
Blood Pressure 
Monitoring in 
Cardiovascular 
Medicine 
and Therapeutics

William B. White Editor

Third Edition

Clinical Hypertension and Vascular Diseases 
Series Editor: William B. White



 More information about this series at   http://www.springer.com/series/7673     

   Clinical Hypertension and Vascular Diseases    

        Series Editor:     William       B.   White       

http://www.springer.com/series/7673


 Other titles in this series 

Blood Pressure Monitoring in Cardiovascular Medicine and Therapeutics, 
Third Edition
White, William B. (Ed.), 2016

Hypertension in High Risk African Americans 
Ferdinand, Keith C. (Ed.), 2015

Chronic Kidney Disease and Hypertension
Weir, Matthew R, Lerma, Edgar V. (Eds.), 2015

Pediatric Hypertension, Third Edition
Flynn, Joseph T, Ingelfi nger, Julie R, Portman, Ronald J. (Eds.), 2013

Hypertension and Stroke
Aiyagari, Venkatesh, Gorelick, Philip B. (Eds.), 2011

Pediatric Hypertension, Second Edition
Flynn, Joseph T, Ingelfi nger, Julie R, Portman, Ronald J. (Eds.), 2011

Blood Pressure Monitoring in Cardiovascular Medicine and Therapeutics, 
Second Edition
White, William B. (Ed.), 2007

Lower Extremity Arterial Disease
Caralis, Dennis G, Bakris, George L. (Eds.), 2005

Hypertension in the Elderly
Prisant, L. Michael (Ed.), 2005

Pediatric Hypertension
Portman, Ronald J, Sorof, Jonathan M, Ingelfi nger, Julie R. (Eds.), 2004

Secondary Hypertension
Mansoor, George A. (Ed.), 2004

Blood Pressure Monitoring in Cardiovascular Medicine and Therapeutics
White, William B. (Ed.), 2000 



       William   B.   White     
 Editor 

 Blood Pressure Monitoring 
in Cardiovascular Medicine 
and Therapeutics

Third Edition                         



         Clinical Hypertension and Vascular Diseases  
 ISBN 978-3-319-22770-2      ISBN 978-3-319-22771-9 (eBook) 
 DOI 10.1007/978-3-319-22771-9 

 Library of Congress Control Number: 2015958778 

 Springer Cham Heidelberg New York Dordrecht London 
 © Springer International Publishing Switzerland   2000, 2007, 2016 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specifi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. 

 Printed on acid-free paper 

   Humana Press is a brand of Springer  
 Springer International Publishing AG Switzerland is part of Springer Science+Business Media 
(www.springer.com) 

 Editor 
   William   B.   White, M.D., F.A.S.H., F.A.H.A., F.A.C.P.    
  Calhoun Cardiology Center 
 University of Connecticut School of Medicine 
  Farmington ,  CT ,  USA   

www.springer.com


v

   Foreword   

 This  Third Edition of Blood Pressure Monitoring in Cardiovascular Medicine and 
Therapeutics  extends the tradition of excellence in this area and is now entering its 
16th year. The editor, Dr. William B. White, has assembled a group of well-respected 
authors to cover the entire spectrum of how ambulatory blood pressure monitoring 
(ABPM) has changed the face of clinical trials and clinical medicine. It also helps 
the reader understand how to interpret data in different clinical settings. For those 
with an interest in blood pressure variability and 24 h ABPM, this book is an indis-
pensable resource. ABPM is now recommended for initial evaluation of hyperten-
sion by some national guidelines, while all guidelines recommend its use for 
conditions such as masked hypertension, white coat hypertension, and adequacy of 
blood pressure control while sleeping. 

 The technology available in the most recent monitors is quite sophisticated and 
can assess changes in vascular compliance as well as overall blood pressure pat-
terns. For this reason both the clinical and research use of these devices have 
expanded dramatically over the past 6–8 years since the book’s last edition was 
published. The third edition covers all aspects of blood pressure monitoring includ-
ing review of the epidemiology and methodology used in outcome and blood pres-
sure studies, comprehensive assessment of home blood pressure monitoring research 
and its translation into clinical practice, and a discussion of its use in the general 
management of patients. 

 The pathophysiology of circadian rhythms is discussed with fi ve chapters dedi-
cated to this topic covering the spectrum of chronobiology. A new chapter on rele-
vance of blood pressure variability as a potential determinant of cardiovascular 
morbidity and mortality is an important addition to this edition of the book. 
Additionally, a new chapter covering the importance of neurohormonal activity, 
sodium and other cations, as well as renin–angiotensin system, obstructive sleep 
apnea, and the environment on blood pressure variability has been added. Another 
new and interesting chapter deals with ABPM and stroke outcomes. Moreover, 
there is a new chapter on the use of ABPM in clinical practice. This is a case-based 
chapter with nearly a dozen different clinical examples demonstrating the utility of 
ambulatory monitoring as an adjunct to the rest of the diagnostic work-up. 
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 A whole section of the book has been dedicated to  special populations  including 
children, older people, and those with kidney disease as well as ischemic heart 
 disease and outcomes based on ambulatory blood pressure readings. 

 There is no question that this is the quintessential text on blood pressure monitor-
ing in clinical medicine and is second to none for its authoritative chapters and 
practical advice to clinicians as well as its perspective on understanding the ABPM 
results of a given patient. I highly recommend it to all who have an interest in this 
topic as “The Book on the Subject.”  

     Chicago ,  IL ,  USA        George     L.     Bakris, M.D., F.A.S.H.      

Foreword
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  Pref ace   

 The third edition of  Blood Pressure Monitoring in Cardiovascular Medicine and 
Therapeutics  is devoted to the topic of circadian variation in cardiovascular disease, 
with a special emphasis on blood pressure and the clinical evaluation and treatment 
of hypertension. Clinical investigation related to home and ambulatory monitoring 
of the blood pressure has led to signifi cant improvements in our ability to confi rm 
hypertension as well as to identify clinical entities in patients with hypertension and 
vascular complications. This research is important not only because hypertension is 
so ubiquitous among adults around the globe, but also because the attributable car-
diovascular morbidity and mortality associated with the hypertensive disease pro-
cess are so substantial. 

 Since the fi rst edition of this book in 2000 and its second edition in 2007, research 
efforts in basic and clinical hypertension have progressed, and work devoted to the 
measurement of blood pressure and blood pressure variability has been a major part 
of this scientifi c advancement with new measurement devices, novel drug and 
device therapies, and outcomes research in observational studies and clinical trials. 
During the past 8 years, numerous important research papers in the fi elds of ambula-
tory and home blood pressure monitoring have been published, and regular consen-
sus conferences have been held at the European and/or International Society of 
Hypertension meetings as well as at the American Society of Hypertension annual 
meeting and expositions. Thus, it remains important and clinically relevant to have 
an updated third edition of my book that cohesively aggregates research fi ndings 
involving blood pressure monitoring in clinical medicine and in cardiovascular 
therapeutics. 

 The volume has been organized into four major sections which cover broad areas 
in blood pressure measurement or monitoring as it relates to epidemiology, method-
ology, clinical associations and outcomes, and practical utility. The fi ve chapters in 
Part I describe the methodology of clinical, home, and ambulatory blood pressure 
monitoring in research and clinical practice. Dr. Myers presents a concise chapter 
on different means to accurately measure the blood pressure in the medical care 
environment based on his many years of work in this area in Toronto. A comprehen-
sive assessment of home blood pressure monitoring research as it translates into 
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clinical practice including review of the epidemiologic data and other outcome 
 fi ndings, the importance of blood pressure variability, and discussing its use for the 
general management of patients was provided by Dr. Parati and colleagues from 
Milan. My former colleague, Dr. Mansoor from St. John’s, Antigua, explains the 
importance of the environment and physical activity recordings in cardiovascular 
disease. These techniques may be helpful for obtaining meaningful data during 
ambulatory blood pressure recordings in clinical trials. Advances in actigraphy 
research have allowed investigators to pinpoint changes in physical activity that 
may directly impact on blood pressure variability. Vanessa Barber and I from 
Farmington, Connecticut, have updated an overview of ambulatory monitoring of 
the blood pressure, including descriptions of device validation, patterns of blood 
pressure variation discovered with the advent of this technique, and usefulness of 
the methodology in clinical hypertension practice. Drs. Atkins and O’Brien have 
updated their chapter on the importance of device validation and their reliability. 
While seemingly an unexciting topic, the importance of device validation cannot be 
overestimated as it is a requirement for investigators to confi rm the overall validity 
of these recorders being used in clinical trial research and clinical practice. 

 The fi ve chapters in Part II bring in new information related to our understanding 
of the pathophysiology of the circadian biology of cardiovascular disorders. A num-
ber of prior authors from the second edition as well as new authors and topics com-
prise this section. Drs. Smolensky, Portaluppi, and Hermida begin with an overview 
of the chronobiology of blood pressure regulation in humans. This chapter lays the 
groundwork for the rest of this section with its comprehensive discussion of the 
progress that has been made in research involving the chronophysiology of human 
disease with major emphases on hypertension, coronary artery disease, and stroke. 
Dr. Asayama and colleagues from Leuven have written a new chapter on relevance 
of blood pressure variability as a potential determinant of cardiovascular morbidity 
and mortality. During the past two decades, there has been substantial controversy 
over the independent relevance of short-term blood pressure variability derived 
from ambulatory monitoring versus longer-term variability that is associated with 
weekly or monthly clinical visits—these topics are covered in this balanced chapter. 
Dr. Burnier and coworkers from Lausanne have also written a new chapter covering 
the importance of neurohormonal activity, sodium and other cations, renin–angio-
tensin system, obstructive sleep apnea, and the environment on blood pressure vari-
ability. Drs. Angeli and Verdecchia from Perugia have once again provided a 
state-of-the-art chapter on the prognostic value of ambulatory blood pressure moni-
toring based on their long-term research in this fi eld as well as through other data-
bases from around the world. To wrap up this section, Dr. Gorelick and colleagues 
from Grand Rapids, Michigan, have written a new chapter for the book on ambula-
tory blood pressure and stroke—the authors are experts in vascular neurology who 
have had a long-standing interest in the relationships among blood pressure, stroke, 
and cognitive function, and their chapter is a welcome addition to this book. 

 There are eight chapters in Part III which focus on ambulatory blood pressure in 
special populations of patients with hypertension: Drs. Gulati and White from 
Hartford and Farmington, Connecticut, cover the older patient with systolic 

Preface
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 hypertension from the perspective of clinical cardiology and their longitudinal work 
on small vessel brain disease as it relates to out-of-offi ce blood pressure; Dr. Flynn 
from Seattle comprehensively covers children and adolescents from the perspective 
of a leader in pediatric nephrology and hypertension; Drs. Hermida and Ayala from 
Vigo, Spain, comprehensively evaluate data during pregnancy from the perspective 
of experts in physiology and maternal–fetal medicine; Dr. Peixoto and coworkers 
from New Haven, Connecticut, and Rio de Janeiro provide us with a substantially 
updated and complete chapter on patients with chronic kidney disease and those on 
dialysis from the perspective of experts in clinical nephrology. 

 There are also four new chapters in Part III: a focus on ambulatory blood pres-
sure in patients with ischemic heart disease and heart failure by Drs. Campbell and 
Javed from Little Rock and New Orleans from their perspective as experts in heart 
failure and hypertension; Dr. Viera from Chapel Hill, North Carolina, has an update 
on masked hypertension based on his own research as well as that of others in this 
important new fi eld, while Dr. Krakoff from New York has written an update on 
white coat hypertension from the perspective of a hypertension specialist and a 
long-time researcher in out-of-offi ce blood pressure monitoring. Finally, Dr. 
Lemmer from Heidelberg has written a new chapter on the importance of gender 
from the perspective of a clinical pharmacologist using examples from both animal 
models and clinical data. 

 In Part IV, there are three chapters, with two new authors for the book’s third 
edition. The focus of the section is on the applications of home and ambulatory 
monitoring in clinical research and hypertension management. Drs. Stergiou and 
Ntineri from Athens have written a very comprehensive review of the use of home 
(or self) monitoring of the blood pressure in clinical research with a particular focus 
on therapeutic trials—at the time of publication of the prior edition of this book, 
there were very few studies published in this area. We welcome this new chapter by 
dedicated experts in this area. Drs. White and Malha from Farmington and New York 
have developed an updated, extensive review of the usefulness of ambulatory blood 
pressure monitoring during antihypertensive drug development as well as in novel 
trials of device therapy, such as renal denervation. Ambulatory blood pressure mon-
itoring elucidates the effi cacy of new antihypertensive therapies versus placebo as 
well as in comparator trials of two therapies. It also is an important tool to assess 
device therapy of hypertension to reduce the impact of observer bias. In the fi nal 
chapter, Dr. Townsend, a hypertension specialist from Philadelphia, has written a 
new chapter on the use of ambulatory blood pressure monitoring in clinical practice. 
This is case-based chapter with nearly a dozen different clinical examples demon-
strating the utility of ambulatory monitoring as an adjunct to the rest of the diagnos-
tic work-up. 

 The clinicians and investigators who contributed to this textbook have written 
comprehensive and up-to-date information from a fi eld in hypertension and vascular 
medicine that is dynamic and in which knowledge is advancing at a rapid pace. Just 
20 years ago, most research in the fi eld of ambulatory monitoring of the blood pres-
sure was descriptive and did not correlate the data to target organ disease or cardio-
vascular outcomes. Hence, practicing physicians were not provided with enough 
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solid information to have an impact on the day-to-day management of their patients. 
This certainly is no longer the case as after nearly 30 years of outcomes studies that 
include target organ disease and events, ambulatory blood pressure monitoring has 
matured into a highly useful methodology for clinical hypertension research as well 
as an important aid in the management of patients with hypertension and vascular 
disease. In fact, policymakers in many countries have supported its use in the evalu-
ation and treatment of newly diagnosed patients with hypertension. 

 I am truly grateful for all of the outstanding chapters provided by my contributing 
authors, which greatly enhanced my job as volume editor. Diane Webster, my long-
time assistant at the University of Connecticut School of Medicine, provided out-
standing support in helping to organize the manuscripts during the course of their 
production as well as to review references, author information, permissions, and titles. 
Special thanks to Vanessa Barber, a talented research assistant in our clinical research 
center who not only coauthored a chapter with me but also spent a large amount of 
time and effort assessing the 21 chapters for overlap and redundancy as well as for-
mat. Finally, I would like to extend my ongoing gratitude to my wife, Nancy Petry, a 
highly accomplished researcher, author, and editor in the fi eld of behavioral medicine 
and devoted mother of our dear children Hannah and Noah White, for her love and 
support during the past decade.  

  Farmington, CT, USA     William     B.     White, M.D.      
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   Part I  
  Techniques for Monitoring 

Blood Pressure        



3© Springer International Publishing Switzerland 2016 
W.B. White (ed.), Blood Pressure Monitoring in Cardiovascular Medicine 
and Therapeutics, Clinical Hypertension and Vascular Diseases, 
DOI 10.1007/978-3-319-22771-9_1

    Chapter 1   
 Monitoring Blood Pressure in the Offi ce       

       Martin     G.     Myers     

            Historical Perspective 

 The measurement of blood pressure (BP) originated in a fi eld with a horse and a 
cleric. In 1733, the Reverend Stephen Hales used a water-fi lled glass tube inserted 
into the left crural artery of a horse to demonstrate that the circulating blood was 
under a pressure of about 2.5 m of water. However, it was not until 1896 that Riva- 
Rocci developed the fi rst practical method to record systolic BP using a cuff infl ated 
on the upper arm attached to a mercury column to record the pressure at which the 
pulse was obliterated. In 1905, Korotkoff modifi ed the technique by introducing aus-
cultation over the brachial artery to detect the systolic and diastolic BP during defl a-
tion of the cuff on the upper arm. Thus, began the modern era of BP measurement. 

 For the next century, the mercury sphygmomanometer was the standard tech-
nique for recording BP in the offi ce setting. A BP reading became part of the routine 
examination. Typically, the physician would fi rst take the patient’s medical history 
and then move to an adjacent room where the physical examination which included 
a BP measurement was performed. Detailed guidelines were developed by organi-
zations such as the American Heart Association in an attempt to standardize the 
measurement technique, especially after research indicated that readings could be 
affected by a variety of factors. In his classic text,  High Blood Pressure  [ 1 ], pub-
lished in 1968, Sir George Pickering described various causes of measurement 

        M.  G.   Myers ,  M.D.      (*) 
  Schulich Heart Program, Division of Cardiology ,  Sunnybrook Health Sciences Centre , 
  2075 Bayview Avenue ,  Toronto ,  ON ,  Canada ,  M4N 3M5    

  Department of Medicine ,  University of Toronto ,   Toronto ,  ON ,  Canada   
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error, mostly related to the patient and physician but also to the surroundings. The 
concept of “casual” versus “basal” BP was proposed, including measures to reduce 
the effect of the patient’s anxiety on BP, such as multiple readings taken without 
conversation. Unknown at the time, these were likely the fi rst attempts to deal with 
offi ce-induced hypertension, now known as the “ white coat effect  .” 

