once-daily regi-
mens were likely suffi cient in children [ 98 ]. In 
the industry-sponsored clinical trial, amlodipine 
produced signifi cantly greater BP reductions than 
placebo with a dose-response effect on systolic 
and diastolic BP at doses greater than 0.06 mg/
kg/day [ 99 ]. In addition, an extemporaneous sus-
pension has been studied that has been shown to 
be stable for 3 months with bioequivalence that is 
not different from the tablet [ 100 ,  101 ]. 
Instructions for formulation of the suspension are 
available on the FDA-approved labeling.  

    Diuretics 

 Diuretics exert their effect by promoting urine 
production through a reduction in renal tubular 
sodium reabsorption. There are a number of 

agents available that act on different sites of the 
nephron, with variable degrees of potency. 
While diuretics are commonly used in adults, 
often as fi rst-line agents, their use is more lim-
ited in children. No controlled clinical trials 
examining diuretic use in pediatric hyperten-
sion have been conducted. Dosing guidelines 
exist for many diuretics with several available 
in suspension form; however, the clinical indi-
cation is for the treatment of edema not 
hypertension.  

    Direct Vasodilators 

 Vasodilators, such as minoxidil and hydrala-
zine, reduce BP by relaxing arterial smooth wall 
with a resultant decrease in peripheral vascular 
resistance. Several single-center case series 
have been published describing the use of min-
oxidil in children suggesting effi cacy in the 
treatment of severe childhood hypertension 
[ 102 – 104 ]. No controlled clinical trials in chil-
dren have been performed and long-term safety 
data is lacking. Minoxidil use in children has 
generally been reserved for those with severe 
refractory hypertension due to the high inci-
dence of hypertrichosis in those with long-term 
exposure. There is notably little data with 
respect to effi cacy and safety of hydralazine in 
childhood hypertension.  

    Other Antihypertensive Agents 

 No pediatric trials have been conducted for 
alpha- blockers or central acting agents, so little 
is known about the effi cacy or safety of these 
agents in children. Alpha-blockers play an 
important role in treatment of some disorders, 
such as pheochromocytoma; though they have 
limited utility in pediatrics given their poor toler-
ability profi le. Clonidine, the most widely used 
central acting agent, inhibits central sympathetic 
outfl ow resulting in decreased peripheral vascu-
lar resistance. Small studies suggest that cloni-
dine may be an effective agent for the treatment 
of childhood hypertension [ 105 ]; however, there 
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is a poor side effect profi le and risk for rebound 
hypertension when the medication is discontin-
ued suddenly.  

    Targeted Approach to Therapy 

 The decision to initiate antihypertensive medica-
tions in any child should not be taken lightly. 
Although there is a growing body of evidence 
with respect to the safety and tolerability of par-
ticular agents, follow-up studies are limited in 
duration and little is known regarding the impact 
of long-term pharmacologic therapy on growth 
and cognitive-development. In an effort to maxi-
mize benefi t, a targeted approach to therapy 
should be employed. Given the higher prevalence 
of secondary hypertension in children, the patho-
physiologic mechanism of BP escalation can 
often be identifi ed. In some cases, this facilitates 
selection of a specifi c therapeutic agent. In 
patients with concomitant diseases such as diabe-
tes, a particular drug may be particularly benefi -
cial. A thorough review of this topic is beyond 
the scope of this chapter; however, the following 
section provides a brief discussion of some clini-
cal situations where a specifi c antihypertensive 
agent may be particularly advantageous. 
Indications for directed therapy with correspond-
ing medications are provided in Table  36.4 .

       Renovascular Hypertension 

 In the setting of renal artery stenosis, perfusion to 
a part or to the entire kidney is compromised, stim-
ulating the release of renin and subsequent upreg-
ulation of the entire RAAS [ 106 ,  107 ]. In this 
setting, angiotensin blockade with ACE inhibitors 
or ARBs are obviously rational choices to treat 
blood pressure elevation. Unfortunately, such ther-
apy carries a risk of acute kidney injury due to 
relaxation of the afferent arteriole and concomi-
tant reduction in glomerular capillary hydrostatic 
pressure. For this reason, bilateral renal artery ste-
nosis is considered an absolute contraindication to 
ACE inhibitor or ARB treatment. However, if dis-
ease is isolated to one side or to segmental renal 
arteries, these medications are generally safe and 
particularly effective. Gradual dose titration and 
judicious monitoring is mandated. Given the 
increased renin secretion, there is always sodium 
retention and volume overload in patients with 
renovascular hypertension; therefore, diuretics 
and vasodilators may also play important roles in 
therapy.  

    Chronic Kidney Disease 

 Hypertension is common in children with chronic 
kidney disease. Recent analysis of data from the 
ongoing Chronic Kidney Disease in Children 
cohort revealed a prevalence rate of 54 %. [ 108 ]. 
Uncontrolled hypertension, hyperfi ltration, and 
proteinuria are known risk factors for accelerated 
renal decline in adult patients [ 109 – 111 ]. There is a 
preponderance of evidence that angiotensin block-
ade slows the progression of renal decline in adults, 
likely secondary to antihypertensive, antiprotein-
uric, and antifi brotic properties [ 112 – 114 ]. Relative 
to adult studies, there is a dearth of pediatric data 
regarding similar benefi ts in children. One notable 
exception is the ESCAPE trial, which reported that 
treatment with ramipril was effective in reducing 
systolic and diastolic BP in a cohort of pediatric 
patients with CKD [ 25 ]. All subjects in this study 
received ramipril at the highest antihypertensive 
dose approved in adults (10 mg/day) adapted for 

   Table 36.4    Indications for specifi c/directed drug 
therapy   

 Condition  Drug 

 Renal artery stenosis  ACE-I, ARB, diuretic, 
vasodilator 

 Diabetes (type 1 or type 2)  ACE-I, ARB 
 Coarctation of aorta  Beta-agonist 
 Renal parenchymal disease  ACE-I, ARB 
 Liddle syndrome  Amiloride 
 Glucocorticoid remediable 
aldosteronism 

 GC, eplerenone, 
spironolactone 

 Gordon syndrome  Thiazide diuretic 
 Pheochromocytoma  Sequential alpha- and 

beta-agonists 
 Posttransplant hypertension  CCB, ACE-I, ARB 
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body size (6 mg/m 2 /day), some on combination 
with other antihypertensive agents to achieve 
desired BP control. Final analysis of this trial 
showed that intensive blood pressure control, 
defi ned as 24-h mean arterial pressure <50th per-
centile, led to signifi cantly fewer patients reaching 
the primary end point, defi ned as 50 % reduction in 
GFR or progression to ESRD. Overall, there 
appears to be general agreement that ACE inhibi-
tors and ARBs should be considered as fi rst-line 
therapy for hypertensive therapy in children with 
CKD. Given the risk for depressed GFR and hyper-
kalemia in this population, judicious monitoring of 
electrolyte balance and renal function is mandated. 
The management of hypertension in chronic kid-
ney disease is discussed in detail in Chap.   22    .  

    Primary Hypertension 

 Primary hypertension is an increasing problem 
in childhood, largely the result of the ongoing 
obesity epidemic [ 10 ]. Some of these patients 
may be managed successfully with therapeutic 
lifestyle interventions; however, treatment with 
antihypertensive medications is often required. 
Generally speaking, choice of an agent in this 
setting is based on provider preference and expe-
rience rather than pathophysiologic underpin-
nings. In the adult population, evidence has 
emerged to suggest that a renin-guided approach 
in these patients may be benefi cial. Laragh pos-
tulates that long-term BP control is sustained by 
two intervening forces: (1) the sodium volume 
(V) content and (2) plasma renin-angiotensin 
vasoconstrictor (R) activity [ 115 ,  116 ]. With this 
in mind, the plasma renin level may be used to 
determine the relative involvement of V and R 
factors in determining BP, making it possible to 
identify an appropriate intervention. Low-renin 
volume-dependent hypertension should be 
treated with an anti-V drug (diuretic, CCB, min-
eralocorticoid receptor antagonist) and high- 
renin vasoconstrictive hypertension should be 
treated with an anti-R drug (ACE inhibitor, 
ARB, β-adrenergic antagonist). Recent data sug-
gest that such an approach is effi cacious [ 117 , 
 118 ]. Moreover, there is also evidence that 

selection of a “wrong” drug (an anti-V drug for 
R hypertension or an anti-R drug for V hyperten-
sion) can lead to a paradoxical rise in BP [ 119 ]. 
There is no body of evidence that such an 
approach is effective in pediatric patients and 
further studies in this age group are warranted.  

    Conclusion 

 The prevalence of pediatric hypertension is 
increasing and pediatricians are increasingly 
expected to provide appropriate therapeutic inter-
ventions. There is a growing body of pediatric- 
specifi c data with respect to effi cacy and safety of 
pharmaceutical therapies; however, much is still 
to be learned about their impact on long-term 
outcomes, including growth, cognitive develop-
ment, cardiovascular morbidity, and mortality. 
When medications are required, a rational 
approach to selecting an appropriate agent with 
respect to pathophysiology, potential benefi t, and 
the likelihood for side effect is advocated.     
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          Introduction 

 Severe, symptomatic hypertension occurs infre-
quently in childhood but when present often sig-
nifi es a life-threatening emergency. The clinician 
needs to approach this situation with a sense of 
urgency to reduce blood pressure (BP) and limit 
end-organ damage while avoiding overly aggres-
sive therapy, which may also lead to ischemia 
and further injury. This chapter discusses the 
causes, pathophysiology, evaluation, and treat-
ment of severe hypertension.  
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when present often signifi es a life-threatening emergency. The clinician 
needs to approach this situation with a sense of urgency to reduce blood 
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    Defi nitions of Hypertensive Crises, 
Emergencies, and Urgencies 

 The Fourth Report on the Diagnosis, Evaluation, 
and Treatment of High Blood Pressure in 
Children and Adolescents classifi es hyperten-
sion in childhood into two stages [ 1 ]. Stage 1 
hypertension is designated for blood pressure 
levels from the 95th percentile to 5 mmHg above 
the 99th percentile for age, gender, and height, 
while stage 2 hypertension is designated for lev-
els above the 99th percentile plus 5 mmHg. 
Recently published guidelines from the European 
Society of Hypertension also recognize this stag-
ing system [ 2 ]. The purpose of this staging sys-
tem is to help distinguish mild hypertension 
from more severe hypertension where more 
immediate and extensive evaluation is indicated 
(Table  37.1 ) [ 1 ]. School-based screenings report 
an incidence of stage 1 hypertension in 2.6 % 
and stage 2 hypertension in 0.6 % in adolescent 
students when blood pressure was measured on 
three separate occasions [ 3 ]. While the width of 
the blood pressure range in stage 1 hypertension 
is 12–15 mmHg, individuals with stage 2 hyper-
tension may have a blood pressure level just a 
few or many mmHg above the stage 2 limit. 
Patients with stage 1 or 2 hypertension may be 
asymptomatic or have a range of clinical signs or 
symptoms [ 4 ].

   The terminology used to further categorize 
severe hypertension as a hypertensive crisis, 
emergency, or urgency has not been rigorously 
defi ned in childhood. The most recent report of 
the Joint National Committee on Detection, 
Evaluation, and Treatment of Hypertension, 
JNC 7, considers blood pressure values above 

180/120 in adults to constitute a “hypertensive 
crisis” [ 5 ,  6 ]. This is a value 20 mmHg above the 
lower limit for stage 2 hypertension in adults. 
While there is no absolute level of blood pres-
sure that constitutes a hypertensive crisis in 
childhood or adolescence, values would be 
expected, as with adults, to usually exceed the 
stage 2 limit. 

 Hypertensive emergencies and hypertensive 
urgencies are considered to be two forms of a 
hypertensive crisis. Severe hypertension with the 
presence of life-threatening symptoms or target- 
organ injury defi nes a hypertensive emergency. In 
a hypertensive urgency the blood pressure could 
be similarly elevated but less signifi cant symp-
toms would be present and no acute target-organ 
injury [ 2 ,  6 ]. For example, a hypertensive child 
presenting with encephalopathy or heart failure 
would be considered as experiencing a hyperten-
sive emergency, while a hypertensive teenager 
with a headache and vomiting would be classifi ed 
as experiencing a hypertensive urgency. 
Perioperative hypertension is also considered to 
be a hypertensive urgency [ 6 ]. 

 Other terms have also been used to describe 
severe hypertension. “Accelerated hyperten-
sion” is used to describe a recent signifi cant rise 
over baseline blood pressure that is associated 
with target-organ damage. “Malignant hyper-
tension” describes the association of elevated 
BP in association with encephalopathy or 
nephropathy. This term, however, has been 
removed from National and International Blood 
Pressure Control guidelines and is best referred 
to as a hypertensive emergency [ 6 ,  7 ]. In the 
International Classifi cation of Diseases (ICD 9) 
coding system, “malignant hypertension” refers 
to any situation with severe high arterial blood 
pressure and not just to elevated BP associated 
with encephalopathy or nephropathy [ 8 ]. This 
term is no longer a coding modifi er in the pro-
posed ICD 10 system. Confusion regarding the 
defi nitions and use of these terms has led some 
authors to avoid the distinction between hyper-
tensive emergencies or urgencies and consider a 
classifi cation scheme of severe hypertension 
with or without severe symptoms or end-organ 
injury [ 9 ,  10 ].  