 Although Pickering made many important contributions to our understanding of 
BP, he was an early proponent of BP as a continuous variable with no specifi c cut- 
point separating a normal BP from hypertension. In several chapters of  High Blood 
Pressure , he reviewed the epidemiologic data showing the relationship between 
increasing levels of BP and cardiovascular morbidity and mortality. He also noted 
the different cut-points proposed for defi ning hypertension, covering a range from 
120/80 to 180/110 mmHg. It soon became clear that the selection of 140/90 mmHg 
for defi ning hypertension based upon manual BP readings was quite arbitrary. 
Moreover, the prevailing belief at that time was that diastolic BP was most impor-
tant with systolic hypertension simply being a manifestation of a rigid aorta and, in 
itself, not associated with cardiovascular risk.  

    General Conditions for BP  Measurement   

 There are several aspects of BP measurement which need to be considered regard-
less of the type of sphygmomanometer used to take the reading. 

 On the fi rst visit, BP should be recorded supine and standing to detect any pos-
tural changes. Also,  readings   should be taken in both arms, either simultaneously, if 
feasible, or sequentially in the same arm. For routine visits, readings are usually 
taken with the patient seated in a chair with the back supported and legs uncrossed. 
More than one reading is recommended, especially if the initial BP is borderline or 
high. The mean BP should be noted, although individual readings may also be of 
interest if there is a marked decrease after the fi rst one, which could refl ect increased 
anxiety on the part of the patient. The patient should be in a quiet place and must not 
talk before or during the reading, neither to the doctor/nurse nor on a mobile phone, 
if left alone. Resting for about fi ve minutes before the readings is recommended for 
most types of measurements, particularly those which involve the presence of a 
heath professional during the readings. An appropriate size cuff with a bladder 
which encircles the upper arm should be used for all devices.  

    Devices for Manual  BP Measurement   (Table  1.1 ) 

    In what is probably the single most important development in the measurement of 
blood pressure, the mercury sphygmomanometer is no longer the preferred method 
for recording BP in routine clinical practice [ 2 ,  3 ]. There are two main reasons for 
this change. The fi rst relates to concerns about the adverse effects mercury has on 
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the environment, which has led the European Community and other countries to 
restrict its use [ 4 ]. The second reason is that measurement of BP with a mercury 
sphygmomanometer is subject to multiple types of bias and error which are not 
shared by modern electronic devices. 

  Recording   BP manually using a mercury or aneroid-type sphygmomanometer 
involves a health professional auscultating the Korotkoff sounds over the brachial 
artery, while infl ating the cuff to at least 20 mmHg above the anticipated systolic BP 
and then defl ating it at a rate of 2 mmHg per heartbeat. These steps require special 
training, normal hearing, no conversation, strict adherence to the infl ation and defl a-
tion protocol, precise recording of the point at which the Korotkoff sounds appear 
and then disappear, and taking of multiple readings and then accurate transcription 
of the readings. Many of these requirements are frequently disregarded in routine 
clinical practice. Examples include not allowing the patient to rest for 5 min before 
the fi rst measurement, talking with the patient, overly rapid defl ation of the cuff, and 
rounding off readings to the nearest zero value (digit preference). Minimizing the 
role of humans in recording BP eliminates many potential sources of error which 
leads to a more accurate reading [ 5 ]. 

 One advantage of the  mercury sphygmomanometer   itself is that it does not 
require calibration or periodic servicing other than verifying that there has not been 
any loss of mercury and that the cuff, tubing, and defl ation mechanism are function-
ing properly. The mercury sphygmomanometer continues to be used in the valida-
tion of other devices such as electronic, oscillometric sphygmomanometers, so 
hypertension centers should maintain at least one mercury device for this purpose. 
Some experts also recommend using a mercury sphygmomanometer in patients 
with special conditions such as atrial fi brillation, although there is little evidence 
that a manual BP reading taken by a health professional in such circumstances is 
more accurate than readings taken with other devices such as an automated, elec-
tronic sphygmomanometer. What may be most important is to obtain multiple read-
ings, regardless of the BP measurement technique, in order to account for the 
variable heart rate. 

 Next to the mercury sphygmomanometer, the most widely used manual BP 
recorder in clinical practice has been the aneroid device which also has the advan-
tage of being portable and relatively inexpensive. However, the actual mechanism 
inside the aneroid sphygmomanometer responsible for obtaining the pressure read-

  Table 1.1    Commonly used 
devices for blood pressure 
measurement in the offi ce 
setting  

 Manual 
  Mercury sphygmomanometer 
  Aneroid sphygmomanometer 
 Semi-automated 
  Home BP recorders adopted for offi ce use 
 Fully automated 
  BpTRU 
  Omron HEM-907 
  Microlife WatchBP Offi ce 

1 Monitoring Blood Pressure in the Offi ce
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ing requires periodic maintenance and re-calibration, a procedure which is often not 
followed [ 6 ]. Other manual mercury sphygmomanometers such as the Hawksley 
Random Zero were developed in an effort to circumvent some of the shortcomings 
of the standard mercury device, but these have been found to have other sources of 
measurement error which have precluded their use [ 7 ]. 

 In recent years, more sophisticated, non-mercury, manual sphygmomanometers 
for offi ce use have been developed. Models which have passed independent valida-
tion include the Accoson Greenlight 300 [ 8 ], Heine Gamma G7 [ 9 ], Nissei DM-3000 
[ 10 ], Rossamax Mandaus I [ 11 ], and Welch-Allyn Maxi Stabil 3 [ 12 ]. Each of these 
devices requires the involvement of a health professional. To date, none of these 
recorders has achieved widespread use in clinical practice.  

     Impact of Manual BP in Management of Hypertension   

 The involvement of a health professional in the measurement of BP can affect the 
accuracy and reliability of the readings [ 13 ]. The failure to follow guidelines for BP 
measurement, as noted above, tends to provoke a  white coat effect  , especially in 
patients who may already be anxious about seeing a physician. Stimuli such as con-
versation can cause substantial increases in BP, potentially leading to a misdiagno-
sis of “white coat hypertension” [ 14 ]. On average, manual offi ce BP in routine 
clinical practice is about 10/7 mmHg higher than manual BP recorded in a research 
study according to guidelines (Table  1.2 ). It is estimated that 15–25 % of patients 
diagnosed with mild–moderate hypertension will be normal when BP is recorded 
outside of the offi ce setting such as with 24-h  ambulatory BP monitoring (ABPM)   
or home BP [ 15 ,  16 ]. The presence of a  white coat effect   in patients already receiv-
ing drug therapy may also lead to additional, unnecessary medication, a condition 
called pseudo-resistant hypertension [ 17 ]. Longitudinal, clinical outcome studies 
have consistently reported that manual BP, even when recorded according to guide-
lines in a research setting, correlates poorly with target organ damage. Much stron-
ger correlations have been seen with ABPM and home BP [ 18 ,  19 ].

     Table 1.2    Differences between manual BP recorded in routine clinical practice and manual BP 
obtained following standard guidelines in research studies   

 Type of blood pressure measurement (mmHg) 

 First author   N   Routine clinical practice  Guidelines BP in research study 
 Myers [ 40 ]  147  146/87  140/83 
 Brown [ 43 ]  611  161/95  152/85 
 Myers [ 27 ]  309  152/87  140/80 
 Graves [ 44 ]  104  152/84  138/74 
 Gustavsen [ 45 ]  420  165/104  156/100 
 Head [ 46 ]  6817  150/89  142/82 
 Mean difference  10/7 
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        Semi-automated Sphygmomanometers   in Offi ce Practice 

 Concerns about the accuracy of manual offi ce BP in diagnosing hypertension have 
resulted in recent guidelines recommending against the use of manual BP measure-
ment in the offi ce for the diagnosis and management of hypertension [ 2 ,  3 ]. One 
option has been to rely upon 24-h ABPM for diagnosing hypertension and home BP 
for management of hypertension after therapy has been started. However, many 
physicians have been reluctant to abandon offi ce BP and have chosen to use semi- 
automated, electronic devices as a replacement for mercury and aneroid 
sphygmomanometers. 

 Most semi-automated devices are modifi cations of oscillometric home BP 
recorders, which have been adapted for use in the offi ce setting. The use of  semi- 
automated recorders   in major studies [ 20 ], such as the Omron-HEM 705 in the 
Anglo-Scandinavian Outcomes Trial (ASCOT), has prompted both primary care 
physicians and hypertension specialists to switch from manual BP recorders to 
semi-automated devices which have been validated for accuracy. Typically, the doc-
tor or nurse follows procedures used previously with manual BP except that read-
ings are taken without auscultation and manual cuff infl ation/defl ation, which 
reduces measurement error and  observer   bias. Some semi-automated recorders take 
two or three readings at pre-specifi ed intervals after the start button is pressed. 

 Three studies [ 21 – 23 ] have compared the mean awake ambulatory BP or home 
BP with offi ce BP readings taken with a semi-automated recorder with the patient 
alone in an examining room (Table  1.3 ). With the offi ce BP readings being taken 2, 
3, or 5 times, the mean value exceeded the out-of-offi ce BP by 12/5, 7/4, and 4/5 
mmHg, respectively. In a fourth study [ 24 ], three semi-automated BP readings taken 
in a hypertension clinic in the presence of a nurse or doctor were compared to home 
BP readings recorded using the same device by the patient. Once again, the mean 
semi-automated offi ce BP was higher (9/5 mmHg) than the mean home BP. Thus, 
replacement of manual BP recorders with semi-automated, oscillometric sphygmo-
manometers does not eliminate the  white coat effect  , even if readings are taken with 
the patient resting quietly alone. Nonetheless, semi-automated devices have been 
quite popular in that they are readily available and relatively inexpensive. To date, 
there have been no studies comparing conventional manual BP with semi-automated 
BP in routine clinical practice, which makes it diffi cult to document the specifi c 
advantages the semi-automated method is presumed to have.

   Table 1.3    Studies comparing semi-automated BP (mmHg) readings with awake ambulatory BP 
( a ) or home BP ( b )   

 Study author 
 No. of 
patients 

 Semi-automated 
BP 

 Awake ambulatory BP or home 
BP 

 Myers et al. [ 21 ]  27  157/83  145/78 a  
 Myers et al. [ 22 ]  139  146/86  142/81 a  
 Stergiou et al. [ 24 ]  30  137/83  128/83 b  
 Al-Karkhi et al. [ 23 ]  162  140/86  133/83 b  
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       Automated Offi ce Blood Pressure  Measurement   

 The most recent guidelines focus primarily on semi-automated electronic devices as 
the sphygmomanometer of choice for offi ce BP readings. The ESH/ESC 2013 rec-
ommendations [ 2 ] did go one step further and recommended (fully) automated 
recorders capable of taking multiple BP readings with the patient resting alone. This 
type of BP measurement has been called “ automated offi ce BP (AOBP).  ” Canadian 
guidelines now recommend AOBP readings in routine clinical practice [ 25 ]. 

 The  importance   of AOBP in clinical practice fi rst became evident in 2005 when 
Beckett and Godwin reported on AOBP readings recorded in 481 treated hyperten-
sive patients recruited from primary care practices in the community [ 26 ]. In this 
population, mean AOBP (140/80 mmHg) was signifi cantly lower than the mean of 
the last three routine manual BP readings (151/83 mmHg) recorded by the patients’ 
own family physicians. These fi ndings were subsequently confi rmed in a series of 
309 patients referred for 24-h ABPM who had a mean AOBP of 132/75 mmHg 
compared to the last routine manual offi ce BP of 152/87 mmHg recorded by the 
patient’s own family physician [ 27 ]. 

 The main advantage of AOBP over semi-automated electronic devices is that 
AOBP does not require any active involvement of the patient or a health profes-
sional. The presence of a doctor or nurse when BP is measured increases the BP 
reading in some patients, presumably by adding to the anxiety generated by the visit 
itself. Having the patient take their own readings using a semi-automated device 
circumvents this factor, but the readings are still, on average, higher. One study [ 22 ] 
compared fi ve AOBP readings taken with the fully automated BpTRU device with 
fi ve readings taken by the patient while resting alone using a semi-automated sphyg-
momanometer. The latter BP was 5/4 mmHg higher than the AOBP, which was 
similar to the mean awake ambulatory BP.  

    The Pros and  Con  s of AOBP 

 As noted in the European and Canadian guidelines [ 2 ,  3 ,  25 ], an AOBP measure-
ment has three basic components; the use of a fully automated sphygmomanometer 
which is capable of taking multiple readings with the patient resting quietly alone. 
There are currently three validated devices specifi cally designed for AOBP: the 
BpTRU [ 28 ], the Omron HEM-907 [ 29 ], and the Microlife WatchBP Offi ce [ 30 ]. To 
date, most of the research into AOBP has been conducted using the BpTRU. Each 
of these devices is capable of taking 3–5 readings at 1 min intervals with no more 
than a one minute period required before the fi rst reading is taken. The BpTRU 
takes fi ve readings timed from the start of the fi rst reading to the start of the second, 
whereas the other two devices record BP with a full minute from the end of one 
reading to the start of the next. Thus, an average AOBP reading can be taken over 
5–6 min. Initially, there was some concern about the time required to take multiple 
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AOBP readings in a busy clinical practice. However, if guidelines for recording a 
proper (manual or semi-automated) offi ce BP  are   followed, the patient should 
remain quiet for 5 min before the fi rst of at least two readings are taken. Thus, 
AOBP would only take longer if the doctor or nurse does not adhere to the current 
guidelines for offi ce BP measurement which is likely often the case. 

 Studies [ 31 ,  32 ] using manual BP measurement have reported that as little as 10 
s between readings may be all the time required to obtain an accurate measurement. 
Experiments conducted with the BpTRU and Omron HEM-907 have shown that 
readings taken at 1-minute intervals are comparable to readings taken at 2-min 
intervals [ 33 ]. Earlier studies using the BpTRU recorded BP at 2-min intervals, but 
1 min is now recommended for an AOBP measurement [ 34 ]. Also, in most studies 
on AOBP, the patient was kept seated alone in a quiet room. However, AOBP values 
are also similar when readings are taken with the patient resting quietly in an offi ce 
waiting room versus an examining room (35,36). Conventional manual BP is 
affected by the surroundings in which readings are taken. Such is not the case with 
AOBP. Readings taken with the BpTRU with the subjects resting quietly in a com-
munity pharmacy were similar to AOBP recorded in the offi ce of their family physi-
cian [ 37 ]. Moreover, AOBP obtained in a hypertension specialist’s offi ce was 
similar to AOBP taken in an ABPM unit [ 38 ]. Thus, a valid AOBP reading should 
be possible provided the patient is resting alone without talking or otherwise inter-
acting with other people, especially health professionals. 

 Finally,  the   higher cost of AOBP recorders has been an impediment to their 
greater use in clinical practice. Recently, less expensive models have appeared 
which should make fi nancial considerations much less of an issue when it comes to 
selecting the optimum sphygmomanometer for offi ce use.  

    Relationship Between AOBP  and ABPM   

 ABPM has become the gold standard for determining the risk of experiencing a 
cardiovascular event in relation to an individual’s BP. AOBP has been compared 
with the mean awake ambulatory BP in various populations and settings (Table  1.4 ). 
Mean AOBP is similar to the mean awake ambulatory BP in unselected hyperten-
sive patients attending the offi ces of their own family physicians. This relationship 
was present in both treated and untreated patients. Mean AOBP was also similar to 
the awake ambulatory BP in patients with suspected hypertension referred for 
ambulatory BP monitoring, a population more likely to have a  white coat effect  . 
This similarity in BP readings is present regardless of whether or not the patients are 
receiving antihypertensive drug therapy. In all studies, the manual BP recorded dur-
ing routine visits to the patient’s own family doctor outside of the context of a 
research study was substantially higher than both the AOBP and awake ambulatory 
BP [ 13 ,  39 ]. The ambulatory BP also exhibited a signifi cantly stronger correlation 
with the AOBP than the routine manual offi ce BP [ 13 ].

1 Monitoring Blood Pressure in the Offi ce
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   Even though the measurement of BP is an integral part of primary care, compara-
tively little research has been done into the validity of readings taken during routine 
offi ce visits compared to BP recorded with strict adherence to guidelines in research 
studies (Table  1.2 ). In one study [ 40 ], the mean manual offi ce BP obtained in 147 
patients by their own family physicians was 6/4 mmHg higher than comparable 
offi ce readings taken by the same doctors as part of a research study. Moreover, left 
ventricular mass index, a measure of target organ damage related to BP, correlated 
signifi cantly ( r  = 0.27) with the special manual BP taken for research purposes, but 
there was no correlation ( r  = 0.06) with the routine manual BP. This phenomenon is 
known as the “Hawthorne Effect” and is used to describe changes in behavior which 
tend to occur when an individual (e.g., doctor or nurse) is under observation, such 
as recording BP as part of a research study [ 41 ].  

    The  Conventional versus Automated Measurement   of Blood 
Pressure in the Offi ce Study 

 Until recently, there was considerable reluctance to abandon conventional manual 
BP measurement in favor of more modern techniques such as the oscillometric 
recorders used for ABPM, home BP, and AOBP. The proponents of manual BP 
maintained that virtually all of the data upon which the diagnosis and management 
of hypertension are based were obtained using the mercury sphygmomanometer. 
The pendulum fi nally shifted to electronic devices in 2011 when the British National 
Institute for Health and Clinical Excellence’s (NICE) evidence-based guidelines 
[ 42 ] recommended that a diagnosis of hypertension should be based upon 24-h 
ABPM and not the offi ce BP. For many physicians, this dramatic departure from 
conventional thinking led to considerable confusion. The result was a shift to elec-
tronic devices to record BP in the offi ce with the assumption that this approach 
would alleviate many of the concerns about manual BP documented in the NICE 
monograph. However, there is little evidence that changing the device without 

    Table 1.4    Comparison of automated offi ce BP (AOBP) with the awake ambulatory BP in different 
patient populations   

 Study author  No. of Subjects  Setting  AOBP  Awake ambulatory BP 

 Beckett et al. [ 26 ]  481  Family practice  140/80  142/80 
 Myers et al. [ 27 ]  309  ABPM unit  132/75  134/77 
 Myers et al. [ 38 ]  62  Hypertension clinic  140/77  141/77 
 Myers et al. [ 47 ]  254  ABPM unit  133/80  135/81 
 Godwin et al. [ 48 ]  654  Family practice  139/80  141/80 
 Myers et al. [ 22 ]  139  ABPM unit  141/82  142/81 
 Myers et al. [ 39 ]  303  Family practice  136/78  133/74 

 Mean  137/79  138/79 
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removing other causes of measurement error is suffi cient to justify the continued 
use of offi ce BP for the diagnosis and management of hypertension. 

 Concurrently, investigators decided to examine the impact that introducing 
AOBP into routine primary care practice might have on the accuracy of offi ce BP. In 
the  Conventional versus Automated Measurement of Blood Pressure in the Offi ce 
(CAMBO) study   [ 39 ], 67 practices (555 patients) in fi ve cities in Eastern Canada 
were randomly allocated to either use of the BpTRU to record the patient’s BP or 
continued use of manual sphygmomanometers. In order to minimize the “Hawthorne 
Effect” [ 41 ] as a factor, there were no other interventions such as educating staff on 
proper management of hypertension. 

 At the fi rst offi ce visit after enrollment, the mean AOBP had decreased by 14/3 
mmHg compared to the mean routine manual offi ce BP (150/81 mmHg) recorded 
by the patient’s own family physician prior to entry into the study. The mean AOBP 
(136/78 mmHg) was only slightly higher than the mean awake ambulatory BP 
(133/74 mmHg). There was a relatively small decrease in offi ce BP at the fi rst offi ce 
visit in the control, manual BP group, presumably due to the Hawthorne Effect, with 
clinic staff obtaining lower BP readings. 

 The results of this cluster randomized clinical trial in a real-world setting con-
fi rmed the earlier fi ndings in previous series of hypertensive patients in a variety of 
settings.  

     Principles   of Automated Offi ce BP 

 An important aspect of offi ce BP measurement is the need to minimize extraneous 
factors which might affect the accuracy of the reading and lead to misdiagnosis of 
hypertension. Offi ce BP is highest and least accurate with greater involvement of 
the patient and physician or nurse [ 7 ]. Manual BP in routine clinical practice is the 
best example of this with BP being on average 10/7 mmHg higher than readings 
taken according to guidelines in the context of a research study (Table  1.2 ). When 
these guidelines are followed, the “research” offi ce BP more closely approximates 
the awake ambulatory and home BP but is still about 5–10/5 mmHg higher [ 27 ], 
giving a cut-point for hypertension of 140–145/90 versus 135/85 mmHg for the out-
 of offi ce readings. The apparent equivalence of AOBP and both awake ambulatory 
BP and home BP (Table  1.4 ) makes the cut-point for defi ning hypertension using 
AOBP the same for all three methods (135/85 mmHg). 

 There are three basic principles to follow in order to obtain a proper AOBP read-
ing:  Multiple readings  with a  fully automated sphygmomanometer  with the patient 
 resting alone  in a quiet place. If these principles are followed, AOBP will be an 
improvement over conventional manual BP measurement by providing more accu-
rate readings which are devoid of a  white coat effect   and which are suitable for most 
types of offi ce practice in countries with suffi cient resources.  

1 Monitoring Blood Pressure in the Offi ce
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    Conclusions 

 The determination of an individual’s BP status is currently in a transition phase. 
Reliance upon the mercury sphygmomanometer during the past century has now 
progressed to the use of automated electronic devices to record BP in the offi ce, at 
home, and over 24-h. Longitudinal cardiovascular outcome studies have consis-
tently shown ABPM to be the best predictor of future risk based upon an individu-
al’s BP status with home BP being an acceptable alternative if ABPM is not 
available. Under these circumstances, the role of offi ce BP in the diagnosis and 
management of hypertension has been questioned. Now that offi ce BP is no longer 
synonymous with manual BP measurement, it is being viewed in a more favorable 
light, provided that validated electronic devices are used and certain procedures are 
followed (Table  1.5 ). The accumulating evidence supports AOBP measurement as 
the best method for determining BP status in the offi ce, with a more defi nitive diag-
nosis of hypertension still requiring 24-h ABPM or home BP. Thus, all three types 
of BP measurement are complementary with each method continuing to have a role 
in the management of hypertension.
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    Chapter 2   
 Home (Self) Monitoring of Blood Pressure       

       Gianfranco     Parati       and     Juan     Eugenio     Ochoa    

            Introduction 

 Elevated blood pressure (BP) levels represent the most important modifi able risk 
factor for cardiovascular disease and for disease burden in developed countries [ 1 ]. 
Consistent evidence has shown that BP reduction with antihypertensive therapy 
reduces cardiovascular events, particularly in patients with moderate to severe 
hypertension [ 2 ]. An accurate assessment of BP levels and early identifi cation and 
treatment of hypertension is thus essential for reducing the cardiovascular risk asso-
ciated with this condition [ 3 ]. Since most evidence on the cardiovascular risk asso-
ciated with elevated BP, as well as on the benefi ts of lowering BP levels, comes from 
studies using offi ce BP (OBP) measures [ 4 ,  5 ], this technique is regarded as the 
reference standard for assessment of BP in clinical practice [ 3 ]. However, OBP is 
affected by important intrinsic limitations (i.e., inherent inaccuracy of the technique 
and the inability to track BP changes during subjects’ usual activities and over a 
long period of time) and by extrinsic factors (i.e., observer’s bias, digit preference, 
interference by the “ white coat effect  ”) that lead to over- or underestimation of sub-
jects’ BP values. In turn, this leads to misclassifi cation of BP levels, i.e., masked 
hypertension, white coat hypertension, and false BP control or false resistant hyper-
tension in treated subjects. In recognition of this, current guidelines for 
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hypertension management advise combining OBP with information on out-of-offi ce 
BP levels measured by means of ambulatory BP monitoring (ABPM) or home BP 
monitoring (HBPM) [ 3 ,  6 – 11 ], with the aim to better identify the presence of high 
BP levels and to defi ne the need to start/modify antihypertensive treatment. 
Currently, 24-h ABPM is considered the gold standard for out-of-offi ce BP moni-
toring, [ 10 ,  12 ]; however, because of its costs and need of trained clinic staff and 
specialized equipment, its use is in most cases (with the exception of NICE guide-
lines) recommended for selected groups of hypertensive patients [ 3 ,  4 ,  6 ,  13 ,  14 ]. 
Although HBPM cannot provide the extensive information on daily life BP behav-
ior available with 24-h ambulatory recordings, it may represent an excellent com-
plement to both OBP and ABPM in assessing BP levels for several reasons. In 
particular, the wide availability of automated and easy-to-use devices for home BP 
monitoring, which are acceptable for both patients and physicians, supports the 
extensive implementation of HBPM in clinical practice. Moreover, when performed 
on a regular basis, repeated BP measures obtained by patients at home (i.e., home 
BP monitoring of BP levels over 7 days before the clinical visit) offer the possibility 
to obtain accurate and frequent information on out-of-offi ce BP not only during a 
single day, but also over several days, weeks, or months in a usual life setting, also 
allowing evaluation of dynamic BP changes over wider time windows, and to quan-
tify the degree of  BP variability (BPV)   [ 8 ] (Table  2.1 ). All of these features not only 
allow a better identifi cation of elevated BP levels, but also assessment of BP control 
in treated subjects, thus aiding in guiding therapeutic decisions. Besides, at variance 
from OBP, HBPM requires the active involvement of patients in managing their 
high BP conditions, which enhances patients’ compliance and adherence to antihy-
pertensive treatment, thus potentially increasing the rates of BP control. Because 
HBPM combines improved accuracy with the advantages of low cost and easy 
implementation, it is recommended whenever feasible for routine use in the clinical 
management of hypertension. The present chapter is aimed at reviewing the main 
features of HBPM, its prognostic signifi cance, clinical advantages, and potential 
applications for the management of hypertension. In its last part, the chapter 
addresses the role of home-based blood pressure telemonitoring and information 
technologies for the management of hypertensive patients.

        Methodological Aspects   of HBPM 

   Measurement conditions and procedures   : Although automated and semi- automated 
HBPM devices based on the oscillometric technique are widely used by hyperten-
sive patients, their application is not always accompanied by the required knowledge 
or suffi cient training to ensure a proper BP self-measurement at home. The resulting 
problems often include use of inaccurate devices and errors in measurement meth-
odology and in interpretation of HBP values [ 15 ]. Care is thus required to guarantee 
that HBP measurements are kept under close supervision by physicians, in order to 
prevent an excessive frequency of self-BP readings due to anxiety as well as improper 
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self-management of drug treatment by patients. Overall, conditions and procedures 
for proper HBP performance are similar to those recommended for OBP measure-
ments [ 9 ]. Specifi cally, the patient should be relaxed in the sitting position, with the 
back supported, without crossing legs, in a quiet room and at least 5 min of rest 
should precede the measurement. The arm should be supported on a table and the 
cuff positioned at the heart level (when the arm-cuff is below or above the heart 
level, BP will be overestimated or underestimated, respectively). At the time of the 
fi rst visit, when prescribing HBPM, BP measurements should be comparatively per-
formed in both arms. If inter-arm BP difference exceeds 10 mmHg for SBP and/or 
5 mmHg for DBP and persists after repeated measurements, the arm with the higher 
BP should be selected for future BP measurements both in the offi ce and at home 
[ 9 ]. Attention should be given to selection of cuff size according to arm circumfer-
ence, so that the bladder dimensions are adequate for accurate BP measurement. 

   Device selection   : Monitors that measure BP at the upper arm (brachial artery) 
have been shown to be the most accurate and reliable in measuring peripheral BP 
levels. Although some automatic devices for BP measurement at the wrist or at the 
fi nger level have been developed, it should be mentioned that they are subject to 
important limitations mainly related to peripheral vasoconstriction, alterations in 
BP waveform going from central to more distal sites of recording, and the possibil-
ity of varying hydrostatic height difference between the peripheral cuff and the heart 
level, which may lead to signifi cant inaccuracies in BP measurement. This is why 
use of wrist cuff devices is currently discouraged. Finally, it should be mentioned 
that despite the multitude of devices available on the market for HBPM, only some 
of them have fulfi lled independent validation criteria for use in clinical practice 
(updated lists of validated BP-measuring devices are provided at dedicated websites 
such as   www.dableducational.org    ,   www.ipertensionearteriosa.net     or   www.bhsoc.
org    ). In summary, on the background of the available evidence, current guidelines 
for HBPM recommend the use of validated, automated, electronic, oscillometric, 
upper arm-cuff devices, particularly those offering the possibility to store, transmit, 
or print measurements [ 9 ]. 

   Frequency and timing     of HBPM : When performed in a standardized fashion, BP 
measures collected by patients at home have been shown to be more accurate and 
reproducible than offi ce and ambulatory BP levels [ 16 – 18 ]. To achieve the maxi-
mum benefi ts from HBPM, the optimal HBPM schedule to be used for clinical 
decision making should be able to offer a quantifi cation of the prevailing level of 
HBP, aimed at yielding reproducible information on HBP values, with prognostic 
relevance. Since the reliability of HBPM increases with the number of BP readings 
available for analysis, a minimum of 12 measurements and up to 25 measurements 
are needed to achieve clinically relevant information on HBP levels. Recent second-
ary analysis of a large, randomized, clinical trial compared strategies for home- or 
clinic-based BP monitoring to determine the optimal methodology for obtaining 
clinically meaningful BP measurements [ 19 ]. In this trial, participants were asked to 
record BP values every other day at the same time. A minimum of three values over 
two weeks was required and only values spaced over 12 h were included. The study 
concluded that the best approach for correctly classifying BP control should be an 
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average of several BP measurements including both measurements from the clinic- 
and home-based settings [ 19 – 21 ]. However, the important variations in terms of 
frequency of self-BP measures, the frequency of reporting home-monitored values, 
clinicians’ involvement, duration, and setting have been widely variable among 
studies, thus preventing authors from deriving consistent conclusions. Current 
guidelines recommend measuring BP levels at home over 7 days, with at least two 
morning and two evening measurements [ 9 ]. For clinical decision making, the aver-
age of all these values should be used with the exception of the fi rst day, which 
should be discarded [ 9 ]. This 7-day schedule is recommended immediately before 
each visit to the physician’s offi ce, either at diagnosis or during follow-up. In recog-
nition that long-term HBPM might allow a closer assessment of the stability of HBP 
control, improve patients’ involvement and compliance with treatment, and main-
tain their BP measurement skills, it was suggested that 1–2 measurements per week 
might be useful also during the between-visit period [ 9 ]. Of note, programmable 
HBPM devices have been recently introduced that provide measures of night time 
BP levels comparable to those obtained by means of 24-h ABPM [ 22 – 24 ], thus 
widening the clinical applications of HBPM.  

    How Are  Hypertension and BP Control   Defi ned Based 
on HBPM? 

 Hypertension has a strong, continuous relationship with cardiovascular risk. 
Traditionally, OBP measurements have been used for cardiovascular risk stratifi ca-
tion and for defi ning targets of therapy. The classifi cation of BP categories (i.e., 
optimal BP <120/80; pre-hypertension 120–139/80–89; and hypertension 
≥140/90 mmHg) as well as defi nition of BP targets to be achieved by treatment, has 
been based on epidemiological studies using OBP measurements [ 3 ,  25 ]. These 
values cannot be directly extrapolated to HBPM, because meta-analyses of several 
studies on unselected populations or hypertensive patients [ 26 ,  27 ], comparing HBP 
and OBP distribution curves, have demonstrated HBP values to be lower than cor-
responding OBP values. Longitudinal studies in general populations [ 28 – 37 ] and in 
hypertensive subjects [ 38 – 40 ] as well as clinical trials on the use of HBPM have 
confi rmed that the cut-off limit to defi ne hypertension based on HBP should be 
lower than that used for OBP [ 41 ,  42 ]. Although the relationship between BP values 
self- measured   at home and the incidence of CV morbidity and mortality should be 
further clarifi ed by prospective studies, there is an agreement to diagnose hyperten-
sion when HBP is  > 135/85 mmHg (corresponding to an OBP of  > 140/90 mmHg). 
Prospective data are still needed, however, to formally recommend the proposed 
thresholds of <120/80 mmHg and <130/85 mmHg to defi ne optimal and normal 
HBP, respectively. A couple of studies suggested that HBP thresholds for hyperten-
sion in high-risk patients might be lower than 135/85 mmHg [ 30 ,  39 ]. Although the 
target HBP to be achieved with treatment should logically be below the threshold 
used to diagnose hypertension (i.e., <135/85 mmHg), these target HBP levels 
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are still unknown, being currently explored by the ongoing HBPM studies [ 43 ]. 
Although attaining therapeutic goals may be diffi cult in some patients, it should be 
remembered that, even if BP is not fully controlled, each mmHg of reduction in 
HBP is important, as it contributes to the prevention of CV complications.  