   Table 37.1    Hypertension stages   

 Stage  Pediatric criteria  Adult criteria 

 1  SBP or DBP > 95th to 
99th percentile plus 
5 mmHg 

 140–159/90–99 mmHg 

 2  SBP or DBP > 99th 
percentile plus 5 mmHg 

 >160/100 mmHg 

  Adapted from references [ 1 ,  5 ] 
  SBP  systolic blood pressure,  DBP  diastolic blood pressure  
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    Organ Systems Susceptible 
to Hypertensive Injury 

 Damage to organs in a hypertensive emergency 
may involve the brain (seizures, focal defi cits, 
hemorrhage), eye (papilledema, hemorrhages, 
exudates), kidneys (renal insuffi ciency), and 
heart (congestive heart failure). Reports dating 
back to the 1960s have demonstrated an associa-
tion between severely elevated blood pressure 
and hypertensive target-organ damage in chil-
dren. In 1967, Still and Cottom reviewed their 
experience with 55 children with severely ele-
vated blood pressure (diastolic BP > 120 mmHg) 
and evidence of cardiomegaly on clinical exam or 
left ventricular hypertrophy on electrocardio-
gram (ECG) [ 11 ]. Neurologic complications 
(facial palsy, convulsions, cerebrovascular 
lesions) were present in 1/3 of these patients and 
papilledema in 36 %. Unfortunately, due to the 
lack of effective therapy, 31 of 55 (56 %) died as 
a result of complications from hypertension. In a 
1992 report by Deal, 82 of 110 children (75 %) 
requiring “emergent” treatment for an average 
blood pressure of 180/127 mmHg had evidence 
of injury to at least one organ system (Table  37.2 ). 
Fortunately, long-term outcome was improved 
with only 4 % experiencing sustained neurologic 
damage [ 12 ]. Another report from 1987 on 27 
children and adolescents with renovascular 
hypertension with mean BP at presentation of 
172/114 mmHg (age 5 months to 20 years) found 
that 85 % had evidence of target-organ 

abnormalities [ 13 ]. Eighteen of 27 (66 %) had 
left ventricular hypertrophy by ECG, 16 of 27 
(60 %) had retinal vascular lesions, and 3 of 27 
(11 %) renal failure.

   A recent study evaluating severity of hyper-
tension and organ injury found that patients with 
nausea/vomiting and visual impairment had a 
higher degree of systolic blood pressure elevation 
(29–46 %) above the stage 2 hypertension limit 
(99th percentile + 5 mmHg) as compared to those 
with a hypertensive crisis but without these 
symptoms (17–19 %) [ 14 ]. Patients with altered 
consciousness had higher percentage for systolic 
and diastolic elevation (26–102 %) than those 
with clear consciousness (19 %). The authors 
concluded that SBP elevation 20 % above the 
stage 2 hypertension limit might indicate a criti-
cal point for organ injury in children with a 
hypertensive crisis [ 14 ].  

    Pathophysiology 

 One of the key homeostatic mechanisms to pre-
vent organ injury is vascular autoregulation. 
While present in many tissues, autoregulation of 
cerebral blood fl ow is best studied [ 15 ,  16 ]. This 
mechanism attempts to maintain a constant cere-
bral blood fl ow in the presence of a broad range 
of perfusion pressures. This constancy occurs 
due to cerebral arteriolar vasoconstriction with 
increasing perfusion pressure and vasodilatation 
with decreasing perfusion pressure. Other factors 
infl uencing cerebral blood fl ow include cerebral 
metabolic demand and blood oxygen and carbon 
dioxide content [ 17 ]. In adults, autoregulation 
appears to be present over the mean arterial pres-
sure range from 60 to 150 mmHg [ 18 ]. 
Autoregulation appears early in development and 
is present in later fetal and neonatal lambs and 
neonatal dogs and humans [ 19 ,  20 ]. While the 
autoregulation limits in the human preterm and 
full-term newborn have not been established with 
certainty, the approximate range appears to be 
from 25 to 50 mmHg mean arterial pressure [ 19 ]. 
The autoregulatory plateau appears to be nar-
rower in the newborn and increases with matura-
tion. Autoregulation is rendered inoperative 

   Table 37.2    Signs and symptoms of hypertensive 
emergencies   

 Hypertensive retinopathy  27 % 
 Hypertensive encephalopathy  25 % 
 Convulsions  25 % 
 Left ventricular hypertrophy  13 % 
 Facial palsy  12 % 
 Visual symptoms   9 % 
 Hemiplegia   8 % 
 Cranial bruits   5 % 
 BP > 99th % without organ damage  24 % 

  Adapted from reference [ 12 ] 
  BP  blood pressure  
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by factors leading to pronounced cerebral 
 vasodilatation (hypercarbia, hypoxia, hypoglyce-
mia, postasphyxial state). In these situations, 
cerebral blood fl ow becomes pressure passive, 
increasing susceptibility to hyperperfusion with 
increased cerebral perfusion pressure and isch-
emia with lower perfusion pressure [ 19 ]. 

 In adults with uncontrolled chronic hyperten-
sion, there is a shift in the autoregulatory curve, 
providing constant cerebral blood fl ow at higher 
mean arterial pressures [ 18 ]. This shift may 
develop as a result of structural changes in the 
cerebral vasculature. While protecting against 
hyperperfusion at severely elevated blood pres-
sure, this shift in the limits of autoregulation may 
lead to cerebral ischemia if blood pressure is rap-
idly lowered to a normotensive level. In acute 
hypertension, this shift in the autoregulatory 
curve has not occurred, making individuals more 
susceptible to hyperperfusion states at high pres-
sures but less susceptible to ischemia when BP is 
rapidly reduced to the normal range. While dif-
ferences exist in cerebral autoregulation between 
healthy boys and girls and adolescents and adults 
[ 21 – 23 ], the effects of chronic hypertension on 
developmental differences in cerebral autoregu-
lation during childhood and adolescence remain 
largely unknown [ 24 ]. Reduced change in cere-
bral blood fl ow in response to hypercapnia has 
been recently described in untreated hypertensive 
children, suggesting deranged vasodilator reac-
tivity as in adults [ 25 ]. 

 When blood pressure exceeds the upper limits 
of the autoregulatory range, the compensatory 
response of vasoconstriction is inadequate and 
cerebral blood fl ow increases proportionately 
with the mean arterial pressure. This leads to 
forced vasodilatation, endothelial dysfunction, 
and edema formation as fl uid is forced through 
the capillary walls of the blood-brain barrier 
resulting in the development of hypertensive 
encephalopathy [ 26 ]. This impairment in auto-
regulation has been demonstrated in severely 
hypertensive adults [ 27 ], and studies have dem-
onstrated differential effects of antihypertensive 
agents on cerebral blood fl ow during blood 
 pressure reduction [ 28 ]. Recent studies have 
demonstrated a role for the delta protein kinase C 

(δ (delta) PKC) signaling pathway on alterations 
in endothelial cell tight junctions in the blood-
brain barrier (BBB) in hypertensive encephalop-
athy [ 29 ,  30 ]. Inhibition of δ (delta) PKC led to 
the stability of the BBB in a hypertensive rat 
model, suggesting this may be a therapeutic tar-
get for the prevention of BBB disruption in this 
condition. 

 The mechanisms of hypertension leading to 
the development of hypertensive emergencies 
often involve the renin-angiotensin-aldosterone 
system [ 10 ,  31 – 33 ]. These have been reviewed in 
detail elsewhere [ 34 ]. High renin and aldosterone 
are often found in renovascular and other renal 
causes of hypertension. Activation of this system 
leads to vasoconstriction via angiotensin II pro-
duction and sodium retention through the effects 
of aldosterone on the kidneys. Angiotensin II 
may also promote endothelial dysfunction and 
increased expression of proinfl ammatory cyto-
kines such as NF-κB (kappa). Other mechanisms 
leading to severe blood pressure elevation may 
include fl uid overload, as may occur in acute kid-
ney injury or chronic kidney disease; activation 
of the sympathetic nervous system by secretion 
of vasoactive substances as in a pheochromocy-
toma; vasculitis; and medications [ 35 ].  

    Etiologies of Severe Hypertension 

 In contrast to adults where uncontrolled primary 
hypertension is the most common etiology of 
hypertensive emergencies, severe hypertension in 
children is generally considered to be secondary 
to disorders of the kidney, heart, or endocrine 
systems [ 36 – 40 ]. Older case series have reported 
renal problems as the cause of hypertensive 
emergencies or urgencies in children in over 
80 % of patients [ 12 ]. A more recent series of 
children treated with an intravenous antihyper-
tensive agent reported that 55 % had associated 
renal disease [ 41 ]. With the increasing presence 
of primary hypertension in adolescence, this may 
become a more frequent etiology of severe hyper-
tension in the future. 

 The etiologies of severe hypertension in 
 children may vary with age and parallel the 
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underlying causes of hypertension in each age 
group [ 42 ]. In neonates, renovascular disease 
secondary to an aortic or renal thrombus related 
to an umbilical artery catheter is a common cause 
of a hypertensive emergency as well as congeni-
tal renal anomalies and coarctation of the aorta. 
Outside of the newborn period, children may 
have renal parenchymal disease such as glomeru-
lonephritis, refl ux nephropathy, renovascular dis-
ease, or endocrine disease. In adolescents, renal 
parenchymal diseases may also be seen, but addi-
tional causes of severe hypertension may include 
preeclampsia and drug intoxication (cocaine, 
amphetamines). While most adults presenting to 
the emergency department with severe hyperten-
sion have a known diagnosis of hypertension 
(80 %) [ 43 ], this would appear to be less common 
in childhood. Among adults with known hyper-
tension, common reasons for severe BP elevation 
may include running out of medication (16 %) 
and noncompliance (12 %). These circumstances 
may also occur in childhood. Fluid overload in 
dialysis patients may be another cause for severe 
symptomatic hypertension [ 44 ,  45 ]. Abrupt with-
drawal of either a beta-blocker or clonidine may 
result in “rebound” hypertension that may require 
urgent intervention [ 46 ].  

    Clinical Presentation 

 Children with severe hypertension may present 
with major symptoms or be asymptomatic [ 4 ]. 
After confi rming that blood pressure has been 
measured with the proper size of cuff and tech-
nique, the initial history and physical exam should 
focus on symptoms and signs of end- organ dam-
age [ 47 ,  48 ]. These may include central nervous 
system fi ndings such as a change in behavior, 
 seizures, vision changes, headache, altered men-
tal status, confusion, focal weakness, or other 
 neurologic signs. Orthopnea, shortness of breath, 
and edema may suggest congestive heart failure, 
and hematuria, fl ank pain, “cola- colored” urine, 
and oliguria suggest renal disease. 

 Signs of end-organ damage may include those 
of hypertensive encephalopathy including leth-
argy, confusion, and coma [ 49 ,  50 ]. Facial nerve 

palsy has also been observed in children with a 
hypertensive emergency [ 51 – 54 ]. Hemorrhages 
or exudates and papilledema are frequently 
reported on fundoscopic exam [ 55 – 57 ]. 
Tachypnea, pulmonary edema, a gallop rhythm, 
or a new heart murmur may suggest congestive 
heart failure. Additional signs may include 
peripheral edema suggesting fl uid overload in 
renal disease or an abdominal bruit suggesting 
renovascular hypertension. Exophthalmos may 
be associated with hyperthyroidism, and an 
abdominal mass may be seen with Wilms’ tumor, 
polycystic kidney disease, neuroblastoma, or 
congenital renal anomalies [ 58 ,  59 ]. Skin lesions 
such as café au lait spots and axillary freckling 
may suggest neurofi bromatosis, which may be 
associated with renovascular hypertension or 
pheochromocytoma [ 60 ]. Diminished femoral 
pulses or reduced blood pressure in the legs sug-
gests coarctation of the aorta [ 47 ]. It is also 
important to look for signs of child abuse or other 
CNS trauma which may lead to hypertension 
through the development of increased intracra-
nial pressure as these situations require therapy 
directed to preserve the cerebral perfusion pres-
sure and should not be managed with antihyper-
tensive medications [ 31 ,  61 ].  

    Evaluation of Children 
with Hypertensive Crises 

 The evaluation of children with a hypertensive 
emergency should include a urinalysis to look for 
hematuria and proteinuria as evidence of under-
lying renal disease. Electrolytes, blood urea 
nitrogen, and creatinine should be measured to 
evaluate renal function. A complete blood count 
should be obtained to look for evidence of a 
microangiopathic hemolytic anemia [ 62 ]. 
Adolescent girls should have a pregnancy test as 
preeclampsia may present with severely elevated 
blood pressure [ 63 ]. A chest radiograph can 
screen for cardiac hypertrophy and vascular con-
gestion. An echocardiogram is also helpful if 
heart failure is suspected or to look for left ven-
tricular hypertrophy, but should not delay the 
institution of therapy. A urine toxicology screen 
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may be considered in some clinical settings as 
well as a renal ultrasound to evaluate for renal 
causes of hypertension [ 64 ,  65 ]. If signs of 
encephalopathy are present, a computed tomog-
raphy study of the head should be obtained to 
evaluate for cerebral edema, intracranial hemor-
rhage, and stroke and to differentiate hyperten-
sive encephalopathy from intracranial injury or 
mass lesion. More complex studies such as brain 
magnetic resonance imaging can be performed at 
a later date to evaluate for edema of white matter 
in the parieto-occipital regions as seen in poste-
rior reversible leukoencephalopathy syndrome 
(PRES) [ 66 – 72 ]. If renovascular hypertension is 
suspected, other imaging modalities such as com-
puted tomography angiography, magnetic reso-
nance angiography, or direct renal angiography 
may be considered after blood pressure is stabi-
lized [ 65 ,  73 – 75 ].  