     Prognostic Value   of HBPM 

 As a general remark, it has to be acknowledged that the evidence available to sup-
port the prognostic value of HBPM is less than for ABPM, also because of the 
smaller number of outcome studies available so far [ 8 ,  9 ]. When averaged over a 
period of a few days, home BP measures have been shown to signifi cantly predict 
the development of major nonfatal cardiovascular events (myocardial infarction, 
stroke) [ 28 – 35 ,  38 ,  44 – 52 ] as well as cardiovascular (fatal cardiovascular events) 
and all-cause mortality [ 28 ,  34 ,  35 ,  39 ,  47 ,  48 ,  53 ]. In most available studies, the 
prognostic value of HBPM has been found superior to that of OBP measurements 
with one exception, where a similar predictive value was observed for both tech-
niques [ 38 ] (see Fig.  2.1  and Table  2.2 ).

    Longitudinal and cross-sectional studies have reported that target organ involve-
ment, including left ventricular mass index (LVMI), carotid intima-media thickness, 

  Fig. 2.1    Kaplan–Meier curves for survival free of CV disease in subjects with offi ce,  home , and 
ambulatory SBP values above and below median values. Modifi ed from Sega et al. [ 35 ], by 
permission       
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and microalbuminuria, is more strongly correlated with HBP measurements than 
with OBP measurements in patients with hypertension [ 51 ,  54 – 60 ] as well as in 
patients with chronic kidney disease (CKD) on hemodialysis (HD) [ 61 ], in elderly 
people, in women with pre-eclampsia, and in hypertensive patients with diabetes 
[ 8 ]. In the case of patients with CKD, HBP has been shown to be a better predictor 
of progression of CKD (as assessed with eGFR) [ 40 ,  62 ], including its progression 
to end stage renal disease (ESRD) [ 39 ] and of cardiovascular events and mortality 
[ 63 ] than OBP. In particular, in ESRD, HBPM may be more informative than pre- 
and post-dialysis OBP readings as it provides BP measurements that are more rep-
resentative of the BP load over the interdialytic period. Indeed, several studies in 
ESRD have found HBP to be prognostically superior than OBP also in predicting 
subclinical organ damage (i.e., LVH) [ 61 ] and cardiovascular events (i.e., all-cause 
and CV mortality) [ 64 ,  65 ].  

    Role of HBPM in the  Diagnosis and Management 
of Hypertension  : Identifi cation of Masked Hypertension 
and White-Coat Hypertension 

 As discussed above, HBPM and ABPM provide out-of-offi ce BP measurements 
detecting BP changes in real life conditions and preventing the alarm reaction 
associated with OBP [ 66 ]. It is thus not surprising that BP levels measured in the 
clinic setting are in general higher than ambulatory BP measurements performed 
out of the clinic environment [ 67 ]. This is considered a major explanation for the 
frequently observed disagreements between OBP and out-of-offi ce BP measure-
ments when classifying hypertensive subjects [ 30 ]. Indeed, when considering the 
threshold values to defi ne hypertension using OBP (≥140/90 mmHg) and HBP or 
24h ABP (≥130/80 mmHg), a given individual may fall into one of four BP catego-
ries: sustained normotension (normal offi ce BP and normal home or 24h ABP), 
sustained hypertension (high OBP and high home or 24h ABP), white coat hyper-
tension (high offi ce BP and normal home or 24h ABP), or masked hypertension 
(normal offi ce BP and high home or 24h ABP) (Fig.  2.2 ).

   Evidence on the ability of HBPM to identify WCH and MH [ 56 ,  68 ] was pro-
vided in a report of the Pressioni Arteriose Monitorate e Loro Associazioni 
(PAMELA) study in which the initial diagnosis of WCH (i.e., identifi ed as offi ce BP 
>140/90 mmHg and 24-h BP mean <125/79 mmHg or home BP <132/82 mmHg) 
was reassessed 10 years later. Overall, the study showed similar results in the ability 
of HBPM and ABPM for identifying WCH, sustained hypertension, true normoten-
sion, and masked hypertension, even if a substantial percentage of subjects changed 
from one category to another, including progression to sustained hypertension 
(Fig.  2.3 ).
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       Role of HBPM in the  Assessment of BP Control in Treated 
Hypertension   

 In the light of the available evidence supporting the prognostic and clinical advan-
tages offered by HBPM, current international and national guidelines recommend 
the use of HBPM as part of the routine diagnostic and therapeutic approach to 
hypertension, particularly in treated patients [ 8 ,  69 – 74 ]. By providing accurate and 
frequent BP measures at regular time intervals over several days, weeks, or months, 
in a setting of typical daily living, HBPM is able to accurately track changes in BP 
levels induced by antihypertensive treatment and becomes a better indicator of BP 
control than OBP measurements alone [ 8 ]. HBPM may be an excellent tool to assess 
and improve the achievement of BP control, particularly in patients with apparent 
resistant hypertension in whom BP cannot be easily controlled even with several 
classes of antihypertensive medications. In support of this concept, several studies 
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  Fig. 2.2    Schematic relationship between offi ce and home or daytime ambulatory BP. Classifi cation 
of patients based on the comparison of offi ce and home or daytime ambulatory blood pressure 
(BP). When focusing on ABP, current guidelines recommend to use 24h rather than daytime ABP, 
in order to include also night-time BP values Taken from Parati et al. [ 8 ], by permission       
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exploring the benefi ts of HBPM for the long-term management of patients on anti-
hypertensive therapy have shown that when properly implemented, HBPM may 
signifi cantly increase achievement of BP control when compared to conventional 
OBP [ 75 ,  76 ], while reducing the need of follow-up medical visits [ 77 ]. The benefi ts 
of HBPM in this regard may be derived from several factors. First, the use of HBPM 
improves adherence to prescribed treatment (see below). Secondly, in subjects who 
receive antihypertensive treatment, OBP measurements alone may be inaccurate in 
assessing true BP control. For instance, the alerting reaction to the medical visit 
may continue to be present in anyone treated for hypertension, regardless of the 
number of drugs being taken [ 78 ]. It is not uncommon to fi nd patients with mild 
hypertension based on HBPM or ABPM who yet appear to have severe hyperten-
sion in the clinic, due to a  white coat effect   in this condition [ 79 ], or treated subjects 
who, despite achieving adequate out-of-offi ce BP control with antihypertensive 
drugs, continue to present elevation in offi ce BP levels because of a persistent emo-
tional reaction to the medical visit. This phenomenon, which is equivalent to WCH 
in untreated patients, has been addressed as “white coat resistant hypertension” 
(WCRH)    or false resistant hypertension in order to emphasize its occurrence in 
subjects receiving antihypertensive treatment [ 14 ]. 

 Observational and interventional studies in treated hypertensives implementing 
OBP measures along with ambulatory or home BP monitoring have shown over-

  Fig. 2.3    Mean percentage changes in BP status among normotension (NT), white coat hyperten-
sion (WCHT), and masked hypertension (MHT) over the 10-year period of the study. Data refer-
ring to true hypertension (true HT) are shown for comparison. Taken from Mancia et al. [ 68 ], with 
permission       
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whelmingly that up to one-third of treated hypertensives may be mistakenly classi-
fi ed as having resistant hypertension, when they actually have “false resistant 
hypertension” due to a persisting white coat effect [ 80 ]. A condition of greater clini-
cal concern is  masked resistant hypertension (MRH)   or false BP control (i.e., BP 
appear to be controlled based on OBP, but is elevated when out-of-offi ce BP levels 
are recorded)—this condition has been also reported to occur in about 30 % of 
treated subjects [ 81 ,  82 ]. 

 The high prevalence of MRH and  WCRH   among treated hypertensive individuals 
further reinforces the clinical relevance of identifying these conditions. On the one 
hand, identifi cation of WCRH would prevent undesirable modifi cations of antihy-
pertensive treatment, i.e., an unnecessary increase in dose or number of antihyper-
tensive drugs, and reduction of the chance of adverse effects associated with 
improperly prescribed multidrug therapy that often interferes with patients’ quality 
of life, leading in the end to poor compliance with treatment. At the same time, it 
would reduce the expenditures associated with unnecessary additional pharmaco-
logical treatment and/or unnecessary interventional device-based strategies (i.e., 
carotid baroreceptor activation [ 83 ] and renal denervation [ 84 ]) for the management 
of resistant hypertension. Indeed, given the elevated costs and the invasive nature of 
these approaches, as well as their potential adverse effects when improperly indi-
cated, discarding WCRH based on out-of-offi ce BP measures is currently consid-
ered among the eligibility criteria before proceeding with interventional treatment 
of resistant hypertension [ 85 ]. In contrast, identifi cation of MRH would indicate the 
need to implement early modifi cations on antihypertensive treatment in order to 
prevent development/progression of subclinical organ damage and cardiovascular 
events associated with this condition. 

 Regarding the ability to identify masked hypertension and white coat hyperten-
sion, several studies have comparatively explored the performance of HBPM against 
the reference standard for out-of-offi ce BPM represented by  ABPM  . Although MH 
was fi rst studied with ABPM [ 86 ], it has been demonstrated that HBP can be as reli-
able as ABPM in identifying this phenomenon as well as the associated target-organ 
damage associated with MH [ 87 ]. Evidence has also been provided that HBPM is as 
reliable as ABPM in identifying WCH [ 87 ] and useful in identifying “truly” hyper-
tensive patients likely to benefi t from implementation of antihypertensive therapy 
from those with WCH in whom antihypertensive treatment is probably not needed 
[ 41 ]. In a recent study conducted in a group of subjects on stable treatment with ≥3 
antihypertensive drugs using ABPM as reference method [ 88 ] in which resistant 
hypertension was defi ned as elevated OBP (≥140/90 mmHg) and true resistant 
hypertension as concomitant elevation in-offi ce and out-of-offi ce BP (SBP and/or 
DBP ≥ 135/85 mmHg for HBP or awake ABP), there was agreement between ABP 
and HBP in diagnosing clinic or “white coat” resistant hypertension in 82 % of the 
cases (59 % with and 23 % without clinic resistant hypertension; kappa 0.59). 
Regarding the diagnosis of true resistant hypertension, there was agreement between 
ABP and HBP in 74 % of the cases (49 % with and 25 % without true resistant 
hypertension; kappa 0.46). The sensitivity, specifi city, and positive and negative 
predictive values for HBP in detecting white coat resistant hypertension were 93 %, 
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63 %, 81 %, and 83 %, respectively. The respective values for HBP in detecting true 
resistant hypertension were 90 %, 55 %, 71 %, and 82 %, indicating that HBP may 
be a useful tool in the evaluation of false and true resistant hypertension [ 88 ]. 

 Based on the above data, it may be concluded that a proper assessment of BP 
control and classifi cation of treated hypertensive patients with the combined use of 
offi ce, ambulatory, and ideally home BP measurements are essential for defi ning 
the need of performing additional diagnostic procedures (i.e., screening tests for 
secondary causes of resistant hypertension) and/or implementing more aggressive 
pharmacological or interventional strategies (Fig.  2.4 ) [ 89 ].

   While emphasizing the above advantages of HBPM in assessing BP control by 
treatment, we have also to acknowledge that HBPM may not provide information 
on BP levels during night-time sleep, which have shown to be of major clinical 
relevance because of their demonstrated prognostic value [ 35 ,  44 ,  90 – 93 ]. However, 
in recent years validated, memory-equipped devices have been designed that can be 
programmed to provide nocturnal BP readings comparable to those obtained with 
24-h ABPM [ 22 – 24 ]. 

  Fig. 2.4    Initial diagnostic approach to the patient with clinic resistant hypertension.  AHT  antihy-
pertensive treatment,  HT  hypertension,  OBP  offi ce blood pressure,  DM  diabetes mellitus,  CKD  
chronic kidney disease,  CV  cardiovascular,  BP  blood pressure,  ABPM  ambulatory blood pressure 
monitoring,  HBPM  home blood pressure monitoring,  WCRH  “white coat” resistant hypertension, 
 MRH  “masked” resistant hypertension,  RH  resistant hypertension,  LSC  life style changes. Modifi ed 
from Parati et al. [ 89 ], with permission       
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 HBPM is admittedly less effective than ABPM in assessing the time distribution 
of BP control by treatment over 24 h. However, HBPM performed in the morning 
(before drug intake) and in the evening over different days may provide useful infor-
mation about the effi cacy of therapeutic coverage over 24 h and in the long term and 
may identify cases of morning hypertension attributable to insuffi cient duration of 
action of prescribed antihypertensive medications. 

 HBPM allows patients to perform repeated and regular BP measurements over 
extended periods of time and may be particularly advantageous in the case of treated 
hypertensive subjects with CKD, and particularly in those with ESRD. In hemodi-
alysis (HD) patients, BP control poses unique challenges because of the marked 
reductions in intravascular volume immediately after HD and its progressive 
increases throughout the inter-dialytic period, which induce an extremely variable 
behavior of BP [ 94 ]. In this context, HBPM provides potential advantages such as 
the possibility of sampling BP at various times throughout the inter-dialytic period 
to aid in tracking daytime and day-to-day BP variations and providing BP measure-
ments that are more representative of subject’s actual BP burden.  

    HBPM: A Substitute or a Complement to ABPM and OBP 
 Measures  ? 

 In view of the limitations characterizing OBP measurements, it becomes clear that 
an adequate assessment of BP control and a proper diagnosis of resistant hyperten-
sion cannot be based on just isolated OBP readings. Indeed, a recent position paper 
on ABPM of the European Society of Hypertension [ 14 ] recommends performing 
24-h ABPM and/or HBPM for detecting the presence of WCH and identifying the 
presence of true hypertension and masked hypertension in all patients with uncom-
plicated, stage 1 and 2 hypertension before starting antihypertensive drug therapy. 
Based on the evidence from several studies supporting the clinical value of ABPM 
either for selecting patients for treatment or for assessing the effects of antihyper-
tensive drug therapy, ABPM is currently considered the standard method for con-
fi rming the diagnosis of hypertension in clinical practice [ 12 ,  14 ] and for assessing 
BP control in treated hypertensive patients [ 3 ,  6 ,  14 ,  10 ]. However, ABPM is not 
always available everywhere and requires trained clinic staff and specialized equip-
ment and software for its analysis [ 9 ]. 

 When performed on a regular basis and following standardized protocols [ 9 ], 
repeated BP measures obtained by patients at home result in accurate and 
 frequent out-of-offi ce BP measurements not only during a single day, but also 
over several days, weeks, or months in the non-medical setting, hence providing 
more reliable measures not only on the degree, but also on the consistency of BP 
control over time [ 9 ]. 

 In view of the available evidence supporting the superior prognostic value of 
home vs. offi ce BP levels, as well as the clinical advantages of HBPM, current 
hypertension guidelines recommend more extensive use of HBPM not only for the 
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initial diagnostic approach to hypertension (i.e., to identify “truly” hypertensive 
patients, likely to benefi t from implementation of antihypertensive therapy [ 41 ]), 
but also for the long-term follow-up of treated hypertensive patients, even if they 
have controlled OBP, in order to better defi ne the actual BP normalization rate 
achieved by various drug regimens [ 8 ,  9 ,  3 ,  25 ,  95 ]. Although HBPM shares many 
of the advantages of ABPM, including a cost-effective approach to the diagnosis of 
hypertension, it should not be considered as a substitute but rather as a complement 
to ABPM, since these methods are likely to pick up different types of BP behavior 
in a person’s activities of daily living.  

    Role of HBPM in  Improving Adherence to Treatment 
and Reducing Therapeutic Inertia   

 Poor adherence to therapy has been recognized as one of the most important factors 
contributing to uncontrolled hypertension. By encouraging patients to become actively 
involved in their care, and by positively affecting their perceptions about the manage-
ment of hypertension, HBPM offers the possibility to improve patient’s compliance 
and adherence to lifestyle changes and/or medical treatment [ 96 ]. Recent meta-analy-
ses of randomized controlled trials have shown that compared to usual care based on 
OBP measurements, HBPM-guided antihypertensive treatment may signifi cantly 
increase rates of achievement of BP control [ 75 ,  97 ] probably as a consequence of 
better compliance to treatment. In fact, HBPM is being increasingly implemented in 
clinical settings not only to guide antihypertensive therapy and to assess long-term BP 
control, but also as a means to improve patient’s compliance and adherence to antihy-
pertensive treatment [ 98 ]. Another important advantage of HBPM in clinical practice 
is that it may help to overcome therapeutic inertia, since more information is provided 
to practitioners that allow more appropriate clinical decisions.  