    Treatment of Severe Hypertension 

 The patient with a hypertensive emergency ide-
ally should be managed in the intensive care 
unit where careful monitoring of blood pressure 
and neurologic status is possible. Blood pres-
sure should be measured frequently, preferably 
by continuous intra-arterial monitoring. 
Initiation of treatment should not be delayed, 
however, for arterial cannulation. Frequent 
automated oscillometric or manual auscultatory 
readings may be adequate methods of blood 
pressure measurement initially. Noninvasive 
blood pressure measurements would be ade-
quate as well for most patients with hyperten-
sive urgency. A recent study reported better 
agreement between intra- arterial and Doppler 
ultrasound methods of BP measurement than 
with automated oscillometric readings, which 
were on average 10 mmHg lower than the other 
methods in hypertensive children [ 76 ]. The air-
way, breathing, and circulation status of the 
patient should be frequently assessed and endo-
tracheal intubation performed if mental status is 
depressed or in the presence of respiratory  failure. 
Seizures should be stopped with anticonvulsants 
such as lorazepam. Two intravenous access lines 

should be present to prevent sudden loss of 
access for antihypertensive medications [ 31 ]. 

 A number of antihypertensive medications are 
available with established effi cacy [ 75 ,  77 ,  78 ]. 
Unfortunately, few have undergone rigorous test-
ing in children and less than half of current IV 
antihypertensive agents marketed in the USA 
have pediatric labeling [ 10 ]. There have been no 
randomized clinical trials of management of 
pediatric hypertensive emergencies to evaluate 
the optimal medication and rate or degree of 
blood pressure reduction. Most adult studies have 
also involved small numbers of patients with dif-
fering defi nitions for enrollment and outcome, 
treatment regimens, and length of follow-up [ 79 , 
 80 ]. Optimal treatment will remain more opinion 
than evidenced based until additional studies 
have been completed. 

 Adult and pediatric guidelines recommend 
that blood pressure be reduced in a controlled 
manner in hypertensive emergencies with con-
tinuous intravenous medications [ 1 ,  2 ,  5 ]. 
Evidence supporting this view includes a report 
by Deal et al. comparing treatment complications 
in 53 children receiving intravenous labetalol 
and/or sodium nitroprusside infusion as com-
pared with an earlier time period in 57 children of 
intravenous bolus injection of diazoxide and/or 
hydralazine. Twenty-three percent of patients 
treated with bolus therapy versus 4 % of those 
treated with infusions experienced complica-
tions. All seven children with permanent neuro-
logic injury were treated with bolus therapy [ 12 ]. 

 The goal for chronic antihypertensive treat-
ment in children is to reduce blood pressure to 
<95th percentile, unless concurrent conditions 
such as cardiac or renal disease or diabetes are 
present when BP should be lowered to <90th per-
centile [ 1 ] or to below the 75th percentile in chil-
dren with chronic kidney disease without 
proteinuria and below the 50th percentile in cases 
of proteinuria [ 2 ]. As noted above, children with 
chronic uncontrolled hypertension may be at 
much greater risk than those with acute hyperten-
sion to have decreased cerebral blood fl ow and 
ischemia with rapid normalization of blood pres-
sure so initial BP targets should be higher. The 
Fourth Report on the Diagnosis, Evaluation, and 

C.W. Belsha



563

Treatment of High Blood Pressure in Children 
and Adolescents recommends lowering blood 
pressure by ≤25 % in the fi rst 8 h after presenta-
tion and then gradually normalizing the blood 
pressure over 26–48 h to prevent complications 
of treatment [ 1 ]. Recently published guidelines 
from the European Society of Hypertension sug-
gest that BP should be lowered by no more than 
25–30 % over the fi rst 6–8 h, followed by a fur-
ther gradual reduction over the next 24–48 h [ 2 ]. 
In a hypertensive urgency, evaluation should 
occur immediately and treatment begun to lower 
BP over a course of hours to days with either 
intravenous or oral antihypertensive medications 
depending on the child’s symptomatology. 

 Intravenous antihypertensive medications that 
have proven most useful in treating severe hyper-
tension include nicardipine, labetalol, sodium 
nitroprusside, and hydralazine. Additional intra-
venous agents, which may be occasionally use-
ful, include esmolol, fenoldopam, and possibly 
enalaprilat. Clevidipine is a newer agent with 
limited pediatric experience. Oral medications 
recommended for acute hypertensive urgencies 
include clonidine, isradipine, and minoxidil. 
Each of these will be reviewed below. Suggested 
doses for these agents can be found in Table  37.3 .

   Diazoxide, an intravenous direct vasodilator 
used frequently in the past by bolus injection 
[ 81 – 83 ], is no longer recommended as a fi rst-line 

   Table 37.3    Antihypertensive drugs for treatment of severe hypertension   

 Drug  Class  Dose  Route  Comments 

 Emergencies (severe hypertension with life-threatening symptoms) 
 Esmolol  β (beta)-blocker  100–500 μg/kg per min  IV infusion  Very short acting; constant 

infusion. May cause 
bradycardia 

 Hydralazine a   Vasodilator  0.2–0.6 mg/kg per dose  IV bolus or 
IM 

 Causes refl ex tachycardia, 
headaches, fl uid retention 

 Labetalol  α (alpha)- and β 
(beta)-blocker 

 Bolus: 0.2–1 mg/kg per 
dose up to 40 mg/dose 

 IV infusion 
or bolus 

 Use with caution in asthma, 
heart failure. Preferred in 
neurologic emergency  Infusion: 0.25–3 mg/kg 

per h 
 Nicardipine  Calcium channel 

blocker 
 1–3 μg/kg per min  IV infusion  May cause refl ex tachycardia. 

Preferred in neurologic 
emergency 

 Sodium 
nitroprusside 

 Vasodilator  0.53–10 μg/kg per min  IV infusion  Associated with cyanide, 
thiocyanate toxicity. Monitor 
levels with (>48 h) use or in 
hepatic or renal dysfunction 

 Urgencies (severe hypertension with less signifi cant symptoms) 
 Clonidine b   Central α 

(alpha)-agonist 
 0.05–0.1 mg/dose may be 
repeated up to 0.8 mg 
total dose 

 po  Side effects include sedation, 
dry mouth 

 Enalaprilat  ACE inhibitor  0.05–0.1 mg/kg per dose 
up to 1.25 mg/dose 

 IV bolus  May cause prolonged 
hypotension, oliguria, and 
hyperkalemia 

 Fenoldopam  Dopamine receptor 
agonist 

 0.2–0.8 μg/kg per min  IV infusion  Produced modest reduction in 
BP in a pediatric clinical trial 
up to age 12 years 

 Isradipine  Calcium channel 
blocker 

 0.05–0.1 mg/kg per dose  po  Stable suspension can be 
compounded 

 Minoxidil  Vasodilator  0.1–0.2 mg/kg per dose  po  Most potent oral vasodilator, 
long acting 

  Adapted from reference [ 1 ] 
  IV  indicated intravenous,  IM  intramuscular,  po  oral,  ACE  angiotensin-converting enzyme,  HTN  hypertension 
  a May be used in initial treatment of hypertensive emergency at 0.1 mg/kg dose 
  b Limited reported pediatric experience; smaller doses may be needed in younger children  
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antihypertensive agent for hypertensive emergen-
cies [ 1 ] due to a long half-life and unpredictable 
duration of action [ 84 ,  85 ]. Use of short-acting 
nifedipine has been abandoned in adults [ 86 ] due 
to signifi cant adverse events but continues to be 
used by some pediatric centers. While single and 
multicenter retrospective reviews have suggested 
this medication is safe and effective in children 
with in-hospital use [ 87 – 89 ], others have pointed 
to diffi culties in accurately dosing this medica-
tion, availability of other medications, and reports 
of adverse neurologic events as evidence against 
its continued use [ 84 ,  90 – 94 ]. Short-acting nife-
dipine is not included in the Fourth Report on the 
Diagnosis, Evaluation, and Treatment of High 
Blood Pressure in Children and Adolescents for 
the treatment of hypertension [ 1 ] but is listed in 
Pediatric BP Guidelines from the European 
Society of Hypertension [ 2 ]. 

 Sodium nitroprusside, a direct vasodilator of 
arteriolar and venous smooth muscle cells, has 
been used for the treatment of severe hyperten-
sion in childhood since the 1970s [ 95 ,  96 ]. The 
recommended dosage by continuous infusion is 
0.53–10 μg/kg/min [ 1 ]. Nitroprusside acts by 
releasing nitric oxide, which dilates arterioles and 
venules and reduces total peripheral resistance. 
This decreases preload and afterload, allowing 
the use of this agent for severe congestive heart 
failure as well as in severe hypertension. Use may 
result in modest tachycardia. Nitroprusside has a 
rapid onset of action within 30 s which results in 
rapid lowering of blood pressure. The antihyper-
tensive effect disappears within a few minutes of 
stopping the medication [ 97 ]. Toxicity occurs as a 
result of the metabolism of nitroprusside to cya-
nide and thiocyanate. Toxic accumulation of cya-
nide leads to the development of metabolic 
acidosis with elevated lactate levels, tachycardia, 
altered consciousness, dilated pupils, and methe-
moglobinemia. Routine monitoring of cyanide 
levels is, however, no longer recommended due to 
the lack of correlation between levels and physi-
cal signs and symptoms [ 98 ]. Thiocyanate toxic-
ity is suggested by symptoms of altered mental 
status, nausea, seizures, skin rash, psychosis, 
anorexia, or coma [ 85 ,  98 ]. The nitroprusside 
infusion should be discontinued if signs and 

symptoms of cyanide or thiocyanate toxicity are 
present. Thiosulfate administration may facilitate 
the conversion of cyanide to thiocyanate by 
donating a sulfur group [ 85 ], which may lessen 
the risk of toxicity. Hydroxocobalamin is an agent 
approved for cyanide toxicity. Most authorities 
recommend limiting nitroprusside use to situa-
tions where no other suitable agent is available or 
to brief periods of time [ 7 ,  10 ]. 

 Labetalol is a combined α (alpha) 1 - and β 
(beta)-adrenergic blocking agent. When given 
intravenously, rather than orally, it may allow for 
controlled reduction in blood pressure [ 99 ]. The 
α (alpha) 1 -blocking effect leads to vasodilatation 
and reduced peripheral vascular resistance with 
little effect on cardiac output. Due to its β (beta)-
blocking effects, heart rate is usually maintained 
or slightly reduced. Hypotensive effects of a sin-
gle dose appear within 2–5 min, peak at 5–15 min, 
and last up to 2–4 h [ 99 ]. The liver metabolizes 
the medication and elimination is not altered by 
renal dysfunction. Labetalol is 3–7 times more 
potent as a β-blocker than α (alpha)-blocker [ 77 , 
 99 ]. The beta effects may lead to bronchospasm 
and bradycardia and use of labetalol is contrain-
dicated in acute left ventricular failure. It should 
be used with caution in diabetic patients as it may 
prevent the signs and symptoms of hypoglyce-
mia. It is recommended for hypertension man-
agement in neurologic emergencies such as 
hypertensive encephalopathy as it does not 
increase intracranial pressure [ 100 ,  101 ]. As 
compared with sodium nitroprusside, systemic 
and cerebral vascular resistance is decreased pro-
portionally, maintaining cerebral blood fl ow to a 
greater extent with labetalol [ 28 ]. Case series in 
children have demonstrated its usefulness in the 
pediatric population [ 12 ,  102 ,  103 ]. Labetalol 
may be given as a bolus of 0.2–1 mg/kg/dose up 
to a 40 mg maximum dose or as a continuous 
infusion of 0.25–3 mg/kg per hour with a maxi-
mum 24 h dose of 300 mg [ 1 ,  7 ]. 

 A recent retrospective single-center review of 
27 infants and children (age < 24 months) treated 
for hypertensive crisis or stage 2 compared the 
response to intravenous (IV) infusions of labet-
alol, nicardipine, or nitroprusside [ 103 ]. Time to 
a 20 % decrease in systolic BP was similar with 
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all three agents. The authors reported excellent 
BP reductions with labetalol up to dosages of 
0.59 mg/kg/h with little additional benefi t at 
higher dosages suggesting possible dose satura-
tion in this young age group. Immaturities of the 
glucuronidation pathway of labetalol metabolism 
or developmental differences in drug distribution 
were suggested to explain this observation. 
Reported side effects were similar among agents, 
although patients receiving labetalol and present-
ing with ischemic or traumatic brain injury were 
likely to develop hypotension requiring discon-
tinuation of the infusion. While acknowledging 
potential study limitations, the authors suggest 
caution in initiation of labetalol for severe hyper-
tension in young patients with ischemic or trau-
matic brain injury [ 103 ]. Labetalol is, however, a 
recommended treatment in adult patients with 
ischemic stroke and severe hypertension [ 104 ]. 

 Nicardipine, a second-generation dihydropyr-
idine calcium channel blocker, has greater selec-
tivity for vascular smooth muscle than cardiac 
myocytes. It has strong cerebral and coronary 
vasodilator activity and minimal inotropic car-
diac effects leading to favorable effects on myo-
cardial oxygen balance [ 105 ]. Effi cacy in 
reducing blood pressure was similar to IV sodium 
nitroprusside in adults. Nicardipine has compa-
rable safety and effi cacy to labetalol in adults, 
with possibly more predictable and consistent BP 
control [ 80 ]. Modest tachycardia may be seen 
with the use of this agent. Onset of action with 
this medication is rapid within 1–2 min and dura-
tion of action of a single dose is 3 h. Nicardipine 
undergoes liver metabolism and the dosage is 
unaffected by renal dysfunction. Like labetalol, it 
is recommended for hypertension management in 
neurologic emergencies such as hypertensive 
encephalopathy as it does not increase intracra-
nial pressure [ 100 ,  101 ] or ischemic stroke [ 104 ]. 