    Assessment of  Day-to-Day Blood Pressure Variability   

 HBPM may offer clinically relevant information when considering BPV over long 
periods of time. Although most studies on the prognostic relevance of BPV have 
focused on short-term BP changes assessed from 24-h ABPM, evidence from 
recent studies and clinical trials has suggested that an increased BPV in the mid-
term (day-to-day) and in the long-term (i.e., between weekly, monthly, or yearly 
visits) relates to adverse implications for CV prognosis [ 99 – 103 ]. Although an 
extensive assessment of BPV for intermediate periods could theoretically be 
obtained by performing ABPM over consecutive days (i.e., during 48 h or more), 
this approach is neither well-accepted by patients nor available in all clinical set-
tings. An alternative method for assessment of day-by-day BPV consists of its 
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calculation from BP measurements performed by patients at home over several 
days. Although  HBPM   cannot provide extensive information on nocturnal BP and 
BP profi les as ABPM does, a major advantage of this technique is that it provides 
information on the consistency of BP control over time earlier than when consider-
ing long-term visit-to-visit BPV, thus allowing early adjustment of antihyperten-
sive treatment (and thus timely preventing development/progression of organ 
damage associated with inconsistent BP control). Besides, HBP monitors are 
widely available and are well-accepted by patients and are a more feasible approach 
for the evaluation of day-by-day BPV by applying different metrics: (1) Blood 
pressure standard deviation [ 104 ,  105 ], but with accounting for its dependence on 
mean BP levels, i.e., by calculating the coeffi cient of variation (SD × 100/BP mean) 
[ 104 ]; (2) morning maximum and minimum blood pressure (MMD); (3) "average 
real variability" (ARV), computed as the average of the absolute differences 
between consecutive BP measurements, focusing on the sequence of BP readings, 
thus refl ecting reading-to-reading,    within-subject variability in BP levels [ 106 ]; (4) 
variance independent of the mean (VIM), a method proposed to exclude the effect 
of mean BP from BPV by applying nonlinear regression analysis (i.e., plotting SD 
against mean) [ 99 ]. These indices of day-by-day BPV have been shown to be of 
prognostic value as indicated by a series of studies in which an increased day-by-
day BPV independently of average home BP levels was predictive of development, 
establishment, and evolution of cardiac, vascular, and renal organ damage [ 107 ]. In 
a cross-sectional analysis of a population of never-treated participants with hyper-
tension, an increased day-by-day BPV in home systolic BP (assessed as the maxi-
mum mean triplicate in home systolic BP over 14 consecutive days) was positively 
correlated with left ventricular mass index, increased carotid intima-media thick-
ness, and urinary albumin/creatinine ratio over and above mean home SBP levels 
[ 107 ]. In a population of type 2 diabetes patients from Japan, increasing values of 
day-by-day variability (assessed as CV of morning and evening HBP measured 
over 14 consecutive days) were signifi cantly higher in subjects presenting with 
macroalbuminuria (i.e., urinary albumin excretion ≥300 mg/g creatinine). 
Additionally, the CVs of morning systolic and diastolic BP and evening systolic BP 
were signifi cantly correlated with urinary albumin excretion independently of other 
confounders [ 108 ]. A further report, also in type 2 diabetic patients, found higher 
values of SD of morning systolic HBP to be associated with increased arterial stiff-
ness (i.e., higher pulse wave velocity) independent of other known risk factors 
[ 109 ]. Another study, conducted in a cohort of hypertensive patients, found home 
systolic  BPV   and max systolic BP to be associated with urinary albumin excretion 
[ 110 ]. In the frame of the  Home Blood Pressure for Diabetic Nephropathy 
(HBP-DN) study  , a prospective study in type 2 diabetic patients with microalbu-
minuria, higher values of SD of  home systolic blood pressure (HSBP)   were 
observed among subjects with the lowest values of  estimated GFR (eGFR)   [ 111 ]. 
Regarding the predictive value for cardiovascular events and mortality, the two 
main population studies exploring the prognostic value of mid-term BPV have 
found increasing values of day-by-day BPV to be associated with an increased risk 
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of fatal and nonfatal cardiovascular events [ 101 – 103 ]. In the Ohasama study from 
Japan, increasing values of variability in systolic HBP were associated with a 
higher risk of the composite end point of cardiac and stroke mortality, but only with 
a signifi cant risk of stroke mortality, when the outcomes were independently con-
sidered [ 101 ]. In another report from the Ohasama study, increasing values of vari-
ability in systolic HBP were associated with a higher risk of cerebral infarction in 
ever smokers, but not in never smokers [ 102 ]. When the prognostic value of  novel 
  indices of BPV derived from self- measured   HBP was evaluated in the population 
of the Ohasama study, increasing values of VIM and ARV, but not of morning 
maximum and minimum blood pressure (MMD) determined on a median of 26 
readings, were associated with an increased risk of cardiovascular and total mortal-
ity. However, when adjustment was performed by accounting for average BP and 
common confounders, the incremental predictive value of VIM, MMD, and ARV 
over and beyond HBP level was only marginal (i.e., from <0.01 to 0.88 %) [ 102 ]. 
In the Finn–Home study in a cohort of adults from the general population [ 103 ], 
increasing variability in systolic and diastolic HBP measures performed over seven 
consecutive days was associated with a higher risk of cardiovascular events after 
7.8 years of follow-up, which remained signifi cant even after adjusting for age and 
average HBP levels, thus supporting the additive value of HBP variability in pre-
dicting CV prognosis [ 103 ]. Contrasting results were reported after 12-years of 
follow-up in a Belgium population in which no predictive value for HBP variability 
was observed for either cardiovascular mortality or morbidity after accounting for 
average BP levels [ 112 ]. In relation to the effects of antihypertensive treatment, 
despite the wide availability of monitors for HBP monitoring, only few interven-
tional studies in hypertension have implemented routine assessment of HBPV in 
order to address whether reducing day-by-day BP variability with antihypertensive 
treatment in addition to reducing average home BP levels is associated with 
improvements in cardiovascular protection. 

 The results of  interventional   studies addressing the effects of antihypertensive 
treatment on HBP variability have been inconsistent. While some have found treat-
ment with a beta-blocker to be related with lower HBP variability [ 109 ], other stud-
ies conducted in diabetic patients or in the general population have reported higher 
values of HBP variability in the arm receiving beta-blockers [ 109 ,  112 ]. A longitu-
dinal study conducted in a population of hypertensive patients from Japan (with 
systolic HBP > 135 mmHg) explored whether reductions in HBP variability (deter-
mined on the basis of BP measures performed in the morning and the evening over 
seven consecutive days) were associated with changes in renal damage [assessed 
with  urinary albumin excretion (UAE)  ] before and after 6 months of candesartan 
treatment. Although signifi cant reductions were observed both in average BP levels 
and in HBP variability after 6 months of therapy, only treatment-induced reductions 
in average HBP but not in home BPV or in maximum home SBP were associated 
with reductions in UAE levels [ 110 ]. Another study reported lower values of sys-
tolic BPV in patients treated for <12 months with an angiotensin receptor blocker 
(ARB) but not with a calcium channel blocker (CCB) [ 113 ]. The only clinical study 
comparing the effects of different antihypertensive drug classes on BPV found a 
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CCB/ARB combination to be more effective in reducing systolic HBP variability, 
than a ARB/thiazide combination [ 114 ]. In the same study, signifi cant reductions in 
pulse wave velocity (an index of arterial stiffness) induced by the ARB/CCB treat-
ment (6 months)    were independently correlated with changes in systolic HBP vari-
ability [ 114 ]. A recent non-randomized analysis of a population of diabetic subjects 
receiving different drug classes found lower values of morning HBP variability in 
subjects receiving calcium antagonists than in those receiving angiotensin convert-
ing enzime (ACE) inhibitors or ARBs [ 115 ].  

     Telemonitoring    of   Home BP Monitoring 

 The wide availability and low cost of automated BP measuring devices and the 
emphasis put by healthcare systems on delivering patient-centered care have stimu-
lated development of home-based telemonitoring. Such a system requires active 
involvement of patients who self-monitor their BP levels as well as pulse rate and 
send these values to a healthcare provider. However, in daily clinical practice, these 
data are usually reported in handwritten logbooks and oftentimes are inaccurate 
and/or illegible. This makes interpretation of HBPM values a diffi cult task, either 
when exploring BP behavior over the recording period and/or when estimating the 
BP changes in response to antihypertensive treatment. These issues may discourage 
physicians from using HBPM data for clinical decision-making. In recent years, the 
rapid development of e-health-related technologies has made it possible to develop 
home-based telemonitoring systems that allow transfer of data obtained by patients 
at home to a remote sever (through a stationary or mobile phone or internet connec-
tion) where HBPM values are stored and analyzed [ 116 ,  117 ]. Automatically gen-
erated reports of these data are easier to interpret by the physician or the health 
personnel and thus more useful to make therapeutic decisions, which may be com-
municated to the patient without the need for additional clinic visits. Several HBPT 
systems are available, some of which also allow sending reminders to patients indi-
cating the time of BP measurement and/or of medication intake. Patients can alter 
their health behaviors or have adjustments made in their medication regimen 
between visits, avoiding the need to wait months between visits for adjustments. 
Home-based monitoring may also alert the provider about new changes in a 
patient’s health that may be associated with uncontrolled hypertension. In addition 
to traditional face-to-face clinic visits, patient-centered care involves providing 
care outside the clinic as well, which has been linked to improved patient satisfac-
tion and to innovative ways of providing healthcare [ 118 ]. Moreover, telephone 
contacts offer a medium to enable patients to be reached regardless of geographic 
location and have been shown effective in changing multiple patient behaviors 
[ 119 ,  120 ]. Considering the decreased transportation burden and time savings, 
home-based  telemonitoring   may be more convenient for patients [ 121 ] and may 
encourage the development of a sense of control and support for chronic disease 
self-management [ 122 ].  
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    Improving Achievement of  BP Control Rates with  Home BP 
Telemonitoring 

 Recent reports of interventional studies and meta-analyses of clinical trials have 
provided evidence that addition of remote telemonitoring of home BP values is 
effective in improving compliance to treatment, blood pressure control, and related 
medical and economic outcomes in hypertensive patients [ 117 ,  123 – 126 ], espe-
cially in those with treatment-resistant hypertension due to poor compliance with 
multiple drug prescriptions [ 127 ] (Fig.  2.5 ).

   Preliminary reports also suggest a possible utility of HBPT for self-titration of 
antihypertensive medication by patients [ 128 ]. However, despite these results, het-
erogeneity of published studies in terms of HBPM protocols (i.e., devices, fre-
quency of measures, method for reporting BP levels) and study populations suggests 
that well-designed, large-scale, randomized, controlled studies are still required to 
demonstrate the clinical usefulness of this technique [ 117 ,  126 ].  

    The  Role of Nurse and Pharmacist   in Home Blood Pressure 
Telemonitoring Systems 

 Patient-centered hypertension management requires a team-oriented approach often 
involving multidisciplinary roles (nurses, pharmacists, physicians) with the patient at 
the core [ 129 ]. In recent trials, nurses with varying levels of training [ 120 ,  130 – 133 ], 

  Fig. 2.5    Percentage of patients with daytime ambulatory BP normalization (systolic BP 
<130 mmHg and diastolic BP <80 mmHg). In this study, hypertensive patients were randomized 
to be conventionally managed based on offi ce BP measurement ( white bars ,  n  = 111) or to be man-
aged based on teletransmission of home BP values ( gray bars :  n  = 187). Modifi ed from Parati et al. 
[ 123 ], by permission       
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and clinical pharmacists [ 134 – 138 ], have been involved in this approach to patients’ 
care. In particular, nurse-delivered interventions have been shown to contribute to 
improved patient outcomes [ 120 ,  132 ]. These nursing professionals are trained to 
address lifestyle and behavioral actions such as diet and exercise patterns, strategies 
for weight reduction, and smoking cessation, among others. Nurses at all practice 
levels are able to educate patients on proper home-based BP monitoring techniques, 
procedures for telemonitoring, and interpretation about appropriate BP thresholds. In 
addition, nurse practitioners (NP) are advanced practice-registered nurses with addi-
tional training enabling them to prescribe or manage pharmacotherapy. Their ser-
vices involve ordering, conducting, and interpreting diagnostic and laboratory tests; 
prescribing pharmacologic agents and non-pharmacologic therapy; and teaching and 
counseling. Like the NP, clinical pharmacists with additional training and scopes of 
practice are able to prescribe and manage pharmacotherapy. Clinical pharmacists are 
an excellent source of counseling regarding safe, appropriate, and cost-effective 
medications use [ 139 ,  140 ]. Pharmacists may initiate, discontinue, or adjust pharma-
cotherapy based on clinical indications [ 135 ,  141 ,  139 ,  140 ]. 

 Clinical pharmacist-administered behavioral and medication management inter-
ventions have been shown to improve BP control and the management of other 
chronic conditions leading to reductions in cardiovascular risk [ 141 ]. To date 
though, most of the evidence supporting the effects of pharmacist-driven interven-
tions on BP levels has been provided in a traditional community-based setting rather 
than through telemonitoring [ 142 ,  143 ]. Of note, while the NP or clinical pharma-
cist may appear to be ideal interventionists with their pharmacotherapy privileges, 
cost-effectiveness is a major factor as LPNs and RNs may require signifi cantly less 
monetary resources.  

     Cost-effectiveness   of Home BP Telemonitoring-Based 
Programs 

 Although some fi nancial aspects may limit the implementation of HBPT (i.e., costs 
of purchasing and maintaining the system, the need of trained personnel, require-
ment of telephonic/Internet connections), they may be partly counterbalanced by 
the reduction in the costs of patients’ management compared with usual care. It is 
suggested that home-based monitoring may encourage more appropriate resource 
utilization by curtailing the need for unnecessary clinic visits (e.g., visits solely for 
a BP check), while simultaneously initiating needed visits when a patient’s BP is 
out of target range. Several studies have demonstrated that home-based BP monitor-
ing, especially when coupled with behavioral interventions, may be cost-additive or 
cost-neutral to the healthcare system in the short-term [ 144 – 146 ]. Of note, combin-
ing telemonitoring of BP levels plus behavioral modifi cation and/or self- modifi cation 
of treatment with the support of pharmacies could represent an excellent strategy 
not only to improve achievement of BP control, but also to further reduce healthcare 
costs and expenses. It has been generally felt that the initial expense will result in 
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long-term savings through cardiovascular disease reduction. The few studies 
conducted exploring this issue have shown that home-based BP telemonitoring may 
not only improve achievement of BP control, but also reduce the adverse cardiovas-
cular outcomes associated with elevated BP levels. However, additional research is 
still needed to better understand the cost-effectiveness and long-term effects of 
home- based BP monitoring in clinical outcomes.  

    Conclusions 

 HBPM is a simple, inexpensive methodology that offers signifi cant clinical 
advantages over routine OBP measurements. Consistent evidence has indicated 
that home BP is a strong and modifi able risk factor with superior prognostic value 
over conventional OBP measurements in predicting initiation, establishment and 
progression of subclinical organ damage, and the development of fatal and non-
fatal CV events and all-cause and CV mortality in hypertension. A number of 
 randomized controlled trials (RCTs  ) have also provided evidence of the benefi ts 
and cost- effectiveness of programs based on implementation of home-based BP 
telemonitoring. During the diagnostic assessment of hypertension, it reduces mis-
classifi cation of BP levels by identifying WCH and MH, and in treated hyperten-
sive subjects telemonitoring allows a better assessment of the BP response to 
antihypertensive treatment and may help improving therapeutic decisions. At 
variance from OBP, HBPM requires the active involvement of patients in manag-
ing their high BP conditions, which enhances patients’ compliance and adherence 
to antihypertensive treatment. Besides, provided that the practitioner has more 
information available to make clinical decisions, HBPM also helps to reduce 
therapeutic inertia. In turn, all of this may potentially increase rates of BP control. 
Finally, unlike ABPM, HBPM does not allow the assessment of BP during sleep 
or at work, nor the quantifi cation of short-term BP variability, although it may 
allow to assess day-by-day BP variability, thus offering a means to quantify long-
term BP variations which, as recently suggested, may have prognostic signifi -
cance. Based on these clinical advantages over OBP measurements (in particular 
its improved accuracy, low cost and easy implementation), the use of HBPM has 
been strongly supported by current guidelines for hypertension management as a 
complement to offi ce BP measures and ambulatory BP monitoring and as part of 
the routine diagnostic and therapeutic approach to hypertension management 
[ 3 ,  8 ,  11 ,  12 ,  25 ,  147 ]. 

 Despite the several advantages and potential applications offered by HBPM, in 
particular in subjects with resistant hypertension, evidence from intervention ran-
domized trials on hypertension management is still needed in order to address sev-
eral important issues in this fi eld, such as the defi nition of HBP targets to achieve 
with BP lowering strategies or the optimal strategy for a meaningful application of 
HBPM in clinical practice.     
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    Chapter 3   
 Activity Monitoring and the Effects 
of the Environment on Blood Pressure       

       George     A.     Mansoor     

            Introduction 

 Blood Pressure (BP), heart rate, and other cardiovascular parameters are not static 
biological variables. Multiple factors, internal and external to the human organ-
ism, affect human BP and heart rate variability. Important examples of these fac-
tors include the extent and nature of physical exercise and activity, the amount 
and quality of sleep, stress levels, the levels of anxiety and fear, anger, food con-
sumption, hormones, and environmental factors such as temperature, noise, air 
pollutants and particulate matter, altitude, and latitude. This is a complex con-
stantly changing set of inputs to cardiovascular variability. Untangling this lattice 
will not begin until good tools are developed that assess these factors reliably and 
then they can be related to cardiovascular parameter variability. Examples of such 
tools include electronic activity recording that has not only reached main street 
[ 1 ] with consumer-targeted activity devices, but have also provided signifi cant 
insights into the relationship of activity both during awake hours and sleep hours 
to BP and its variability. Other tools are used to assess internal and external fac-
tors, but the ability to quantify many of these is rudimentary. In this chapter, we 
will review the expanding knowledge of activity and BP and other cardiovascular 
parameters and briefl y review some of the other environmental infl uences on 
hemodynamic parameters.  