 The effectiveness of nicardipine in childhood 
has been shown in a number of pediatric series 
involving children as young as age 9 days to age 
18 years [ 106 – 112 ]. It has proven to be safe and 
is generally well tolerated. The recommended 
pediatric dosage is 1–3 μg/kg per minute [ 1 ]. 
Like most other agents, it has not been evaluated 
by clinical trials in the pediatric population. 

Reported adverse effects include headache, 
 hypotension, nausea, and vomiting. The manu-
facturer recommends that IV nicardipine be 
administered by continuous infusion at a concen-
tration of 0.1 mg/mL. Studies have shown stabil-
ity when mixed at concentrations of 0.5 mg/mL 
thus enabling critically ill patients to be adminis-
tered smaller volumes of the drug [ 113 ]. Phlebitis 
has been reported at the site of administration 
with higher dosage concentrations [ 109 ], sug-
gesting the medication should in this situation be 
given through a central line. Elevated tacrolimus 
levels have been reported in pediatric renal trans-
plant recipients receiving nicardipine [ 114 ]. 

 Hydralazine is a direct vasodilator of arterio-
lar smooth muscle. The mechanism of action is 
unclear, although it may involve alterations in 
intracellular calcium metabolism [ 77 ,  115 ]. 
Hydralazine-induced vasodilatation leads to 
stimulation of the sympathetic nervous system 
resulting in tachycardia, increased renin release, 
and fl uid retention. The onset of action is within 
5–30 min after intravenous administration [ 85 ]. 
Average maximum decrease in blood pressure 
occurs 10–80 min after intravenous administra-
tion [ 31 ]. This medication can be given intramus-
cularly. The recommended dosage for pediatric 
patients is 0.1–0.6 mg/kg per dose given intrave-
nously every 4–6 h [ 1 ]. Given as a bolus rather 
than continuous intravenous medication, hydral-
azine may be more useful in individuals with 
hypertensive urgency that are unable to tolerate 
oral medications than in a hypertensive emer-
gency. An intravenous dosage of 0.1 mg/kg could 
be used as an initial step for blood pressure 
reduction in an emergency situation until a medi-
cation such as labetalol or nicardipine has been 
prepared by the hospital pharmacy. 

 Esmolol is an ultra short-acting cardioselec-
tive β (beta)-blocking agent. Onset of action with 
this medication is within 60 s with offset of action 
in 10–20 min. Metabolism of this agent is by 
rapid hydrolysis of ester linkages by RBC ester-
ases and is not dependent on hepatic or renal 
function. Pharmacokinetics of this agent in chil-
dren did not differ from adults [ 115 ,  116 ]. A trial 
in children with coarctation of the aorta included 
116 patients less than age 6 years who received 
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esmolol at low (125 μg/kg), medium (250 μg/kg), 
or high dose (500 μg/kg). Systolic blood pressure 
decreased signifi cantly from baseline on aver-
aged by 6–12.2 mmHg by group but failed to 
show a dose-response relationship. Heart rate 
reduction ranged 7.4–13.2 beats per minute by 
group and no serious adverse events occurred 
[ 115 ]. Pediatric studies with this agent in noncar-
diac conditions have not been reported. 

 Fenoldopam is a dopamine D 1  receptor ago-
nist that does not act at D 2  receptors. This leads to 
vasodilatation of renal, coronary, and cerebral 
arteries as well as peripheral vasodilatation. 
Onset of action is within 5 min with 50 % of the 
maximal blood pressure-lowering effect occur-
ring within 15 min and maximal effect by 1 h. 
The duration of action after stopping the medica-
tion is 30–60 min. This medication has been 
effective in reducing blood pressure in adults 
with hypertensive emergencies where it has 
proven to be as effective as nitroprusside [ 7 ,  117 ]. 
It has also been used as a renal protective drug in 
critically ill adult and pediatric patients [ 117 , 
 118 ]. One pediatric trial conducted in 77 children 
aged 1 month to 12 years undergoing controlled 
hypotension during surgery compared response 
to one of four doses of fenoldopam (0.05, 0.2, 
0.8, or 3.2 μg/kg/min) [ 119 ]. Dosages of 0.8 and 
3.2 μg/kg per minute signifi cantly decreased 
blood pressure but resulted in increases in heart 
rate of 9–17 beats per minute. The effective dose 
range appeared to be higher (0.8–1.2 μg/kg/min) 
than as labeled for adults (0.05–0.3 μg/kg/min). 
Only a single case report of the use of this agent 
for a hypertensive emergency in childhood has 
been reported [ 120 ]. 

 Enalaprilat, an intravenous angiotensin- 
converting enzyme (ACE) inhibitor, produces 
vasodilatation and decreases peripheral vascular 
resistance. Onset of action is 30–60 min and 
duration of action 4–6 h. Elimination is primarily 
renal and dosage adjustment is needed if the 
patient has renal impairment. Blood pressure 
reduction is variable, and hypotension may occur 
more often in high-renin states [ 7 ]. One pediatric 
case series in 10 premature neonates receiving 
doses of 7.4–22.9 μg/kg per 24 h demonstrated a 
reduction in mean arterial pressure within 30 min 

of enalaprilat administration that persisted 
 generally for a median of 12 h [ 121 ]. Side effects 
included hypotension, oliguria, elevated serum 
creatinine, and transient hyperkalemia in some 
infants. Given the higher baseline plasma renin 
activity and incidence of renovascular hyperten-
sion in childhood, this medication is infrequently 
used in the pediatric age group. 

 Clevidipine is a new, third-generation calcium 
channel blocking agent approved for use in adults 
with severe hypertension. This medication inhib-
its L-type calcium channels, thus relaxing vascu-
lar smooth muscle in small arteries resulting in a 
reduction of peripheral vascular resistance. Onset 
of action is 2–4 min with offset of effect in 
5–15 min. Like esmolol, this medication is rap-
idly metabolized by RBC esterases and not 
affected by hepatic or renal function [ 122 ]. 
Clevidipine by continuous infusion effectively 
reduced BP in adult cardiac surgery patients and 
was more effective at maintaining systolic BP 
within preset target limits than intravenous nitro-
glycerin or nitroprusside in preoperative patients. 
It was as effective as nicardipine in the postoper-
ative setting. In adults with acute severe hyper-
tension, clevidipine lowered blood pressure in 
most patients (88.9 %) to the prescribed target 
within 30 min of initiation of treatment [ 123 ]. 
Limited experience has been reported for periop-
erative management of hypertension in children 
with this agent [ 124 – 126 ]. 

 Clonidine is a centrally acting α (alpha) 2 - 
adrenergic  agonist, which decreases cerebral 
sympathetic outfl ow. Its onset of action is 
30–60 min after administration and duration 
6–8 h. It should be avoided in patients with 
altered mental status because of its common side 
effect of drowsiness. Other complications of this 
therapy may include dry mouth, occasional dizzi-
ness, and the development of hypertensive crisis 
upon abrupt discontinuation of therapy [ 46 ]. Oral 
clonidine loading in adults utilizes an initial dos-
age of 0.1–0.2 mg followed by hourly dosages of 
0.05–0.1 mg until goal BP is achieved or a total 
of 0.7 mg has been given. This approach to treat-
ment of severe hypertension is reported to be suc-
cessful at reaching target BP in 93 % of adult 
patients [ 127 ]. Hypotension occurred more often 
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in volume-depleted patients. Average total dose 
requirements have ranged in studies from 0.26 to 
0.45 mg. While published reports of clonidine 
treatment in childhood are limited to chronic oral 
or transdermal therapy in adolescents [ 128 ,  129 ], 
suggested dosages for severe hypertension in 
children have been given [ 1 ]. 

 Isradipine is a second-generation dihydropyri-
dine calcium channel blocker, which acts selec-
tively on L-type channels on vascular smooth 
muscle, but not myocardial cells. Because it does 
not affect myocardial contractility, it can be used 
in patients with decreased myocardial function 
[ 130 ]. Onset of action is by 1 h with peak effect 
at 2–3 h when administered orally [ 131 ]. 
Medication half-life is 3–8 h. A stable extempo-
raneous suspension of isradipine may be com-
pounded for use in small children [ 132 ]. Several 
pediatric series of the use of this medication for 
the management of hypertension have been 
reported [ 133 – 136 ]. Isradipine given sublin-
gually to 27 adults with severe hypertension 
demonstrated a reduction of mean arterial pres-
sure of 22 % by 2 h [ 137 ]. A recent report in 282 
children with acute hypertension receiving isra-
dipine demonstrated a median decrease in sys-
tolic BP of 16.3 % and diastolic BP of 24.2 %. 
The greatest decrease in BP was observed in chil-
dren below age 2 years where the authors suggest 
a lower initial dosage of 0.05 mg/kg be utilized. 
Higher dosages were associated with more fre-
quent drop in mean arterial pressure >25 %. The 
most common adverse effects included vomiting, 
nausea, and headache [ 136 ]. 

 Minoxidil, an oral antihypertensive, is metab-
olized to minoxidil sulfate, which opens K +  chan-
nels in vascular smooth muscle cells permitting 
K +  effl ux, hyperpolarization, and relaxation of 
smooth muscle. This produces arteriolar vasodi-
latation and a reduction in BP and peripheral vas-
cular resistance. Peak concentrations of minoxidil 
occur 1 h after oral administration, though the 
peak antihypertensive effect is later, possibly due 
to delayed formation of the active metabolite. 
Duration of action may be up to 24 h. Tachycardia 
may develop with minoxidil use as well as salt 
and water retention [ 97 ] often requiring concom-
itant use of a diuretic and β (beta)-blocking agent. 

Reported use in childhood includes severe 
chronic hypertension refractory to other medica-
tions and for acute BP elevations in children with 
chronic hypertension [ 138 ,  139 ].  

    Conclusion 

 Severe, symptomatic hypertension requires 
immediate evaluation and rapid institution of 
antihypertensive therapy. Use of continuous infu-
sions is recommended to allow BP reduction in a 
controlled manner, avoiding overly aggressive 
therapy that may also lead to ischemia and fur-
ther injury. A number of medications are avail-
able, although much remains to be learned about 
optimal treatment of this condition in childhood.     
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        Introduction 

 Historically, clinical trials have been neglected in 
the pediatric population, and consequently, the 
US Food and Drug Administration (FDA) has not 

labeled most drugs for use in children.    Responding 
to these concerns, the US congress passed the 
Food and Drug Administration Modernization 
Act (FDAMA) in 1997 – providing for an addi-
tional 6-month period of marketing exclusivity to 
a drug company that responded to an FDA-issued 
written request for studies of their drug in pediat-
ric patients [ 1 ,  2 ]. The program was expanded in 
January 2002 when the US congress passed the 
Best Pharmaceuticals for Children Act (BPCA) 
and again in 2003 with passage of the Pediatric 
Research Equity Act. It was subsequently 
renewed in 2007 then reauthorized without sun-
set in 2012, becoming a permanent part of the 
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    Abstract 

   Regulatory changes in the United States and Europe have stimulated major 
pediatric clinical trials of >15 different antihypertensive agents over the last 
decade. With increased pediatric hypertension trial experience, trial designs 
have been refi ned and we now have a better understanding of factors asso-
ciated with trial success or failure. Appropriate dose range, weight-based 
dosing, use of a liquid formulation, and use of appropriate blood pressure 
endpoints are all factors that have been associated with improved trial suc-
cess. These lessons learned and important modifi cations in trial design 
templates are refl ected in the US Food and Drug Administration written 
request criteria. The written request provides valuable information that can 
be used to optimally design future clinical trials of antihypertensive agents 
as well as other therapeutic agents for use in children.  

  Keywords 

   Pediatric hypertension   •   Clinical trials   •   Written request   •   Pediatric 
 exclusivity   •   Trial design  

      Changes in Pediatric Food 
and Drug Administration Written 
Requests and Regulations: Impact 
on Clinical Trial of Hypertension 
Trials in Children 

           Kevin     D.     Hill       ,     Ronald     J.     Portman      , and     Jennifer     S.     Li      



574

Food, Drug, and Cosmetic Act and giving chil-
dren a permanent seat at the drug development 
table. This program has been very successful in 
stimulating drug studies in children, and, as a 
result of the program, >400 drug-labeling 
changes have been enacted for children [ 2 – 4 ]. 
Highlighting the importance of these studies, 
approximately half of the products studied have 
been found to have substantive differences in 
dosing, safety, or effi cacy in children when com-
pared with adult populations [ 5 ]. 

 In 2006, the European Parliament followed 
the US example, passing legislation requiring 
pediatric-specifi c study of drugs. Both the FDA 
and European Medicines Agency (EMA) have 
developed templates that are issued by the respec-
tive agencies before initiation of pediatric exclu-
sivity studies and contain elements of the 
requested studies felt to be necessary for a drug 
to provide a meaningful benefi t to the pediatric 
population [ 2 ,  6 ]. These so-called written requests 
(FDA) and pediatric investigation plans (EMA) 
are a valuable resource that can guide antihyper-
tensive trials. 

 This chapter will focus specifi cally on the 
impact of the FDA-written request on pediatric 
hypertensive trial design and conduct, presenting 
an overview of the clinical trial design templates 
and requirements specifi ed by the written request 
and reviewing factors associated with success or 
failure of prior clinical trials.  

    Pediatric Antihypertensive Clinical 
Trial Design 

 The FDA strategy typically calls for (1) a dose- 
ranging trial in hypertensive pediatric patients; (2) 
pharmacokinetic trials in four pediatric age 
groups: infants and toddlers, preschool children, 
school-age children, and adolescents; and (3) 
safety data with a summary of all available infor-
mation on the safety of the drug in pediatric 
patients. The written request allows for four effi -
cacy trial designs (Fig.  38.1 ) [ 7 ]. Of note, it is not 
necessary for the dose-ranging trial to show that a 
certain drug is effective in treating pediatric 
hypertension in order for its manufacturer to be 

eligible for exclusivity. However, trial data must 
be “interpretable,” in accordance with the 
 guidelines, in order for the drug manufacturer to be 
eligible for patent extension. Conducting these tri-
als is further complicated by ethical and method-
ological issues unique to pediatric research, in 
addition to compliance with the formal guidelines.

    Trial Design A:  In trial design A, patients are ran-
domized to placebo or one of the few different 
dosages of the test medication (Fig.  38.1 ). After 2 
weeks of treatment, the trial is analyzed by exam-
ining the slope of the placebo-corrected change 
in blood pressure from baseline as a function of 
dosage. A negative slope (i.e., the reduction in 
blood pressure increases as treatment dosage 
increases) indicates that the trial was successful 
or that the test drug was effective. If the slope 
were not different from zero, the trial is consid-
ered a failure. The major advantage of this trial 
type is its straightforward design and analysis. 
Both successful and unsuccessful (“failed”) trials 
are considered to be interpretable and therefore 
responsive to the written request, so the sponsor 
is eligible for the additional 6 months of 
exclusivity. 

 However, the placebo-controlled design can 
lead to slow recruitment because parents and 
physicians are often uncomfortable with the pos-
sibility that the child may be placed on placebo. 
While these trials can employ a 3:1 randomiza-
tion scheme (thereby three times as many chil-
dren receive active product), some parents will 
still have signifi cant concerns about their child’s 
participation, especially if the trial drug is avail-
able off label. This concern does not appear to be 
infl uenced by the fact that in most trials, patients 
receive standard non-pharmacologic therapy of 
diet and exercise in all arms of the study. Some 
have questioned the ethics of conducting 
placebo- controlled trials in children in general 
due to the potential risk of adverse events while 
not on active therapy [ 8 ,  9 ]. We have recently 
evaluated adverse events in subjects while on 
placebo in ten antihypertensive trials and 
observed no differences in the rates of adverse 
events reported between the patients who 
received placebo and those who received active 

K.D. Hill et al.



575

drug. Short-term exposure to placebo in pediatric 
trials of antihypertensive medications thus 
appears to be safe [ 10 ]. 

  Trial Design B:  To avoid the issues associated 
with a placebo-controlled trial, trial design B 
involves randomization to one of the two or three 
dosages of the test medication as in trial design A 
but without a placebo arm (Fig.  38.1 ). If analysis 
of trial B reveals a negative slope of the dose- 
response curve, the trial is considered successful 
and responsive to the written request. However, if 
the slope were zero, it would not be possible to 
determine whether this was due to the absence of 
an effect or if all doses were too low or too high. 
Therefore, the trial would be considered not only 
a failure but also uninterpretable. Thus, a nega-
tive trial would be unresponsive to the written 
request, and the manufacturer would not be eli-
gible for patent extension. This trial has the sim-
plest design of the four and avoids ethical and 
patient recruitment issues associated with 
placebo- controlled trials in children. However, it 
involves signifi cant risk for manufacturers com-
pared with the other trials, in that only a positive 

outcome is considered responsive to the written 
request. More importantly, the ethics of enrolling 
pediatric patients in a trial in which the outcome 
may not be interpretable are questionable and 
may not provide needed information to physi-
cians caring for such patients. Finally, the lack of 
controls does not allow adequate assessment of 
safety. 

  Trial Design C:  Trial design C employs a more 
complicated design in order to avoid use of a true 
placebo arm as in trial design B while adding the 
power to obtain interpretable results regardless of 
the outcome of the trial, as in trial design A 
(Fig.  38.1 ). Trial C begins like trial B with ran-
domization to one of the three dosages of the test 
product. In addition, it includes a randomized- 
withdrawal phase. At the end of the treatment 
period, patients are re-randomized to continue on 
their assigned treatments or to be withdrawn to 
placebo, with close follow-up and withdrawal to 
open-label treatment. 

 The analysis of the treatment phase is similar 
to that of trial B. If the slope of the dose-response 
curve is negative, the trial is considered 

     Fig. 38.1     Pediatric antihypertensive clinical trial designs       
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successful and responsive to the written request. 
However, if the slope is zero during the treatment 
phase, the addition of the withdrawal phase 
allows further analysis and interpretation of the 
trial. For example, if the treatment phase dose- 
response curve slope was zero, but the withdrawal 
phase demonstrated a rise in blood pressure with 
withdrawal to placebo, this indicates that the dos-
ages used during the treatment phase were too 
high. If blood pressure did not change signifi -
cantly with withdrawal to placebo, this suggests 
that all dosages were too low, that the withdrawal 
period was too short to completely wash out the 
effect of a long-lasting agent, or that the drug was 
ineffective. Thus, as in trial A, the trial would be 
considered interpretable regardless of the out-
come and therefore responsive to the written 
request. Eligibility for exclusivity regardless of 
outcome is a major advantage of this trial design. 
In addition, avoiding the use of an explicit pla-
cebo arm likely makes this type of trial more 
appealing when presented to parents. 

  Trial Design D:  In design D, the entire trial is 
built around randomized drug withdrawal 
(Fig.  38.1 ). In this trial, patients are force-titrated 
to maximal tolerated dosages of the drug and 
then randomly withdrawn to lower dosages, 
including placebo, with close follow-up, and dis-
cretionary withdrawal to open-label therapy. The 
analysis of this type of trial is similar to that of 
trial design C. Much like trial C, trial D avoids 
the use of a placebo arm and is interpretable 
regardless of outcome. However, the close fol-
low- up and risk of adverse events that come with 
titration to maximal dosages are considerable 
disadvantages and can result in recruitment 
problems.  

    Written Request Criteria 

 In addition to specifying trial design, the FDA- 
written request contains the required elements of 
the requested studies, including indication, num-
ber of studies, sample sizes, trial design, and age 
ranges required to effect a labeling change. These 
criteria have undergone several amendments 

aimed at improving trial standards and ensuring a 
meaningful and generalizable trial outcome. 
Written request criteria generally include the 
following:
    1.    Demographic criteria:

    (a)    Trials are generally expected to include at 
least 50 % preadolescent patients 
(<Tanner stage 3) as data from prior adult 
trials is more generalizable to adolescents 
than to younger children. The most recent 
written request amendment requires that 
trials enroll ≥200 subjects ages 6–16 
years and ≥50 subjects ages 1–5 years.   

   (b)    Trials are expected to include a mixture of 
black and nonblack patients, with a 
requirement of 40–60 % black subjects.   

   (c)    Trials are expected to include patients of 
both sexes.       

   2.    Inclusion criteria:
    (a)    Hypertension is defi ned as ≥95 %ile for 

age/gender/height or ≥90 %ile if concur-
rent conditions are present, based on “The 
Fourth Report on the Diagnosis, 
Evaluation and Treatment of High Blood 
Pressure in Children and Adolescents”[ 11 ].       

   3.    Formulation criteria:
    (a)    Trials are expected to use age-appropriate 

formulations. Failure to do so has been an 
important contributor to prior trial failures 
(see “use of a liquid formulation” section 
below). Trial sponsors must make a rea-
sonable attempt to develop a commer-
cially marketable formulation. If attempts 
fail, then the sponsor must develop and 
test an age-appropriate formulation that 
can be compounded by a licensed phar-
macist, in a licensed pharmacy, from com-
mercially available ingredients. The 
sponsor must document attempts and rea-
sons attempts failed. If the reasons are 
accepted and studies are conducted with a 
compounded formulation, then the prod-
uct label must include detailed com-
pounding information.       

   4.    Dose range:
    (a)    The dosages chosen should result in blood 

levels that range from less than those 
achieved with the lowest approved adult 
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dose to more than those achieved by the 
highest generally used adult dose. 
Inappropriate dose ranges have been an 
important contributor to non-interpretable 
trials (see below). However, in the past, 
using doses exceeding those approved for 
adult patients has been a source of contro-
versy with ethics committees. Existing 
data from antihypertensive trials in chil-
dren have lessened these concerns.       

   5.    Endpoint criteria:
    (a)    Recommended duration for a dose- 

ranging trial is typically 2 weeks but pos-
sibly longer if a period of dose titration is 
needed.   

   (b)    The primary endpoint must be either 
absolute or percentage change in systolic 
or diastolic blood pressure. For trial 
designs A and B, the effi cacy measure-
ment should be change from baseline to 
the end of the treatment period plus the 
inter-dosing interval (trough), while for 
trial designs C and D, the primary effi cacy 
measurement should be change in blood 
pressure from the last on-treatment visit 
to the end of the withdrawal period. The 
length of time of the withdrawal period 
should be adequate to ensure the return of 
blood pressure to pretreatment levels. 
Withdrawal timing can be best estimated 
from the drug half-life determined in 
pharmacokinetic studies conducted in 
both adults and children.   

   (c)    For pharmacokinetic trials, traditional or 
sparse sampling can be chosen, although 
sparse sampling may be more diffi cult for 
a newer agent without an existing user 
group. For the parent and each metabolite, 
trials should estimate bioavailability 
(AUC) half-life, Cmax, and Tmax in the 
various age groups. These studies should 
be done prior to the clinical trial so that 
the data can inform dose selection and 
dosing intervals.     

 It should be noted that endpoint crite-
ria in pediatric trials are used as surrogate 
markers of cardiovascular disease. This 
differs from the typical endpoint criteria 

used in many adult hypertension trials 
where “hard” endpoints like mortality, 
stroke, or myocardial infarction are more 
common and therefore more feasible as 
trial endpoints.   

   6.    Safety criteria:
    (a)    Trials should follow patients at least 

weekly for adverse events and to detect 
unacceptable increases in blood pressure.   

   (b)    Trials should include an independent Data 
Safety and Monitoring Committee 
(DSMC).   

   (c)    Trials should include a 1-year open-label 
treatment period to evaluate all available 
information published and unpublished 
and to include information on adverse 
events, growth (change in head circumfer-
ence, weight, length, or height), and 
development (milestones, school perfor-
mance, neurocognitive testing).       

   7.    Statistical considerations:
    (a)    Trials should have at least 80 % power to 

detect a 3 mmHg change in blood pres-
sure of conventional ( p  < 0.05, two sided) 
statistical signifi cance.   

   (b)    Interim analyses are typically allowed in 
order to assess variability following a pre-
specifi ed rule to adjust the sample size to 
achieve the specifi ed target power. Interim 
analysis must be performed at >90 % of 
initially planned enrollment. Options for 
estimating variability are (1) a blinded, 
pooled analysis of all groups, (2) a 
blinded analysis of one group, or (3) a 
partially unblinded analysis of variability 
within each group (performed by an inde-
pendent third party). No alpha-spending 
adjustment is required for the interim 
analysis, but if an effi cacy assessment is 
performed at this or some other interim 
analysis, an appropriate alpha adjustment 
is required.       

   8.    Reporting criteria:
    (a)    The written request and medical, statisti-

cal, and clinical pharmacology reviews 
must be posted on the FDA website.   

   (b)    Trials should be registered on Clinical
Trials.gov (required by legislation).          
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    Clinical Effi cacy Studies 

 The passage of the Food and Drug Administration 
Modernization Act in 1997 has been the single 
greatest stimulus for the recent proliferation of 
industry-sponsored trials of antihypertensive 
agents in children [ 12 ]. Table  38.1  lists the vari-
ous studies completed to date. The results of 
many, but not all, of the clinical trials of antihy-
pertensive agents in children have resulted in 
publications in scientifi c journals [ 13 – 32 ]. 
Furthermore, the Best Pharmaceuticals for 
Children Act now requires the FDA to publish 
the results of its internal analyses of the trial 
results submitted by sponsors on the Internet [ 4 ]. 
The reauthorization of 2012 requires the FDA to 
release on its website certain data reviews of 
BPCA studies submitted between 2002 and 2007 
that have never been made publicly available.

   Several recent reviews summarize the 
advances in our knowledge about the use of anti-
hypertensive agents in children and provide 
updated recommendations on the optimal use of 
antihypertensive agents in children and adoles-
cents who require pharmacologic treatment [ 12 , 
 33 ]. Of note, however, many studies failed to 
show a dose response. As a pattern of failed pedi-
atric antihypertensive trials emerged, we sought 

to determine why these trials failed to show dose 
response in children and hypothesized that diffi -
culties in dosing might be the cause of trial fail-
ure [ 14 ]. Using meta-analytic techniques, we 
determined that several factors are important 
which were predictive of trial success. These fac-
tors are discussed below. 

  Dose Range : The dose range received by children 
randomly assigned to low- and high-dosage 
groups is extremely variable between trials. For 
example, in the amlodipine trial (which failed), 
there was a twofold difference between the high- 
dosage and low-dosage groups: children in the 
high-dosage group received 5 mg and children in 
the low-dosage group received 2.5 mg. In the fos-
inopril and irbesartan trials (which also failed), 
dosing ranges were also small, at six and nine-
fold, respectively. The enalapril, lisinopril, and 
losartan trials (which were successful in demon-
strating a dose response) had considerably higher 
dosing ranges, at 32-fold, 32-fold, and 20-fold, 
respectively. The successful trials thus incorpo-
rated a wide range of doses. The lowest clinical 
trial dose should be lower than the lowest 
approved dose in adults, and the highest clinical 
trial dose should at least be twofold higher than 
the highest approved dose in adults, unless con-
traindicated for safety concerns. 