        G.  A.   Mansoor ,  M.Sc., M.B.B.S.      (*) 
  Mount Saint John Medical Center ,   St. Johns ,  Antigua and Barbuda   
 e-mail: gamansoor@gmail.com  

mailto:gamansoor@gmail.com


46

    Activity Monitoring and Cardiovascular  Variability      

    Activity Monitoring:  Methods and Limitations   

 It has long been appreciated that chronically sedentary lifestyles may play a role in 
the development of obesity and cardiovascular diseases. On a short-term basis, it 
was always recognized that physical activity is an important factor in the variability 
of heart rate and BP. Accurate monitoring of physical activities is a key step to 
understanding these relationships [ 2 ]. 

 A pedometer is one type of motion sensor that tracks walking or running, hence 
the term also used is a step counter. The small highly portable units are attached to 
the waist belt. They are very location-specifi c and many do not function well if 
placed elsewhere as they detect vertical motion of the hips during walking. Recent 
models that do not require hip placement and take readings once held by the moving 
object or person have become available. Various algorithms in the software also 
deliver the amount of active time and calories burned. Pedometers are widely used 
in research and by health conscious individuals. Simple pedometers use a mechani-
cal switch to count steps. 

 Accelerometers are pedometers that have micro-electro-mechanical systems; 
typically a cantilever beam with a piezo-electric crystal and an appropriate detection 
and recording apparatus. Acceleration defl ects the device and generates a signal. 
Devices can be single, double, or triple axis in terms of the acceleration vector 
required. These devices can not only count steps, but also sense and quantify the 
force delivered. This allows more quantitative and precise data to be obtainable 
from triple axis devices; such data can be converted into calories or other pertinent 
health parameters. These are the type of devices most commonly used in cardiovas-
cular research. 

 Data management by these devices can vary from use of an internal memory that 
can store 5–15 days of data with no download capability, to devices that can store 
multiple days and output the data to a computer, to devices that only detect the sig-
nal and beam data to a separate device such as a computer or phone. 

 It must be repeatedly appreciated that data collected by devices from different 
manufacturers are not interchangeable and that clinically important large differ-
ences have been observed in laboratory testing. There are three types of methods 
that have been in use in actigraphs to quantify activity; time above threshold (TAT), 
zero crossing mode (ZCM), and the newest format called digital integration. The 
TAT has a preset activity level as the threshold and activity is counted when this is 
exceeded. Each minute this process is repeated, a count is generated. The ZCM 
mode is similar to TAT except that the threshold is zero or close to it. Within each 
minute, counts are made and with each minute it is reset. With digital integration, 
acceleration signal is very frequently sampled (up to 40 times per second) and the 
signal is digitized and graphically analyzed to provide summary measures (e.g., 
total area under the curve) for that time. It should be realized that the TAT and ZCM 
modes are unable to determine the magnitude of any movement detected. Digital 
integration overcomes this limitation to some extent. 
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 However, the sophistication and promise of such devices is exemplifi ed by 
devices that not only have triple axis accelerometers, but also can sense skin tem-
perature, a heat dissipation sensor, and skin impedance. These integrated multi- 
functionality devices may play major roles in research on the complex factors that 
affect cardiovascular reactivity. 

 Despite their promise, use of activity monitoring devices continues to have 
important limitations. First, each device and manufacturer uses their own units and 
algorithms to defi ne activity amounts and intensities and various algorithms are 
used to infer inactivity, sleep, and its phases. Hence, as mentioned above, data gen-
erated by these devices are not interchangeable or linearly comparable to each other. 
Secondly, special attention must be paid to the number and location of devices used 
in a particular study. Special considerations may be needed when these devices are 
used to defi ne various sleep parameters in different populations. In particular, these 
devices have poor ability to detect wakefulness during sleep periods [ 3 ]. This is not 
surprising since the actigraph detects movements while sleep may be associated 
with movement and complete inactivity may be an awake person and not a person 
who is asleep. We assume that reduced activity indicates sleep and that disturbed 
patterns of activity during sleep may refl ect sleep disorders. These assumptions may 
be particularly untrue in some populations (e.g., elderly patients).  

     Physical Activity and Hemodynamic Parameters      

 There is a complex relationship between physical movements, BP, and heart rate. It 
is important to distinguish between short-term (e.g., minute by minute) activities 
and long-term (e.g., months or years) activities. Short-term physical activity is 
important to understand absolute BP levels, diurnal variations of BP, and overall BP 
variability. 

 Chronically higher activity levels are a key tool in the prevention of hypertension 
and vascular morbidity. Many cardiovascular society guidelines do recommend 
physical activity as a way to prevent hypertension. Ever since Paffenbarger made 
the initial observations [ 4 ], subsequent plethora of studies have confi rmed this using 
a variety of experimental designs. What remains is a less than full understanding of 
the intensity and other characteristics of an exercise regimen that is optimal. We 
refer the reader to a recent update here [ 5 ].  Actigraphy   has been recently applied to 
get around the limitations of self reporting of physical activity and confi rms, in 
cross-sectional studies, that an inverse association is present between activity levels 
in general and vascular aging indices [ 6 ]. In this study, 432 relatively healthy par-
ticipants between the ages of 30-60 years underwent ultrasonography and activity 
observations over 8 days. Data analysis revealed that the extent of physical activity 
was independently associated with carotid artery stiffness indices, but not intima 
media thickness.  
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    Actigraphy  and    Sleep      

 One of the promises of activity monitoring has been the possibility of nonintrusively, 
in the patients’ own environment, assess their sleep and its characteristics. Raw 
activity signals are subjected to various algorithms that defi ne that period of interest 
as awake or asleep. Despite the promise of this methodology and its usefulness in 
defi ning “sleep,” there remains a search for its optimal use. 

    Use in  Ambulatory BP Monitoring      

 The use of actigraphy to refi ne the defi nition of awake and asleep periods during 
ambulatory BP monitoring is largely restricted to research purposes. Some ambula-
tory BP monitors have a built-in activity monitor to allow simultaneous acquisition 
of activity data. This work has been extended to the use of activity to relate sleep 
characteristics to the BP profi le from day to night (dipping or non-dipping). The 
hypothesis is that poor sleep quality may directly or indirectly cause persistent ele-
vation of BP. Sherwood et al. [ 7 ] recently evaluated whether sleep quality may play 
a role in the more prevalent non-dipping BP profi le in African Americans. In 128 
participants, triplicate 24-h BP monitoring studies,  actigraphy  , sleep interviews, and 
self-report of sleep and fractionated catecholamines were measured about one week 
apart on a regular weekday. Regression analyses suggested that body mass index, 
sleep quality, and sleep period reduction in sympathetic nervous system activity 
were likely independent factors in systolic BP dipping. Ethnicity was not a signifi -
cant factor once these three factors were in the model. 

 Similarly, Agarwal and colleagues ( 8 ) studied the relationships of activity to 
ambulatory BP and dipping in 103 veterans ranging 18–90 years, with chronic kid-
ney disease. Activity was monitored with actigraphy for 6–7 days and then an 
ambulatory BP monitoring study was done with simultaneous actigraphy. This set 
of evaluations was repeated about 1 month later. Patients who were morbidly obese, 
with an eGFR of 15 mL/min/1.73m 2  with uncontrolled hypertension, or who had 
been hospitalized within the prior 2 months were excluded. The results showed that 
in patients who normally sleep well, the use of an ambulatory BP monitor causes 
them to spend less time in bed and be less asleep during that time and there was 
reduced sleep effi ciency. These results suggest that the wearing and repeated infl a-
tion defl ation of an ambulatory monitor may alter sleep and cause more patients to 
have non-dipping BP. However, these data may only be true in elderly males and 
studies in other populations are needed. Sleep itself, when altered by any factor, 
may affect awake–sleep BP variability. Similar results were obtained by Hinderliter 
et al. [ 9 ] in their study of 115 untreated adults with untreated hypertension. These 
patients underwent study in triplicate with ambulatory BP monitoring and an acti-
graph monitor about a week apart. BP averages were relatively stable. Systolic dip-
ping variability was greater in subjects with higher awake BP. In  addition, day-to-day 
variations in dipping were related to variations in the fragmentation index. Again 
 actigraphy  -determined sleep parameters suggest that sleep quality affects BP 
variability.    
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    Activity Monitoring and Neurological  Disorders      

 There is an attraction to the idea that  actigraphy   and motion monitoring systems 
may quantify disorders in which abnormal or reduced movements predominate 
(e.g., Parkinsons or restless legs syndrome or stroke). In the monitoring of stroke 
patients, there are small studies that have described activity levels of paretic limbs 
over time. It is not yet known how stroke location and size affect the actigraphic 
output. In stroke patients, it is likely that 2–4 devices should be worn on all limbs to 
provide adequate information on movement or activity. 

 In the case of Parkinson’s Disease, there are not only tremors but these patients 
frequently have gait and sleep disorders. Actigraphy can be useful to quantify over-
all changes in activity levels, either as a refl ection of the natural history or to assess 
the effects of drug therapy [ 10 ].  

    Activity Monitoring and Sleep  Apnea      

 A large number of studies continue to be conducted in the area of sleep medicine. 
The small, battery-effi cient, and automated analysis aspects of  actigraphy   seem to 
vastly outweigh the labor-intensive polysomnography sleep studies typically 
required for sleep apnea diagnosis. However, it has become clear that actigraphy 
may be complementary to polysomnography, a technique that remains the gold 
standard for diagnosis of sleep apnea. Lack of standardization of data capture and 
analysis continues to pose signifi cant hurdles in the understanding of the perfor-
mance in sleep disorders (e.g., apnea). It has been suggested [ 11 ] that one advanta-
geous use may be as an extension to a diagnostic polysomnograph. When utilized 
for 9 days or more after a full polysomnograph, it can provide valuable information 
on naps taken during the daytime. In situations where PSG is not available,  actigra-
phy   may provide a high level assessment of activity levels during day and night, but 
it will not provide the detailed assessment of sleep stages. 

 Sadeh [ 3 ] recently reviewed the role and validity of actigraphy in sleep disorders 
and has articulated a limited role and highlights the low specifi city of actigraphy in 
detecting wakefulness during sleep periods. It was also suggested that where actig-
raphy is used complementary assessment methods be considered.  

     Seasonal Effects, Temperature and BP, 
and Heart Rate   

 Multiple clinical studies show that offi ce, home, and ambulatory BPs are higher in 
winter months than in the summer months [ 12 ]. Studies of season, temperature, and 
latitude and their effects on hemodynamic parameters have been consistent in 
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showing an association between colder temperatures and increases in BP. The effect 
has an onset within days and recurs with each cold period. 

 Such variations in BP across seasons can be of a clinically meaningful magni-
tude, especially in the elderly, and have implications for cardiovascular risk, and 
also the conduct and interpretation of clinical trials especially ones that are con-
ducted over a substantial portion of the year. Despite these observations, the com-
plex changes in a number of climatic (sunlight and ultraviolet light) and behavioral 
factors (physical activity, dietary changes in food and alcohol and sleep quality) 
with seasons require directed study to unravel their effects independently. 

 Several physiological perturbations have been observed during temperature 
changes in the laboratory setting that may explain this phenomenon. Studies in the 
laboratory have shown that a reduction in environmental temperatures was associ-
ated with an increase in BP and less so in heart rate. Furthermore, acutely skin 
vasoconstriction and elevations of catecholamines with signifi cant drops in tem-
perature are reported suggesting a causal link [ 13 ,  14 ]. 

 In a recent longitudinal study [ 15 ] that explored the association of temperature 
and BP, 1831 hypertensive patients were followed up for 3 years with measurement 
not only of BP, but also ambient temperatures. In this study, BP showed an inverse 
association with ambient temperature and explained clinically important percentages 
of BP variability. Interestingly, the use of the antihypertensive medication, benaz-
epril, attenuated the level of the change though the inverse association remained. 

 Further insight into this complex relationship was obtained in the REGARDS 
study [ 16 ] that suggested that it is likely that the observed variations of BP with 
season are mostly mediated via temperature changes (REGARDS). In this cross- 
sectional study of >26,000 participants over the age of 45, minimum and maximum 
temperatures and previous week temperatures at various self-reported geographical 
residencies, as well as clinical and demographic data, were analyzed using multi-
variable models. This study shows that the effect of temperature on SBP was con-
sistent across race, age, stroke risk region, education, and other factors.  

     Environmental Noise and Cardiovascular System      

 Increasingly, there is considerable environmental noise that is present not just dur-
ing the day time periods but also at night. The source of the noise is road traffi c, 
airplanes, and various industrial sources. Using noise maps in large cities has shown 
that about 20% of the population was exposed to excessive levels of noise due to 
traffi c [ 17 ]. It is likely that this fi nding is similar in most large cities. 

 Chronic exposure to traffi c, railway, or aircraft noise may not be just a nuisance. 
Studies have suggested that as road noise increases, the prevalence of hypertension 
also increases. Similarly, there are some but not all studies suggesting that road 
noise predisposes persons to myocardial infarction and stroke. Further work is 
needed to clarify the strength of the association of noise with these cardiovascular 
complications. 
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 Brief and long-term exposure to noise may not only raise BP, but also be associ-
ated with the development of hypertension. 

 In human studies, increases in norepinephrine have been observed with repeti-
tive noise exposure. In other types of noise exposure, there are observed increases 
in epinephrine [ 18 ]. 

 Night time noise due to aircraft even when not loud enough to wake patients can 
be associated with disrupted sleep and also impaired endothelial function. In the 
HYENA study, night noise but not day noise was associated with BP increases [ 18 ]. 

     Particulate Matter and Cardiovascular Risk      

 Particulate matter air pollution refers to particulate matter that is <2.5 μm in diam-
eter. Problematic in understanding the effects of particulate matter is the fact that it 
is always present with other particulates and with several gases. Inhalation of fi ne 
particulate matter does induce an infl ammatory reaction with release of cytokines. 
Similarly, there is an increase in endothelin activity as well as a shift towards domi-
nance of the sympathetic nervous system [ 19 ,  20 ,  21 ]. With these changes also 
observed is an increase in atherosclerotic burden. Long considered an interesting 
topic by cardiovascular disease experts, it has not received patient level consider-
ation by physicians and instead considered more of a societal issue. 

 Recently, using double blind randomized studies in relatively healthy young vol-
unteers, fi ne particulate matter and not ozone was suggested to be the main factor 
increasing diastolic BP and possibly reducing brachial artery fl ow- mediated 
dilation.   

    Summary and Conclusions 

 In this chapter I focused on some of the variables that infl uence cardiovascular vari-
ability and in particular BP and heart rate. These include activity, temperature, 
noise, and atmospheric particulate matter. Chronic physical activity such as exercise 
has an important effect to reduce cardiovascular complications. Day-to- day activity 
using actigraphy is an important factor in understanding short-term changes in BP 
and heart rate and in defi ning sleep versus awake periods for the analysis of 24-h 
ambulatory BP monitoring. Indeed,  actigraphy   has become a mass-marketed con-
sumer gadget that may allow individuals to monitor their own daily levels of activ-
ity. Other novel uses of actigraphy include supplementing polysomnography for 
sleep studies and also in a variety of neurological or other disorders. There seems 
little doubt that colder temperatures are associated with somewhat higher BP and 
heart rate. What is needed is a better understanding of whether the effects are due to 
temperature alone or due to other factors that change during the seasons. 
Environmental noise has come to full attention as an important factor in 
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cardiovascular risk. Potential mechanisms are being elucidated that are known to 
link to worse cardiovascular outcomes. Regulations should be able to keep expo-
sure below critical thresholds. Lastly, the effects of air pollution and, in particular, 
fi ne particulate matter are now well-recognized by many cardiovascular groups as 
being adverse on cardiovascular disease. Studies suggest that there is a direct effect 
of fi ne particulate matter to raise BP and also to increase sympathetic nervous sys-
tem activity. It is likely that further refi nements will be made to these factors infl u-
encing BP variability.     
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    Chapter 4   
 Ambulatory Monitoring of Blood Pressure: 
An Overview of Devices, Analyses, 
and Clinical Utility       

       William     B.     White       and     Vanessa     Barber   

           Introduction 

  Ambulatory blood pressure monitoring (ABPM)   has been available for more than 
40 years, and despite substantial evidence that this diagnostic tool provides a more 
precise picture of BP status in individual persons, in most countries, clinic BP mea-
surements remain the primary method used for hypertension screening, diagnosis, 
and management. Ambulatory blood pressure (ABP) monitors have become increas-
ingly popular in clinical practice. The numerous benefi ts include the avoidance of 
potential blood pressure measurement errors such as observer bias and terminal 
digit preference and provision of more comprehensive information on blood pres-
sure behavior than is possible with offi ce or home blood pressure measurement [ 1 ]. 