   Table 38.1    Pediatric antihypertensive drug trials completed in response to an FDA written request    

 Drug  Trial design  Sample size  Dose response  Label change 

 Amlodipine  C  268  No  Yes 
 Benazepril  D  107  No  Yes 
 Bisoprolol  A  94  Yes  No 
 Candesartan  A  240  Yes age1–5/no age 6–17  Yes 
 Enalapril  C  110  Yes  Yes 
 Eplerenone  C  304  No  Yes (negative) 
 Felodipine  D  133  No  No 
 Fosinopril  C  253  No  Yes 
 Irbesartan  C  318  No  Yes (negative) 
 Lisinopril  C  115  Yes  Yes 
 Losartan  C  175  Yes  Yes 
 Metoprolol  A  140  No  Yes 
 Quinapril  A  112  No  No 
 Ramipril  D  219  No  No 
 Valsartan  C  351  No age 1–5/yes age 6–16  Yes 
 Olmesartan  C  302  Yes  Yes 
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 None of the failed trials investigated dose 
ranges higher than the corresponding adult doses. 
For example, the highest irbesartan dosage was 
4.5 mg/kg, whereas adult data indicate that most 
adults need dosages up to 150–300 mg (~2–4 mg/
kg for a 75 kg child) for better blood pressure 
control. Data obtained from irbesartan use in 
adults showed that effects on blood pressure 
increase at dosages ≥600 mg (~8 mg/kg for a 
75 kg child) and the maximum irbesartan dosage 
studied in adults was 900 mg. 

 In contrast, successful trials provided large 
differences across low-, medium-, and high- 
dosage strata. Successful trials used dosages 
much lower (nearly placebo) than the dosages 
approved in adults. For example, the recom-
mended initial lisinopril dose in adults is 10 mg, 
and the usual dose range is 20–40 mg. The lowest 
dosage used in the pediatric clinical trial was 
0.625 mg, thus providing a wider range for 
exploring dose response. 

 The selection of wide dosage ranges has 
important pharmacokinetic/pharmacodynamic 
implications because closely spaced dosages will 
likely yield overlapping exposures among dose 
groups. If overlap is substantial, the dose response 
could appear fl at and, thus, fail to demonstrate a 
signifi cant dose-response relationship. 

  Dose by Weight : Weight-based dosing strategies 
were inconsistent in the trials. The amlodipine 
trial did not incorporate individual subject weight 
in dosing but rather gave all children in the low-
dosage arm 2.5 mg of product and all children in 
the high-dosage arm 5 mg of product. This dos-
ing strategy resulted in the following paradox: a 
100 kg subject randomly assigned to “high” dos-
age received 0.05 mg/kg, and a 20 kg subject ran-
domly assigned to “low” dosage received 
0.125 mg/kg. In the low-dosage group, one fourth 
of subjects received >0.06 mg/kg, and one fourth 
of the high-dosage group received <0.06 mg/kg. 
Although blood pressure did not show a dose 
response to amlodipine as randomized, increased 
dosage on a milligram per kilogram basis was 
associated with a decrease in blood pressure [ 15 ]. 

 The fosinopril trial also failed to demonstrate 
a dose response, although it incorporated 

individual subject weight into the dosing [ 16 ]. 
However, the weight-based strategy of dosing in 
this trial was limited in that no child received a 
dosage >40 mg. Thus, children randomly 
assigned to medium dosage who weighed <30 kg 
received more fosinopril (in milligrams per kilo-
gram) than the heaviest subjects randomly 
assigned to high dosage. Similar to the amlodip-
ine trial, blood pressure dose response was not 
associated with product as randomized, but 
increased dosing on a milligrams per kilogram 
basis was associated with blood pressure 
reduction. 

  Development and Use of a Liquid Formulation : 
Several of the trials of orally administered anti-
hypertensive agents (particularly those used in 
the failed trials) did not develop a pediatric (e.g., 
liquid) formulation and, thus, exhibited a wide 
range in exposure within each weight stratum. 
This is because precise dosing is not feasible 
using a limited number of tablets; liquid formula-
tions allow for more precise dosing per kilogram. 
Development of a liquid formulation is often 
challenging because bioavailability can be unre-
liable, and dissolving some agents in liquid can 
require high concentrations of alcohol, which 
would not be acceptable for administration to 
children. In addition, stability and bioequivalence 
testing of liquid formulations also require addi-
tional time and expense. Moreover, it is impor-
tant that the liquid formulation be palatable, and 
often crushed tablets suspended in an aqueous 
medium are bitter tasting, which ultimately will 
affect drug compliance. As a result of these 
issues, pediatric formulations are now required 
by the FDA-written request (see requirements 
outlined above). Bioequivalence studies of the 
pediatric formulation with the adult formulation 
must be performed but can be performed in adult 
subjects. Additionally, acceptability testing of the 
pediatric formulations in hypertensive children 
must be performed to ensure the formulation will 
be palatable in fl avor, form, and taste. 

  Primary Endpoint : Most successful trials used 
change in diastolic blood pressure as the primary 
endpoint. To some extent, success of these trials 
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might have been related to a higher incidence of 
secondary hypertension in those with diastolic 
hypertension [ 34 ]. Therefore, the underlying eti-
ology (i.e., renal disease) may be concomitantly 
treated by the trial drug. However, it is also likely 
that use of diastolic blood pressure as the primary 
endpoint contributed to the trial success as most 
unsuccessful studies (e.g., trials of amlodipine, 
fosinopril, and irbesartan) used change in sitting 
systolic blood pressure as the primary outcome. 
We evaluated the reduction in systolic and dia-
stolic blood pressures related to several agents 
and found that a reduction in diastolic blood pres-
sure was more closely related to the dosage of 
agent administered. For example, in the enalapril 
trial, the dosage was more closely related to a 
reduction in diastolic blood pressure than systolic 
blood pressure (coeffi cient 0.19 [ p  = 0.001] vs. 
coeffi cient 0.12;  p  = 0.08). We also observed a 
closer relationship between diastolic blood pres-
sure reduction and dosage in the lisinopril trial 
(coeffi cient 0.12 [ p  = 0.001] vs. coeffi cient 0.08; 
 p  = 0.09). 

 The reason for this closer relationship between 
diastolic blood pressure reduction and dosage 
likely relates to the fact that there is less variabil-
ity associated with measurement of diastolic 
blood pressure compared to systolic blood pres-
sure. Diastolic blood pressure has less physiolog-
ical variability among observations within a 
subject than systolic blood pressure in children. 
This reduction in variability may contribute to 
the success of diastolic blood pressure as the pri-
mary endpoint. Systolic hypertension is however 
more than threefold more common than diastolic 
hypertension in children and adolescents, and the 
motivation to use systolic blood pressure as the 
primary endpoint derives from feasibility, a com-
mon problem in conducting pediatric drug trials 
[ 34 ,  35 ]. A primary study endpoint of mean arte-
rial blood pressure that incorporates both systolic 
and diastolic blood pressure values might prove 
advantageous, and this possibility should be 
explored in future trials. 

  Blood Pressure Measurement : There is heteroge-
neity in methodology used to measure blood 
pressure for clinical trials. Some trials have relied 

on oscillometric devices [ 16 – 20 ], while others 
used auscultation [ 13 ,  21 ,  23 – 27 ,  31 ,  32 ]. The 
two methods do not always agree and signifi cant 
differences have been detected in certain patient 
populations [ 36 ,  37 ]. Auscultation is considered 
the gold standard for direct measurement of sys-
tolic and diastolic blood pressure and is recom-
mended as the preferred method of blood pressure 
measurement in children [ 11 ]. Oscillometric 
devices directly measure mean arterial pressure 
and then compute systolic and diastolic pressures 
using an algorithm. Potentially these devices 
might be best used in clinical trials for assess-
ment of mean arterial pressure, although this has 
not been specifi cally studied.  

    Conclusion 

 As a result of legislative incentives, much has 
been learned about the treatment of hypertension 
in children and adolescents in the last decade. 
This expansion of our knowledge base allows for 
improved understanding of effi cacy and safety of 
these agents. Understanding clinical trial design 
in pediatric studies is paramount; poor dose 
selection, failure to fully incorporate weight and 
pediatric pharmacology into trial design, lack of 
liquid formulation development, and use of sys-
tolic blood pressure as the primary endpoint 
likely led to the failure of several antihyperten-
sive pediatric exclusivity trials. These data and 
trial experiences over the preceding decade have 
already resulted in changes to the FDA-written 
request template that will improve trial design in 
children and adolescents. In the future, we rec-
ommend that pediatric antihypertensive trials do 
the following: (1) develop an exposure-response 
model using adult data and published pediatric 
data and use this model to perform clinical trial 
simulations of pediatric studies and to explore 
competing trial designs and analysis options; (2) 
work with FDA to design pediatric trials by lever-
aging previous quantitative knowledge; and (3) 
routinely collect blood samples at informative 
time points to assess the pharmacokinetics in 
each subject to ascertain exposure-response anal-
ysis. In addition, studies of the comparative 
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effectiveness, long-term safety, and effects on 
growth and development are needed. Additional 
studies might also explore effects on vascular 
reactivity and the impact of pharmacologic treat-
ment on outcomes such as development of car-
diovascular morbidity and mortality.     
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   Casual blood pressure 
 aneroid sphygmomanometer , 134  
 auscultatory measurement   ( see  Auscultation) 
 children , 132–133  
 cost , 131  
 cuffs , 133  
 devices , 133  
 diagnosis , 132  
 long-term health-care , 131  
 medical and economic impact , 131–132  
 mercury sphygmomanometer , 134  
 observer , 132  
 oscillometry   ( see  Oscillometry) 
 prediction, US , 131  
 subject preparation , 134–135  

   Catecholamines , 382  
   CCBs.    See  Calcium channel blockers (CCBs) 
   Cerebral autoregulation 

 in adults , 559–560  
 description , 559  
 impairment , 560  
 uncontrolled chronic HTN , 560  
 vasoconstriction , 560  

   Cerebrovascular reactivity 
 “brain as essential” hypothesis , 470  
 cognitive processing , 470  
 24-h ABPM , 471  
 methods, cerebral hemodynamics , 470  
 neurocognitive defi cits , 472  
 studies , 471  

   Child Behavior Checklist (CBCL) 
 behavior problems scale , 467–468  
 description , 467  

   Childhood HTN 
 BP, adolescence   ( see  Adolescence) 
 CARDIA , 176  
 cIMT , 175  
 classifi cation and measurement, BP , 172  
 defi nition , 175  
 diagnosis , 172  
 health-related behaviors , 169–170  
 high BP , 175  
 limitation , 173  
 long-term , 175  
 LVH , 175, 176  
 prehypertension   ( see  Prehypertension) 
 premature death , 169  
 prevalence , 171–172  
 primary HTN emergence , 169  
 progression , 173  

   Childhood obesity and BP regulation 
 antihypertensive medications , 262  
 BMI , 254  
 calcium-channel blockers , 263  
 clinical approach and management , 259  
 description , 253–254  
 epidemiology , 255  
 lifestyle changes , 260–261  
 obesity and hypertension , 255–259  
 obesity management , 261  
 orlistat , 262  

 pharmacologic management , 262  
 prehypertension , 254  
 SNS , 262  
 weight loss and exercise , 259–260  

   Children 
 BP and measurement , 141–142  
 CKD   ( see  Chronic kidney disease (CKD)) 
 dietary electrolytes   ( see  Dietary electrolytes, 

childhood BP) 
 discrepant phenomenon , 509  
 ESRD   ( see  End-stage renal disease (ESRD)) 
 ethnic differences   ( see  Ethnic differences, 

childhood BP) 
 exercise 

 and adolescents , 518  
 aortic stenosis , 520–521  
 HCM , 521–522  
 interventions , 523  
 predictive value , 519  
 testing , 518  
 WCH , 519  

 heart disease   ( see  Heart disease, childhood) 
 HTN   ( see  Hypertension (HTN)) 
 left ventricular mass (LVM) , 511  
 LVH and SDB , 430  
 in MH , 508–509  
 primary HTN   ( see  Primary HTN) 
 renal disease , 509  
 uric acid metabolism 

 allopurinol treatment , 77  
 BP , 77  
 clinical trial , 77  
 Hungarian , 77  
 renal arteriolopathy , 77–78  
 serum levels , 76–77  

 utility, ABPM , 511  
 vasoactive peptide   ( see  Vasoactive 

peptide system) 
 WCH , 507–508  

   Children with primary HTN 
 ADHD , 468–469  
 Block Design , 467  
 BRIEF , 467, 468  
 CBCL , 467–468  
 CKD , 469  
 Digit span scores , 467  
 24-h ABPM , 467  
 NHANES III , 466–467  
 prehypertension , 468  

   Cholesterol 
 description , 183  
 genetic dyslipidemias , 183–184  
 HDL and non-HDL , 183  
 initial and pharmacologic treatment , 184, 185  
 LDL levels , 185  
 liver function , 184  
 NHANES III , 183  
 prevalence , 183  
 recommendation , 184  
 triglyceride metabolism , 184  
 in US , 184  
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   Chronic kidney disease (CKD) 
 and ABPM , 159  
 antihypertensive and nephroprotective treatment , 333  
 antihypertensive drugs , 334  
 BP , 324, 325  
 calcium and parathyroid hormone , 328–329  
 cardiac hypertrophy , 312  
 children , 312  
 in children (CKiD) , 469  
 endothelial factors , 328  
 glomerular hypertrophy , 333  
 intrauterine programming , 329–330  
 pathomechanisms, HTN , 326  
 pharmacological HTN , 330  
 pharmacotherapy , 550–551  
 progression , 331, 332  
 proteinuria , 336  
 RAAS , 327  
 β-receptor blockers , 336  
 renal hypertension, childhood , 324  
 renoparenchymal disease , 324–325  
 renovascular disease , 324–325  
 sodium and water retention , 326–327  
 sympathetic hyperactivation , 327–328  
 uric acid , 329  
 uric acid and HTN , 74–75  