 Blood pressure varies reproducibly over a 24-h cycle with a number of well- 
recognized patterns. Most patients are “dippers;” these individuals are characterized 
by at least a 10 % decline in nocturnal blood pressure compared to their awake blood 
pressure [ 2 ]. Some patients may have an exaggerated drop in nocturnal pressures of 
>20 % and have been referred to as “extreme” dippers. Kario et al. demonstrated 
that extreme dippers in an older Japanese population were more likely to have isch-
emic lesions on magnetic resonance imaging compared to dippers; however, these 
data have not been reproduced in other populations [ 3 ]. Approximately 10–30 % of 
patients are “non-dippers,” in whom the blood pressure decline is blunted or absent 
during sleep [ 4 ,  5 ]. This may be the result of various types of autonomic dysfunction 
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or certain causes of secondary hypertension and the loss of nocturnal BP decline is 
also a risk factor for target organ damage [ 6 ]. Multiple studies, in hypertensives as 
well as normotensives (NTs), have consistently shown that target organ damage is 
more likely in non-dippers than dippers [ 7 ]. Additionally, nocturnal BP is an inde-
pendent, powerful indicator of cardiovascular disease [ 2 ]. A small proportion of 
patients exhibit an “inverse” dipping pattern [ 8 ]. Here, the nocturnal blood pressures 
do not fall during sleep and, in some cases, may actually be higher than the daytime 
readings. Other 24-h blood pressure patterns that have been observed resulting from 
the advent of ABP include “white coat” hypertension (WCH)    or the “white coat 
effect” [ 9 ]. In these patients, medical care environment blood pressures are substan-
tially higher than ambulatory awake blood pressure averages. There are also some 
individuals who may present with “masked hypertension,” where ABP is elevated 
but offi ce blood pressure is normal. This phenomenon may, in part, be the result of 
factors not present in the physician’s offi ce (e.g., smoking cigarettes, mental stress, 
or physical activity). Liu et al. reported that people with masked hypertension are as 
likely to have left ventricular hypertrophy (LVH) and carotid artery intimal-medial 
thickening as those patients with defi nite hypertension [ 10 ]. More recently, a 10-year 
follow-up of the Ohasama study showed that the cardiovascular mortality and stroke 
rates were signifi cantly higher in masked hypertensives as compared with normo-
tensives (relative hazard ratio = 2.1) [ 11 ]. Another pattern identifi ed by ABP that has 
been linked to increased incidence of stroke in hypertensive patients is the “morning 
surge,” which is a marked rise in BP during the early morning awakening hours [ 12 ]. 

 Most research has shown that isolated clinic blood pressure values do not accu-
rately estimate a patient’s overall hypertension burden since they represent only one or 
two points in time on a patient’s 24-h blood pressure profi le. ABP monitors overcome 
this problem by obtaining multiple readings over the 24-h period and capturing the 
blood pressure variability. Numerous studies have also shown that clinic blood pres-
sures are inferior in predicting hypertensive target end-organ damage, as well as 
long-term cardiovascular outcomes, compared with ambulatory BP averages. This 
chapter will focus on the various types of ABPM devices and their validation and 
discuss their clinical application in managing patients with hypertension.  

    ABPM Devices:  Auscultatory and Oscillometric   

 Ambulatory BP monitors are automated and programmable devices that detect 
blood pressure either by the auscultatory method or the oscillometric route. Some 
devices have the option of using both techniques. Each method has its own advan-
tages and limitations. The auscultatory devices employ the use of a microphone to 
detect Korotkoff sounds. Unfortunately,  these   devices are also sensitive to external 
artifact noise, which may limit their accuracy. They may also be less precise in the 
obese upper extremity. In some devices, these limitations have been overcome by 
synchronizing the Korotkoff sounds with the R-wave of the electrocardiogram 
(electrocardiographic gating) [ 13 ]. The oscillometric technique, which is utilized 
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in the majority of present-day monitors, detects the initial and maximal arterial 
vibrations or the mean arterial blood pressure and is less affected by external 
artifacts. The systolic and diastolic blood pressure values used in this technique 
are actually computed via set algorithms. Hence, the more sensitive the algorithm, 
the more accurate the device. Extreme blood pressure values increase the likelihood 
of error with the oscillometric devices [ 14 ].  Modern ABP recorders   are compact, 
lightweight monitors that can be programmed to take blood pressure readings at 
various intervals (e.g., every 15 min during the day and every 30 min at night). In 
most devices, the bleed rates of defl ation of the cuff and maximal infl ation pres-
sures can be programmed; some devices also have a patient-initiated event button 
(to monitor symptoms). Most devices have algorithms to screen out most erroneous 
readings and will perform a repeat of the blood pressure measurement within 
1–2 min. Prior to initiation and again at the termination of a 24-h monitoring study, 
the ABP device may be calibrated against either an aneroid or a mercury-column 
sphygmomanometer to verify that the systolic blood pressure and diastolic blood 
pressure agree within about 5 mmHg. It is most practical that the cuff be fi tted to 
the nondominant arm. If there is a large discordance between arms in BP measure-
ment, it is recommended to apply the cuff to the higher value  arm   if the difference 
in systolic BP is greater than 10 mmHg [ 12 ,  15 ]. Patients should be educated 
regarding the use of the ABPM at device hookup. Most experts recommend that a 
written set of instructions be given for at-home reference along with verbal coun-
seling [ 12 ]. For example, the patient needs to be aware that when the actual read-
ings are being measured, the arm should be held motionless to avoid artifact and 
repetitive readings [ 16 ]. Excessive heavy physical activity during measurements 
should be discouraged, as it usually interferes with the accuracy of the measure-
ments. A diary that records wake-up and sleep times, time of medication adminis-
tration, meals, and any occurrence of symptoms should be maintained. 

 Ambulatory BP monitoring should be performed on a routine working day rather 
than a nonworking day or on the weekend to obtain the most representative blood 
pressure values. A study conducted by Devereux et al. demonstrated that daytime 
(work) blood pressures were a more sensitive determinant of left ventricular mass 
index compared to daytime values taken at home [ 17 ]. The clinical advantages of 
ABPM studies are many and the disadvantages are few (Table  4.1 ). Ambulatory BP 
monitoring eliminates observer error as well as the white coat effect, and it allows 
for a more comprehensive assessment of antihypertensive therapy. In addition, ABP 
is a superior prognostic indicator for hypertensive target end-organ damage as com-
pared to clinic blood pressures. The potential limitations of ABP devices include 
poor technical results in patients with rapid atrial fi brillation or in  those   patients 
with very obese or large, muscular upper arms that exceed a mid-bicep circumfer-
ence of 44 cm. Imprecise data may also be recorded in patients with weak pulses or 
an auscultatory gap. The devices are usually well-tolerated by patients, although 
occasionally there may be bruising or petechiae at the upper or distal arm, particu-
larly in the elderly or patients on anticoagulation therapies. Some subjects may 
experience a lack of sleep at night or poor sleep quality because of the repeated cuff 
infl ations.
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        Validation   of ABP Monitors 

 The  Association for the Advancement of Medical Instrumentation (AAMI)   has long 
recognized the importance of evaluation of the accuracy of ABP monitors. A proto-
col was fi rst developed in 1987 for the assessment of device accuracy and reliability 
[ 18 ]. The AAMI protocol was followed by a more complex method of independent 
validation from the British Hypertension Society (BHS) in 1990 [ 19 ]. Although the 
protocols differed, their aim was to establish minimum accuracy standards for these 
devices in order for them to be considered reliable clinical tools. Since then, both 
protocols have been revised [ 20 ,  21 ]. In addition to clinical testing, the protocols 
include recommendations such as labeling information, details for environmental 
performance, as well as stability and safety requirements. 

 In an updated version in 1992, the AAMI [ 20 ] advised that blood pressure should 
be measured at the onset and conclusion of the validation study in three positions 
(supine, seated, and standing) and the difference between the ABPM vs. the refer-
ence standard should not be more than 5 mmHg with a standard deviation of 
8 mmHg. Additionally, the disparity between the ABPM and the reference sphyg-
momanometer should be assessed in 20 subjects at the beginning and at the end of 
a 24-h blood pressure study. This difference should not exceed 5 mmHg in at least 
75 % of the readings. For reliability testing, three different instruments should be 
assessed in a minimum of ten subjects for a total of thirty 24-h ABP studies.    It is 
recommended that a minimum of 75 readings in each of the 24-h studies be obtained, 
with 15-min intervals during the awake period and 30-min intervals during sleep. 
The number of satisfactory readings (i.e., no error codes) should exceed 80 % of the 
total number of readings programmed for the day. 

 The  BHS protocol   is a more complex validation protocol that has the grading 
system outlined in Table  4.2 . The BHS protocol calls for multiple phases of valida-
tion: (1) before use device validation, (2) in-use (fi eld) assessment, (3) after-use 
device calibration, (4) static device calibration where the device is rechecked after 1 
month of usage, and (5) report of evaluation. Each phase has its passing criteria [ 21 ].

   Table 4.1    Advantages and disadvantages of ambulatory blood pressure monitoring compared to 
clinic blood pressures   

 Advantages  Disadvantages 

 Elimination of observer bias/error  Cost 
 Elimination of the white coat effect  Time commitment on behalf of 
 More comprehensive assessment of antihypertensive 
therapy 

 Patient 
 Disturbed sleep 

 Superior prognostic indicator  Cuff discomfort 
 Calculation of blood pressure loads  May be inaccurate in atrial fi brillation 
 Evaluation of dipping/non-dipping status 
 Ability to better assess blood pressure variability 
 More reproducible over time 
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   In 2002, the  Working   Group on Blood Pressure Monitoring of the European 
Society of Hypertension approved a new protocol—the European Society of 
Hypertension International Protocol (ESH_IP) [ 22 ]. The main purpose of this pro-
tocol was to simplify the previous protocols without compromising their integrity. 
Briefl y, this protocol consists of the following steps:

    1.    Observer training and assessment.   
   2.    Familiarization session.   
   3.    Validation measurements (done in two phases, with 15 patients required in the 

fi rst phase and 33 in the second).   
   4.    Analysis after each phase.   
   5.    Reporting of results.    

  This protocol uses “pass” or “fail” for  grading   the devices as opposed to the A–D 
classifi cation of the  BHS protocol  . One of the other differences from the BHS pro-
tocol is the exclusion of the pre-validation phases (phases 1–3 in the previous list), 
thereby considerably reducing time and labor. Also, the specifi cations regarding 
observer training reduce errors in the actual measurement of blood pressures and 
resolve major differences between individual observers. A reduced sample size, a 
refi nement in the range of test blood pressure, and a two-phase system of evaluation 
will decrease the time and cost required for validation by using fewer total subjects 
and eliminating extremely inaccurate devices in an initial phase of testing. The 
international protocol has also been criticized for certain differences from prior pro-
tocols [ 23 ]. First, the protocol does not specify a range of arm circumference over 
which the device must be tested. Arm circumference is known to affect the accuracy 
of blood pressure measurement. Second, the protocol does not specify the maxi-
mum number of subjects that can be excluded. Some experts have brought up con-
cerns that this might give the manufacturers excessive control over data reporting. 
In 2010, the ESH-IP was revised with more stringent validation specifi cations [ 24 ]. 
These specifi cations include forms with standardized options for responses in the 
place of open-ended responses, an age restriction of  > 25 years, and more stringent 
pass levels [ 25 ]. The 2002 ESH-PI1 and 2010 ESH-PI2 have been the most fre-
quently used validation protocols primarily due to their ease of use compared to the 
AAMI and BHS guidelines [ 15 ,  26 ]. 

   Table 4.2    British Hypertension Society Grading Criteria   

 Absolute difference between standard and test device (mmHg) 

 Grade  ≤5 (%)  ≤10 (%)  ≤15 (%) 

 A  60  85  95 
 B  50  75  90 
 C  40  65  85 
 D  Worse than C 

  Grades are derived from percentages of readings within 5, 10, and 15 mmHg. To achieve a grade, 
all three percentages must be equal to or greater than the tabulated values 
 From ref. [ 21 ]  
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 Hodgkinson et al. conducted a  systematic   review of validation studies using the 
AAMI, BHS, ESH-IP1, ISO, and ESH-IP2 protocols and found that the less com-
plicated ESH-IP generated fewer major protocol deviations than the AAMI and 
BHS [ 27 ]. Ultimately, Hodgkinson et al. recommended the  ESH-IP2 protocol   citing 
its “simplicity of method and greater accuracy requirement” [ 27 ].  

     Analysis   of ABPM Data 

 Upon completion of the 24-h ABP recording, the data are downloaded and analyzed 
statistically to calculate blood pressure averages (i.e., 24-h, awake or daytime, and 
sleep or nighttime) as well as variations on the blood pressure load. The American 
Society of Hypertension as well as other expert groups have proposed limits of nor-
mal blood pressure and blood pressure loads as depicted in Table  4.3  [ 28 ].

       Descriptive Blood Pressure Data   from ABPM 

 Data are generally reported separately for the 24-h, daytime, and nighttime periods. 
These averages should be accompanied by the standard deviations as a simple indi-
cator of blood pressure variability. A study by Kikuya et al. found an association 
between increased cardiovascular mortality risk and daytime SBP variability [ 29 ]. 
Some studies have indicated that there is a signifi cant relationship between blood 
pressure variability and target end-organ damage [ 30 ], especially with beat-to-beat 
intra-arterial data. Frattola et al. conducted a study on 73 essential hypertensives 
that underwent intra-arterial blood  pressure   monitoring at the initiation of the study 
[ 31 ]. Subsequently, echocardiography was performed to assess left ventricular mass 

   Table 4.3    Suggested upper limits of normal average ambulatory blood pressure and load   

 Blood pressure measure  Probably normal  Borderline  Probably abnormal 

 Systolic average 
 Awake  <135  135–140  >140 
 Asleep  <120  120–125  >125 
 24-h  <130  130–135  >135 
 Diastolic average 
 Awake  <85  85–90  >90 
 Asleep  <75  75–80  >80 
 24-h  <80  80–85  >85 
 Awake  <15  15–30  >30 
 Asleep  <15  15–30  >30 
 Awake  <15  15–30  >30 
 Asleep  <15  15–30  >30 

  From ref. [ 28 ]  
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on subjects at the onset and at the conclusion of the study 7 years later. The standard 
deviations were obtained, and the average blood pressure variability for the group 
was calculated as 10.8 mmHg. The authors observed that end-organ damage was 
signifi cantly higher in patients who had a greater than average blood pressure vari-
ability (for the group as a whole) given that the 24-h mean arterial pressure was 
similar in both groups. Unfortunately, 24-h blood pressure monitoring was not con-
ducted at the end of the study to confi rm if the same level of blood pressure vari-
ability persisted.  

    Blood Pressure Loads 

 The  blood pressure load   is calculated as the proportion of blood pressures 
>135/85 mmHg during the awake period and >120/75 mmHg during the sleep hours. 
White et al. was one of the fi rst groups to introduce the concept of blood pressure 
loads [ 32 ]. They conducted a study in 30 previously untreated hypertensives and 
observed that the blood pressure load was a sensitive predictor of indices of hyper-
tensive cardiac involvement. The results demonstrated that when the systolic or dia-
stolic blood pressure loads were less than 30 %, the likelihood of LVH was negligible. 
However, with a systolic blood pressure load exceeding 50 %, the incidence of LVH 
approached 90 %, and with the diastolic blood pressure load more than 40 %, LVH 
occurred in 70 % of the subjects [ 33 ]. Similar results were obtained when Mule et al. 
studied 130 patients with mild to moderate hypertension [ 34 ]. Subjects with a higher 
systolic blood pressure load, adjusted for average 24-h SBP, were found to have 
increased relative myocardial wall thickness and total peripheral vascular resistance 
as well as increased prevalence of hypertensive retinopathy. These studies suggest 
that blood pressure load is an independent predictor of hypertensive target organ 
damage and adverse cardiovascular risk profi le. However, this parameter has fallen 
out of favor in recent years since ‘load’ is not a continuous variable and has no 
means to differentiate moderate versus severely hypertensive individuals.  