   Chronic renal failure 
 antihypertensive treatment , 330, 331  
 protein intake , 330, 332  

   cIMT.    See  Carotid intimal-medial thickness (cIMT) 
   CKD.    See  Chronic kidney disease (CKD) 
   Clinical trials 

 BPCA , 573–574  
 effi cacy studies , 578–580  
 EMA , 574  
 FDAMA , 573  
 pediatric antihypertensive clinical trial design , 

574–576  
 uric acid and HTN , 76–78  
 written request , 576–577  

   Coarctation of the aorta (CoA) 
 and BP , 374  
 diagnosis , 374  
 and MAS , 374  
 newborn period/infants , 313–314  

   Congenic strains 
 and consomic , 124  
 rat , 124  

   Congenital abnormalities of the kidneys and urinary tract 
(CAKUT) , 311–312, 347  

   Congenital adrenal hyperplasia 
  CYP11B1  , 385  
 17-hydroxylase defi ciency , 385–386  

   Consomic strains 
 and congenic , 124  
 defi nition , 124  

   Coronary risk development in young adults (CARDIA) 
study , 176  

   Cortisol 
 and ACTH , 384  
 and aldosterone , 385  

 blood , 389  
 cortisone , 385  

   Cushing syndrome 
 ACTH , 389–390  
 clinical manifestations , 389  
 glucose tolerance test , 389  
 laboratory fi ndings , 389  
 pathophysiology , 387–388  
 PPNAD , 388  

   CVD.    See  Cardiovascular disease (CVD) 
   CVR.    See  Cardiovascular reactivity (CVR) 

    D 
  DASH.    See  The Dietary Approaches to Stop 

Hypertension (DASH) 
   Daytime BP , 233  
   Developing world 

 DOHAD   ( see  Developmental origin of health and 
adult disease (DOHAD)) 

 epidemiological transition   ( see  Epidemiological 
transition) 

   Developmental origin of health and adult disease 
(DOHAD) 

 “Barker hypothesis” , 104  
 degree of mismatch , 479  
 “early”/“fetal” origins , 478  
 “epigenetic” , 479  
 nephropathy and arterial hypertension , 479–481  
 phenotypic induction , 478–479  
 “programming” , 478  
 “thrifty phenotype” hypothesis , 478  

   Diagnosis 
 evaluation, phases , 493–494  
 groups , 492  
 pediatric HTN , 492  

   Dialysis, ESRD.    See  End-stage renal disease (ESRD) 
   Diastolic blood pressure (DBP) 

 and ABPM , 246  
 race differences , 243  

   Diet 
 calcium and potassium , 530  
 consumption of fruits , 531  
 for infants , 530  
 nutrients , 530–531  
 patterns , 531  
 sodium and BP , 530  

   The Dietary Approaches to Stop Hypertension (DASH) 
 diet , 233  
 health benefi ts , 175  
 micronutrients, intake , 285  
 race differences , 242  
 salt sensitivity , 269–270  

   Dietary electrolytes, childhood BP 
 APBM , 212  
 BIM , 213  
 cardiovascular risk , 212  
 CVR , 212  
 description , 213  
 HTN estimation , 211–212  
 LVH , 212  
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 nutrition interventions   ( see  Nutrition and dietary) 
 potassium , 215  
 prevalence , 212  
 recommendations , 212  
 signals , 212–213  
 sodium, Sodium and BP, youth 

   Digital subtraction angiography (DSA) , 369  
   Diuretics , 549  
   DOHAD.    See  Developmental origin of health and adult 

disease (DOHAD) 
   DSA.    See  Digital subtraction angiography (DSA) 

    E 
  Early/fetal origins of adult disease , 478  
   ECMO.    See  Extracorporeal membrane oxygenation 

(ECMO) 
   ENaC.    See  Epithelial sodium cotransporter (ENaC) 
   Endocrine HTN 

 adrenal cortex   ( see  Adrenal cortex) 
 causes , 315  
 description , 380  
 pheochromocytoma , 380–382  

   Endothelial dysfunction , 458  
   Endothelins (ETs) , 33–34  
   End-stage renal disease (ESRD) 

 and CKD , 347  
 dialyzed children, HTN 

 ABPM , 344–345  
 adult and pediatric patients , 349  
 ANP , 345–346  
 body mass index and obesity , 347  
 CAKUT , 347  
 casual blood pressure , 343–344  
 dialysis therapy , 347  
 evaluation , 350–351  
 home blood pressure , 345  
 hypervolemia and vasoconstriction , 346  
 LVMI , 348  
 nitric oxide , 346–347  
 nocturnal dip , 346  
 prevalence , 345  
 risk factors , 347  
 treatment , 351–352  

 pathogenesis, HTN , 346  
 renal transplantation , 353–360  

   Epidemiological transition 
 awareness , 478  
 BMI , 477  
 cholesterol concentrations , 477  
 CVD   ( see  Cardiovascular disease (CVD)) 
 NCDs   ( see  Noncommunicable diseases (NCDs)) 
 SBP , 476–477  
 socioeconomic status , 476  

   Epidemiology, physical activity , 531  
   Epithelial sodium cotransporter (ENaC) , 59–60  
   Ethnic differences, childhood BP 

 ABPM   ( see  Ambulatory blood pressure monitoring 
(ABPM)) 

 adults , 241–242  

 description , 241  
 HTN , 241  
 race   ( see  Race differences, childhood BP) 
 therapy , 248–249  
 TOD 

 cardiac anatomy , 248  
 description , 247–248  
 gender , 248  
 LVM and LVH , 248  
 racial , 248  

   Etiology, neonatal HTN , 407  
   ETs.    See  Endothelins (ETs) 
   Evaluation 

 BP elevation , 408  
 echocardiography , 409  
 infants, HTN , 408  
 pediatric patients 

 abnormality , 501–502  
 ABPM   ( see  Ambulatory blood pressure 

monitoring (ABPM)) 
 causes, secondary HTN , 495–496  
 classifi cation, stage 2 hypertension , 492  
 clinic BP (CBP) measurement , 492  
 CVD , 500  
 description , 493  
 end-organ damage , 500  
 identifi cation , 491–492  
 laboratory testing and imaging , 498–499  
 nonmedical setting , 494–495  
 obesity , 493  
 oscillometric devices , 492  
 personal and family history , 497  
 physical examination , 497–498  
 renal/renovascular causes , 496–497  
 renal ultrasound , 499  
 screening , 493, 494  
 serum electrolytes , 499–500  
 TOD , 492  
 use of medications , 497  

 renovascular HTN , 409  
   Exercise 

 BP response 
 in pediatric   ( see  Pediatrics) 
 physiologic changes , 517  
 static/isometric exercise , 517–518  

 as nonpharmacologic treatment , 522–523  
 recommendations , 523  

   Experimental hypertension 
 animal models , 121  
 early 1700s , 121  
 genetic forms 

  in vitro  models , 126  
 implications , 126  
 inbred strains and development , 124–125  
 murine   ( see  Murine models, HTN) 
 sexual dimorphism , 125  

 human disease , 121–122  
 nongenetic model   ( see  Nongenetic model, HTN) 

   Extracorporeal membrane oxygenation 
(ECMO) , 407  
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    F 
  Familial aggregation, BP 

 age dependency, genetic effects   ( see  Age 
dependency) 

 causes 
 birth weight , 202–203  
 heritability   ( see  Heritability) 
 obesity , 202  
 twin study , 196–197  

 infl uences, genetic and environmental factors , 196  
 1960’s and 1970’s , 195–196  

   Familial hypertension 
 AME , 88–89  
 autosomal dominant disorder, type I , 85  
 Geller syndrome, type 3 , 88  
 type 2 , 85  

   Family Blood Pressure Program (FBPP) , 93–94  
   Family environment , 197  
   Family study 

 gene expression , 204  
 parent-offspring and sibling correlations , 203–204  

   Fetus 
 arginine vasopressin , 12, 13  
 cardiopulmonary refl ex , 8  
 glucocorticoid , 14  
 horse , 6  
 and human infants , 7  
 nitric oxide , 14  
 peripheral chemorefl ex , 9, 10  
 premature sheep , 6  
 RSNA barorefl ex function curve , 6  
 sheep , 12, 13  
 sympathetic activity, birth , 10  
 tonic autonomic activity , 4, 5  

   Focal segmental glomerulosclerosis (FSGS) , 123  
   Fructose , 75–76  
   FSGS.    See  Focal segmental glomerulosclerosis (FSGS) 

    G 
  Geller syndrome , 88  
   Gestational hypertension and preeclampsia 

 ANP , 442  
 cytotrophoblast cells , 440–441  
 systolic and diastolic BP , 441  

   GFR.    See  Glomerular fi ltration rate (GFR) 
   Global disease burden 

 BMI , 477  
 SBP , 476–477  

   Glomerular fi ltration rate (GFR) , 268  
   GLP-1.    See  Glucagon-like peptide (GLP-1) 
   Glucagon-like peptide (GLP-1) , 287  
   Glucocorticoid-remediable aldosteronism (GRA) , 85  
   Glucocorticoids 

 perinatal programming , 106–107  
 treatment, maternal and placental risk , 109  
 vasoactive peptide system 

 AVP , 32–33  
 childhood BP , 31  

 Cushing’s disease , 31  
 dexamethasone infusion , 31  
 hemodynamic homeostasis , 31  
 KKS , 31–32  
 therapy , 31  

   Gordon syndrome , 90  
   Graves disease 

 and Hashimoto’s thyroiditis , 391  
 TSH , 391  

   Growth and hypertension 
 age , 145  
 BP 

 curves , 146  
 levels , 143  

 childhood , 146  

    H 
  HCM.    See  Hypertrophic cardiomyopathy (HCM) 
   Heart disease, childhood 

 atherosclerosis   ( see  Atherosclerosis) 
 cholesterol   ( see  Cholesterol) 
 CV management , 180  
 diabetes mellitus , 186  
 HTN , 179  
 risk factors   ( see  Risk factors) 
 tobacco , 186  

   Heritability 
 ethnic effects , 198–199  
 family environment , 197  
 measures 

 cardiovascular disease , 201  
 cardiovascular reactivity , 200–201  
 dietary sodium and potassium intake , 201  
 environment , 201  
 gene-by-stress interactions , 201  
 mental/physical stress , 200  
 SBP and DBP , 201  
 twin study , 201–202  

 side effects , 197–198  
   High blood pressure 

 normotensive adolescents , 519  
 ST-segment depression , 520  

   High-density lipoprotein (HDL) , 183  
   HTN.    See  Hypertension (HTN) 
   Hyperlipidemia , 358, 500, 502  
   Hypertension (HTN) 

 and ABPM   ( see  Ambulatory blood pressure 
monitoring (ABPM)) 

 acute 
 cardiovascular system , 460  
 central nervous system , 460  
 kidneys , 460–461  

 age , 145  
 aging , 144  
 antihypertensive medications , 410–411  
 atherosclerosis , 144  
 and baroreceptors , 51  
 and BP data , 142  
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 and BP levels 
 curves , 146  
 distribution , 144, 145  

 and BP measurement , 505–506  
 cardiovascular events and mortality , 144–145  
 causes , 404  
 children   ( see  Childhood HTN) 
 chronic 

 cardiac structure , 454–456  
 cognition , 459–460  
 contractility , 48  
 kidneys , 458–459  
 long-term morbidity , 454  
 lung disease , 407  
 preload , 47  
 retina , 459  
 vascular structure , 456–458  

 and CVD, developing world 
 DOHAD   ( see  Developmental origin of health and 

adult disease (DOHAD)) 
 epidemiological transition   ( see  Epidemiological 

transition) 
 defi nition , 144, 154  
 diagnostic evaluation , 143, 408–409  
 diastolic BP , 142  
 dietary electrolytes, childhood BP , 211–212  
 diuretics , 412  
 early 1970s , 145  
 and ECMO , 407  
 and ESRD   ( see  End-stage renal disease (ESRD)) 
 ethnic differences   ( see  Ethnic differences, 

childhood BP) 
 and exercise   ( see  Exercise) 
 health consequences , 142  
 heart disease   ( see  Heart disease, childhood) 
 hypothalamus and medulla oblongata , 51  
 incidence , 403  
 infant , 401, 403  
 and MS   ( see  Metabolic syndrome (MS)) 
 multicystic dysplastic kidneys , 406  
 neurocognition   ( see  Neurocognition) 
 and NHANES data , 154  
 non-pharmacologic treatment   ( see  Non-

pharmacologic therapy) 
 normative blood pressure distribution 

 ABPM , 150  
 auscultation measurement , 149–150  
 BMI , 149  
 body size and height , 148  
 control , 147  
 curves , 146  
 Fourth Working Group , 148–149  
 gender differences , 147  
 instrumentation , 150  
 newborn infants , 150  
 NHANES , 147–148  
 obesity , 149  
 oscillometric devices , 150  
 prehypertension , 148  

 quality , 149  
 recommendations , 148  
 second task force report , 147  
 standard methodology , 146  
 statistics , 150  
 systolic and diastolic , 148  

 nutrition and dietary compliance , 234–235  
 obesity   ( see  Obesity) 
 PDA , 407  
 perinatal programming   ( see  Perinatal programming 

and BP) 
 pharmacotherapy   ( see  Antihypertensive drug therapy) 
 prevalence 

 analysis, BP data , 143  
 reports , 143  
 systolic/diastolic BP , 144  
 twentieth century , 143  

 regulation   ( see  Ion and fl uid dynamics) 
 renal arterial stenosis , 405  
 risk factors , 403  
 and SDB   ( see  Sleep-disordered breathing (SDB)) 
 secondary   ( see  Secondary HTN) 
 severe , 142  
 sodium nitroprusside , 410  
 thoracic aorta , 406–407  
 and UACs , 405  
 ureteropelvic junction , 406  
 uric acid   ( see  Uric acid and hypertension) 
 and vasopressin , 52  
 vitamin D intoxication , 408  

   Hypertension pathophysiology 
 eutrophic vascular remodeling , 299  
 genetics , 300  
 nephron heterogeneity , 299  
 perinatal infl uences , 300  
 SNS , 299–300  

   Hypertensive emergencies 
 “accelerated hypertension” , 558  
 crisis and urgencies , 558  
 defi nition , 558  
 “malignant hypertension” , 558  
 neurologic complications , 559  
 organ injury , 559  
 severe   ( see  Severe hypertension) 
 stages , 558  
 symptomatic hypertension , 557  

   Hypertensive urgencies.    See also  Hypertensive 
emergencies 

 cause , 560  
 defi nition , 558  
 oral medications , 563  

   Hypertensive urgency , 460  
   Hyperthyroidism 

 clinical manifestations , 391  
 laboratory fi ndings , 391  
 pathophysiology , 390  
 thyroid hormones , 391  
 thyrotoxicosis , 391  
 treatment , 391–392  
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   Hypertrophic cardiomyopathy (HCM) 
 on competitive athletics , 522  
 diagnosis and treatment , 521  
 exercise-echocardiographic assessment , 521  
 oxygen consumption , 522  
 sudden death , 521  
 syncope/cardiac arrest , 521  

    I 
  IDF.    See  International Diabetes Federation (IDF) 
   Incidence 

 clot formation , 405  
 HTN , 401, 403  

   Infant, neonatal hypertension.    See  Neonatal and infant 
hypertension 

   Insulin resistance , 286  
   International Diabetes Federation (IDF) , 281  
   Ion and fl uid dynamics 

 calcium fl ux , 61  
 description , 57–58  
 regulation , 61–62  
 sodium   ( see  Sodium) 

    K 
  Kallikrein-kinin system (KKS) 

 ACE , 27, 28  
 glucocorticoids , 31–32  

   Kidney transplantation 
 ACE inhibitors , 357  
 antihypertensive drugs , 358  
 ARBs , 358  
 and BP , 46–47  
 BP measurement , 353–354  
 description , 353  
 etiology and pathogenesis , 354–355  
 evaluation , 357  
 graft function , 359  
 hypertension complications , 356–357  
 LVH , 359–360  
 prevalence , 354  
 sodium retention , 358  
 treatment , 357  

   Knockin model , 126  
   Knockouts 

 murine models hypertension , 126  
 polygenic hypertension , 92–93  

   Korotkoff (K) sounds 
 cuff-induced turbulence , 132  
 oscillometric pulse , 135  
 recognition , 133  

    L 
  LBW.    See  Low birth weight (LBW) 
   LDL.    See  Low-density lipoprotein (LDL) 
   Left ventricular hypertrophy (LVH) 

 and AHI , 430  
 childhood hypertension , 175, 176  

 and CKD , 336  
 diastolic dysfunction , 456  
 dietary electrolytes, childhood BP , 212  
 and ESRD , 349  
 evaluation, HTN , 455–456  
 geometry , 455  
 and MH , 156  
 and OSA , 429  
 prevalence , 163, 455  
 renal transplantation , 356  
 retina , 459  
 and SDB , 430  
 and TOD , 157, 158, 248  
 and WCH , 156  

   Left ventricular mass (LVM) 
 index (LVMI) , 158, 348  
 target organ damage , 248  

   Liddle syndrome , 90–91  
   Low birth weight (LBW) 

 animal models , 106  
 body proportion and postnatal growth , 105  
 diseases , 481  
 ethnicity , 104  
 gender , 104–105  
 geography , 104  
 global prevalence , 482  
 group , 481  
 infants, WHO , 482  
 intrauterine growth restriction  vs.  prematurity , 105  
 magnitude , 105–106  
 maternal and placental risk , 109  
 neonates , 106  
 programming , 106  
 skepticism , 105  
 systolic and diastolic BP , 105  
 vasoactive peptide system , 28  

   Low-density lipoprotein (LDL) , 185  
   Low-renin hypertension 

 Gordon syndrome , 90  
 Liddle syndrome , 90–91  

   LVH.    See  Left ventricular hypertrophy (LVH) 

    M 
  Malnutrition 

 chronic, prevalence , 482, 483  
 maternal , 481  

   Management 
 antihypertensive medications , 410–411  
 diuretics , 412  
 hypertensive crises , 410  

   MAP.    See  Mean arterial pressure (MAP) 
   MAS.    See  Mid-aortic syndrome (MAS) 
   Masked HTN (MH) 

 ABPM , 156  
 characteristics , 508  
 in children , 509  
 as clinical entity , 508–509  
 description , 508  
 and LVH , 508  
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   Maternal and placental risk 
 dysfunction , 109  
 fetal and newborn size , 108  
 glucocorticoid treatment , 109  
 LBW , 109  
 nutrition , 108  
 preeclampsia , 109  
 size and discrepancy , 109  
 smoking , 109  

   Maternal nutrition , 108  
   Mean arterial pressure (MAP) 

 homeostasis , 44  
 oscillometric algorithms , 137  
 pressure oscillations , 136  

   Mendelian model , 85, 92, 125  
   Metabolic syndrome (MS) 

 antihypertensive drug therapy , 288–290  
 BP, young , 280  
 diagnosis , 282  
 HTN , 280  
 IDF , 281  
 non-pharmacologic therapy , 284–285  
 oral antidiabetic agents , 286–287  
 pathophysiology , 283–284  
 T2DM , 279–280  
 and uric acid 

 children , 75  
 CKD , 75  
 fructose , 75–76  
 genetic polymorphism , 75  
 GI tract , 75  
 NHANES , 76  
 pediatric clinical trials , 76–78  
 sweetener consumption , 75  

   Metacognition Index (MI) , 467  
   MH.    See  Masked HTN (MH) 
   Microalbuminuria 

 childhood BP , 458  
 description , 458  
 in hypertensive pediatric patients , 458–459  

   Mid-aortic syndrome (MAS) , 372  
   Minority, ethnic differences 

 children , 247  
 groups, United States , 243  
 infants , 246  

   Monogenic hypertension 
 brachydactyly , 91–92  
 clinical and laboratory fi ndings , 92  
 cloning , 83–84  
 familial hypertension   ( see  Familial hypertension) 
 family history , 92  
 gain-of-function mutations , 84–85, 89  
 genetics , 83  
 hypokalemia and renin activity , 84  
 identifi cation , 84  
 kidney and mineralocorticoid activity , 85–87  
 linkage analysis , 84  
 logarithm of the odd (LOD) , 84  
 low plasma renin activity , 92  

 low-renin hypertension   ( see  Low-renin 
hypertension) 

 Mendelian , 92  
 microsatellite markers , 84  
 pheochromocytoma-predisposing syndromes , 91  
 pheochromocytomas and paragangliomas , 85, 88  
 RAAS , 85  
 steroidogenic enzyme defects   ( see  Steroidogenesis) 

   MSNA.    See  Muscle sympathetic nerve activity (MSNA) 
   Murine models, HTN 

 intrauterine and perinatal milieu , 126  
 knockin , 126  
 knockout , 126  
 Mendelian , 125  
 transgenic , 125  

   Muscle sympathetic nerve activity (MSNA) , 5  
   Myocardial hypertrophy , 68  

    N 
  Na + /H +  exchangers (NHEs) transport , 58–59  
   Na + -K + -2Cl - cotransporter (NKCC) transporters , 59  
   National Health and Nutrition Examination Survey 

(NHANES) , 72, 76, 147–149, 174–175, 242, 
466–467  

   Natriuretic peptides , 34  
   NCCT.    See  Sodium-chloride cotransporter (NCCT) 
   NCDs.    See  Noncommunicable diseases (NCDs) 
   Neonatal and infant hypertension 

 BP , 395–397  
 day 1 of life , 398, 399  
 fi rst days of life , 398  
 fi rst weeks of life , 399–401  
 fi rst year of life , 400, 402  
 glomerulogenesis , 413  
 NICU , 412–413  
 renal and cardiovascular disease , 413–414  
 renal vein thrombosis , 413  

   Neonatal intensive care unit (NICU) , 396  
   Nephron endowment , 110  
   Neurocognition 

 antihypertensive therapy , 469–470  
 cerebrovascular reactivity , 470–472  
 challenges , 472  
 children with primary HTN   ( see  Children with 

primary HTN) 
 cognitive impairment , 466  
 genetic predisposition , 466  
 practical implications , 472  

   NHANES.    See  National Health and Nutrition 
Examination Survey (NHANES) 

   NICU.    See  Neonatal intensive care unit (NICU) 
   Night time BP , 214  
   Nitric oxide (NO) 

 and AVP , 14  
 endothelium-derived vasoactive factors , 33  

   Nocturnal dipping 
 RDI , 429  
 SDB , 429  
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   Noncommunicable diseases (NCDs) 
 causes , 476  
 description , 476  
 epidemic , 485  
 HTN , 476  
 income , 483–484  
 interventions , 484  
 risk factors , 477  
 surveillance systems , 484  
 WHO , 484  

   Nongenetic model, HTN 
 description , 122  
 drugs , 122  
 surgically induced models 

 dietary , 124  
 neurogenic , 123–124  
 perinephric renal pressure , 123  
 renovascular , 123  
 subtotal nephrectomy and renoprival , 123  

   Non-pharmacologic therapy 
 BP reduction and weight control , 285  
 DASH , 285  
 diet , 530–531  
 dietary modifi cation , 285  
 physical activity , 531–533  
 relaxation and stress reduction , 535  
 weight loss , 285  
 weight management , 533–534  

   Nutrition and dietary 
 compliance, youth 

 behavioural skills training , 235  
 eating patterns , 235  
 eliminating foods , 235  
 food consumption , 234  
 hereditary , 234  
 HTN prevention program , 234–235  
 parents infl uence , 234  
 peer-led intervention , 235  
 treatment, SCT , 235  

 interventions 
 adolescents , 215–216  
 BP regulation , 216  
 CVR , 233  
 DASH diet , 233  
 daytime BP , 233  
 infants and children , 215  
 low-sodium and high-potassium diet , 215, 233  
 meta-and longitudinal analysis , 216  
 non-dipping BP , 234  
 prevalence , 215  
 restriction, potassium intake , 234  
 salt-sensitive hypertension , 234  
 SNS activity , 234  
 sodium and potassium, youth , 217–232  
 stress , 233  

    O 
  Obesity 

 ABPM , 157  
 cardiovascular risk , 255–256  

 children and adolescents , 258  
 clinical course , 256  
 heart disease , 187  
 heart rate variability , 257  
 and HTN , 257  
 HTN and uric acid , 68, 75, 76  
 hyperinsulinemia , 258  
 insulin resistance , 257  
 pathophysiology , 258–259  
 pulse pressure , 256  
 SNS , 257  
 vascular structure and function , 258  
 weight management , 533–534  

   Observer, BP measurement 
 auscultatory , 133, 134  
 responsibility , 132  
 selection, cuff size , 132  

   Obstructive sleep apnea (OSA) 
 and ABPM , 157  
 diagnosis , 422  
 endothelial dysfunction , 425  
 and HTN , 429  
 prevalence , 423  
 syndrome , 423  
 treatment , 430  

   OCPs.    See  Oral contraceptives (OCPs) 
   Ohm’s law, BP homeostasis , 43–44  
   Oral antidiabetic agents 

 GLP-1 , 287  
 PPAR-γ , 286  
 T2DM , 286  

   Oral contraceptives (OCPs) , 314  
   OSA.    See  Obstructive sleep apnea (OSA) 
   Oscillometry 

 adult , 135–136  
 and auscultatory measurement , 137  
 automation , 137  
 benefi ts , 139  
 cuff infl ation , 138  
 cuffs , 137  
 description , 135  
 devices , 135  
 envelope curve , 136  
 fi ltering motion artifact , 137  
 home settings , 137  
 human errors , 139  
 initial infl ate pressure , 136  
 limb and artery , 136  
 literature , 137  
 low-cost , 138  
 manufacturers , 137, 138  
 MAP , 137  
 microprocessor , 135  
 monitoring , 138  
 pediatric obesity/diabetes , 137  
 pressure curve and cuff infl ation , 135  
 pulses , 136  
 relationship , 136–137  
 systolic and diastolic BP , 135  
 training , 135  
 validation protocols , 139  
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   Osmotically active sodium , 62  
   OTC.    See  Over-the-counter (OTC) 
   Ouabain 

 calcium fl ux , 61  
 Na + /K +  ATPase , 60  

   Over-the-counter (OTC) , 315  

    P 
  Parasympathetic 

 contribution, heart rate control , 7, 8  
 modulation , 7  
 neurons , 11  
 peripheral chemorefl ex , 9  
 and sympathetic nerve activities , 5, 6  

   Parenchymal, renal.    See  Renal parenchymal disease 
   Patent ductus arteriosus (PDA) , 407  
   Pathobiological Determinants of Atherosclerosis in 

Youth (PDAY) , 180  
   Pathophysiology 

 HTN , 52  
 obesity , 257  

   PDA.    See  Patent ductus arteriosus (PDA) 
   PDAY.    See  Pathobiological Determinants of 

Atherosclerosis in Youth (PDAY) 
   Pediatric antihypertensive clinical trial design 

 description , 574, 575  
 design A , 574  
 design B , 575  
 design C , 575–576  
 design D , 576  
 FDA strategy , 574  
 placebo-controlled design , 574–575  

   Pediatrics 
 ABPM 

 and CVH , 156  
 high-risk conditions , 158  
 and HTN experts , 161  
 kidney transplant , 159  
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