    White Coat Hypertension ( WCH  ) and the White 
Coat Effect ( WCE  ) 

 White coat  hypertension   (also called isolated clinic hypertension) is diagnosed when 
the untreated patient’s 24-h blood pressure is within normal limits, but blood pres-
sure in the clinic is persistently elevated (Fig.  4.1 ), with clinic BP measurements 
≥140/90 mmHg, 24-h ABPM <130/80 mmHg, awake ABPM <135/85 mmHg, and 
nocturnal ABPM <120/70 mmHg [ 35 ]. The prevalence of WCH is reported to be 10 
to 20 % of patients with untreated Stage 1 hypertension [ 36 ]. Originally thought to 
be a benign condition, recent WCH studies have found evidence that CV risk in 
 individuals with WCH is between that of normotensives and sustained hyperten-
sives. A meta-analysis by Cuspidi et al. in 2014 showed that people with WCH had 
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increased left ventricular mass index, decreased mitral E/A ratio, and greater left 
atrial diameter compared to a matched group of normotensive individuals [ 37 ]. A key 
utility of ambulatory BP monitoring in clinical practice is its ability to identify WCH, 
thereby preventing excessive drug therapy [ 12 ,  15 ]. Nevertheless, patients with 
WCH do need close observation with ABP performed every 2–3 years to determine 
whether a more sustained hypertensive pattern has developed [ 38 ]. The  white coat 
effect (WCE)   is defi ned as an additional presser response in patients with established 
and treated hypertension, which causes an overestimation of true blood pressure 
when measured in the clinic setting (Fig.  4.2 ). White coat effect parameters are typi-
cally defi ned as: treated patients with hypertension where the offi ce BP is 
≥140/90 mmHg, 24-h ABPM <130/80 mmHg, daytime ABPM <135/85 mmHg, and 
nocturnal ABPM <120/70 mmHg [ 12 ].

         Masked Hypertension   

  Masked hypertension   (“white coat normotension” or “reverse white coat hyperten-
sion”) is an entity that has been closely studied during the past decade. 

  Fig. 4.1     Plot  showing 24-h pressure curve depicting white coat hypertension (WCH) and dipping 
status. The patient’s blood pressure in the physician’s offi ce is 153/76 mmHg. The daytime ambu-
latory average is normal at 108/71 ± 13/9 mmHg. The subject has WCH with a 45/5 mmHg rise in 
blood pressure in the physician’s offi ce. The patient also has a normal drop in nocturnal pressures, 
with a night time average of 90/60 ± 7/6 mmHg       
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 Masked hypertension is diagnosed when an individual has a normal offi ce (or 
clinic) blood pressure and an elevated ABP in those patients either not currently 
being treated for hypertension or on therapy which is not controlling the BP during 
a 24-h period. The parameters for this condition are typically: untreated patients 
with offi ce BP <140/90 mmHg, 24-h ABP ≥130/80 mmHg, daytime ABP 
≥135/85 mmHg, and/or nighttime ABP ≥120/70 mmHg [ 35 ]. Patients with normal 
offi ce BP in conjunction with stressful occupations, kidney disease, obstructive 
sleep apnea, LVH, target organ damage, familial history of hypertension, and 
increased blood pressure during exercise should be considered for ambulatory BP 
assessment to confi rm or deny a diagnosis of  masked hypertension   [ 12 ]. Masked 
hypertension, which occurs in 10–15 % of normotensive people, is associated with 
an increased risk of target organ damage as well as cardiovascular mortality [ 10 ].  

     Dipping/Non-dipping/Extreme Dipping      

 Blood pressure normally has a circadian pattern in which blood pressure drops dur-
ing sleep and is higher during the awake hours of the day. This pattern is referred to 
as “dipping” (Fig.  4.1 ). The dipping status can be determined by evaluating awake 

  Fig. 4.2     Plot  showing 24-h blood pressure curve depicting white coat effect and non-dipper sta-
tus. The patient is hypertensive with a daytime average of 158/110 ± 21/23 mmHg. The nighttime 
blood pressure does not drop signifi cantly (157/105 ± 15/16 mmHg). The patient, in addition to his 
hypertension, has a signifi cant white coat effect in which the blood pressure is 216/98 mmHg in 
the physician’s offi ce       
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and sleep blood pressures and calculating differences between the two averages. 
The percentage “dip” is then determined by dividing this difference by the awake 
average. The degree of decline in blood pressure varies from person to person, but a 
general consensus is that 10–20 % drop in blood pressure during sleep is “normal” 
[ 39 ]. The patient who has  less  than a 10 % drop in blood pressure at night is referred 
to as a “nondipper” (Fig.  4.2 ).  

     Reporting   of Ambulatory BP Data for Medical Records 

 Using all of the above-referenced values, an informative report can be generated 
indicating the status of the patient’s blood pressure. The reports should include 
demographics, all medications taken during the study, the number of accurate read-
ings obtained, the awake/sleep times, and any symptoms that were experienced. The 
clinical report could also graphically depict blood pressures and heart rates over a 
24 h period as shown in Figs.  4.1 ,  4.2 , and  4.3 .

        Reproducibility   of ABPM 

 The majority of clinical trials conducted to evaluate ABP reproducibility confi rm 
both superior short-term (<1 year) [ 40 ,  41 ] and long-term (>1 year) [ 42 – 44 ] repro-
ducibility of ABPM as compared to clinical blood pressure measurement. One 

  Fig. 4.3    Bars show percentage of increased left ventricular (LV) mass in subjects with elevated sys-
tolic blood pressures (both clinical and ambulatory) and systolic blood pressure loads (From ref. [ 45 ])       

0

20

Casual > 140 mmHg 24-h > 135 mmHg 24-h < 135 mmHg Load > 50% Load < 50%

40

60

In
cr

ea
se

d
 L

V
 m

as
s 

in
d

ex
 (

%
)

Systolic blood pressure

80

100 

W.B. White and V. Barber



65

substudy from the Systolic Hypertension in Europe (SYST-EUR) trial evaluated 
112 patients who were randomized to receive placebo [ 42 ]. Clinical and ABPM 
readings done at baseline were repeated after 1 month in 51 subjects and a full year 
in 112 subjects. The results indicated that differences in 24-h ambulatory systolic 
blood pressure (2.4 ± 10.7 mmHg [ p  < 0.05]) were far less than for clinical systolic 
blood pressure (6.6 ± 15.9 mmHg [ p  < 0.001]) taken at 1 year (Fig.  4.4 ). Another 
large-scale trial that also observed better reproducibility for ABP monitoring than 
clinical blood pressure was the  Hypertension and Ambulatory Recording Study 
(HARVEST)  , in which 508 subjects were evaluated [ 43 ]. Ambulatory BP monitor-
ing was conducted at baseline and 3 months later in the untreated state. A very mod-
est difference in the two sequential ABPMs for the group as a whole was observed 
(0.4/0.7 mmHg).

   Studies evaluating the reproducibility of the circadian rhythm have not had 
such promising results. For example, in a study by Mochizuki et al., it was 
found that there was limited reproducibility of the circadian rhythm [ 45 ]. In that 
study, 253 untreated essential hypertensives were monitored for 48 h. In these 2 
days, 16 % of dippers “converted” into non-dippers and 13 % of non-dippers 
“converted” into dippers (Fig.  4.5 ). The authors suggested that 48-h ABP moni-
tors be performed to assess the circadian blood pressure profi le of an individual 
[ 46 ]. Although this will not solve the problem entirely, it should decrease the 
likelihood of error.

  Fig. 4.4     Bars  show the superior reproducibility of ambulatory blood pressure (ABP) vs. clinic/
offi ce blood pressure from the SYST-EUR trial ( n  = 112). Blood pressures were measured 1 and 12 
months after baseline measurements (From ref. [ 42 ])       
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        Indications   for ABPM 

 ABPM has been recognized as an important clinical tool by a number of expert 
medical groups and societies. In the US, the Joint National Committee (JNC 
VII) recommended ABP monitoring for a number of clinical situations 
(Table  4.4 ) [ 39 ].

   The 2014 ESH practice guidelines for ambulatory blood pressure monitoring 
report that ABPM should be extended to not only to WCH, but also to suspected 

  Fig. 4.5    Illustration of the limited reproducibility of the circadian rhythm (i.e., the dipping/non- 
dipping status) with ambulatory blood pressure monitoring studies conducted over 48 h in 253 
subjects (From ref. [ 45 ])       
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cases of nocturnal hypertension, dipping, to assess 24 h BP, masked controlled and 
uncontrolled hypertension , and daytime hypertension [ 47 ]. These guidelines also 
highlighted that ABP analysis could be used in any patient who is hypertensive with 
presence of target organ damage, diabetics, and those who have a family history of 
CVD [ 47 ]. Recently, the  National Institute for Health and Clinical Excellence 
(NICE)   updated their guidelines for the management of hypertension to include 
ABPM as a confi rmatory test in patients with an offi ce blood pressure ≥140/90 mmHg, 
citing ABPM’s cost-effectiveness and greater accuracy over HBPM [ 48 ]. A 2014 
systematic review found that hypertension is inaccurately diagnosed at an exceed-
ingly higher rate when offi ce BP measurements are solely used; they found that 
studies that required confi rmatory testing had better accuracy in diagnosis and con-
cluded that ABPM should be employed as a confi rmatory test in instances for which 
offi ce BP is elevated [ 49 ].  

    White  Coat    Hypertension   

 WCH, a well-recognized clinical entity since 1983 [ 9 ], is a result of the presser 
response that patients experience when entering a medical environment. These 
patients have normal blood pressure outside of the doctor’s offi ce during activities 
of regular daily life. The prevalence has been estimated to be approximately 20 % 
in untreated borderline and stage I hypertensives [ 50 ]. The prognostic signifi cance 
of this diagnosis has been the subject of considerable debate over the past three 
decades. Multiple prospective as well as cross-sectional studies have been per-
formed looking at this issue, a large majority of which have shown no signifi cant 
difference in long-term cardiovascular outcomes in people with WCH versus those 
with normotension. In one of the initial long-term studies, Verdecchia et al. prospec-
tively followed 1187 subjects from the PIUMA registry for up to 7.5 years [ 51 ]. In 
their study, WCH was defi ned as an ambulatory daytime blood pressure of 
<131/86 mmHg for women and <136/87 mmHg for men, and the clinic blood pres-
sure was >140/90 mmHg. No difference was initially observed between the WCH 
and normotensive groups, although follow-up of this database was later conducted 
with the use of a larger number ( n  = 1500) of patients [ 52 ]. The WCH patients were 
stratifi ed into two subgroups. The fi rst subgroup had a more restrictive and conser-
vative defi nition of WCH (daytime ABP <130/80 mmHg), whereas the second 

  Table 4.4    Primary 
indications for ambulatory 
blood pressure monitoring  

 Suspected white coat hypertension 
 Apparent drug resistance 
 Hypotensive symptoms with 
antihypertensive medications 
 Episodic hypertension 
 Autonomic dysfunction 
 Suspected white coat effect 
 Suspected masked hypertension, 
particularly in treated patients 
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group had more liberal limits for ABP (daytime ABP <131/86 mmHg for women 
and <136/87 mmHg for men). Cardiovascular morbid events in the fi rst group were 
similar to the normal BP controls, but event rates in the more liberally defi ned group 
were signifi cantly higher than the normotensive population. In the HARVEST trial, 
722 hypertensive patients were evaluated using a more restrictive threshold to 
defi ne WCH [ 53 ]. There was a signifi cantly higher left ventricular mass index in the 
population with WCH (threshold <130/80 mmHg) when compared with the normo-
tensive population (Fig.  4.6 ). The PAMELA study also showed that patients with 
WCH have cardiac morphological and functional indices that seem to be intermedi-
ate between normals and sustained hypertensives [ 54 ]. Given the results of these 
rather large trials, WCH might be considered a prehypertensive state in some 
patients. Thus, close monitoring and follow-up is required, and at some point the 
institution of therapy may be needed. Careful follow-up is necessary even in the 
6–8 % of true WCH patients with daytime ABP <130/80 mmHg.

        Therapeutic Interventions   

 Accurate blood pressure measurement is the key step in formulating an effective 
treatment plan for hypertensive patients. ABPM can be used to assess the need for 
and effectiveness of both initial and additional antihypertensive therapy. To illus-
trate this benefi t, Staessen et al. conducted a randomized controlled trial evaluating 
419 untreated hypertensive patients over a course of approx. 6 months [ 55 ]. The 

  Fig. 4.6     Bars  show the left ventricular mass in three categories of patients ( n  = 722): normoten-
sives, those with white coat hypertension (threshold <130/80 mmHg), and sustained hypertensives 
(HARVEST trial) (From ref. [ 53 ])       
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Ambulatory Blood Pressure Monitoring and Treatment of Hypertension (APTH) 
trial randomized patients to an ABP arm vs. a clinical blood pressure arm. 

  Drug treatment   was adjusted in a stepwise fashion based on daytime ABP read-
ings vs. the average of three clinical measurements. At the end of the study, it was 
shown that more subjects in the ABP group discontinued antihypertensive drug 
therapy. Furthermore, fewer subjects in the ABP group had progressed to receive 
multiple antihypertensive drugs (Fig.  4.7 ). There were no signifi cant differences in 
the fi nal blood pressure, left ventricular mass, or reported symptoms between 
groups. Therefore, ABP monitors can complement conventional approaches in 
determining optimal medication dosage and frequency of dosing.

        Resistant Hypertension   

 Resistant hypertension has been defi ned as the failure to achieve goal blood pres-
sure despite strict adherence to near-maximal doses of an appropriate 3- or 4-drug 
therapy regimen that includes a diuretic [ 39 ]. Ambulatory BP monitors have proven 
useful in the evaluation of those patients who do not appear to be responding to 
therapy or for those on complicated medication regimens. With data derived from 
an ABPM, one can ascertain if and at what time additional therapy is needed or if it 
is needed at all. Mezzetti et al. evaluated 27 subjects with resistant hypertension by 
ABPM [ 56 ]. They observed that more than 50 % of the subjects showed a large 
white coat effect and were actually normotensive (<135/85 mmHg) on their current 

  Fig. 4.7     Bars  depict the percentage of subjects ( n  = 419) who stopped antihypertensive therapy 
and those who sustained multiple-drug therapy with the medication regimen being controlled 
either by ambulatory blood pressure monitoring results or by clinical measurements (APTH trial) 
(From ref. [ 55 ])       
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medication regimens. Later, Muxfeldt et al. conducted a cross-sectional study in 
286 resistant hypertensives and divided them based on their ABP into a true resis-
tant group (56.3 %) and a white coat resistant group (43.7 %) [ 57 ]. The former 
group was found to have a signifi cantly increased prevalence of both LVH and 
nephropathy. In a 5-year follow-up study, Pierdomenico et al. found that the cardio-
vascular event rate was much lower in false resistant patients than true resistant 
hypertensives (1.2 vs. 4.1 events per 100 patient–year) [ 58 ]. Finally, Redon et al. 
conducted a study in 86 refractory hypertensives over 49 months [ 59 ]. These patients 
were divided into tertiles of average diastolic blood pressure from the ABPM. The 
offi ce blood pressures were not different among the three groups. It was found that 
subjects in the highest tertile group (diastolic blood pressure > 97 mmHg) had 
greater progression of hypertensive end-organ damage compared to the lower two 
tertile groups. Thus, ABPM was capable of identifying high-, medium-, and low- 
risk patients with refractory hypertension that was not apparent by offi ce blood 
pressure measurements alone.  

    Type of Therapy/ Chronotherapeutics   

 It has been well-documented that a majority of cardiovascular events occur in the 
morning hours because of a number of inciting hemodynamic, hormonal, and hema-
tological factors. Gosse et al. established in 181 patients that the arising blood pres-
sure correlated with left ventricular mass better than did the offi ce blood pressures 
[ 60 ]. Hence, the higher the early morning blood pressure, the greater the left ven-
tricular mass. The rise in post-awakening morning blood pressure can be obtained 
best by a 24-h ABP monitoring study. More recently, a prospective study performed 
in older hypertensives showed a higher incidence of stroke (relative risk = 2.7; 
 p  = 0.04) in subjects with a morning blood pressure surge after matching for age and 
24-h blood pressures [ 61 ]. These studies stress the importance of identifying vul-
nerable subjects and targeting antihypertensive therapy to avoid morning surges of 
blood pressure.  

     Orthostatic Hypotension/Autonomic Dysfunction   

 Individuals with autonomic dysfunction (e.g., diabetics) or orthostatic hypotension 
tend to lose the normal circadian variation in blood pressure and may even demon-
strate an inverse dipping phenomenon (Fig.  4.8 ).

   The Ohasama, Japan, study clearly demonstrated in 1542 subjects that patients 
with inverse dipping had a signifi cantly worse cardiovascular outcome as compared 
to the other patient groups (Fig.  4.9 ) [ 8 ]. Generally, there is also considerable vari-
ability of blood pressure noted in the inverse-dipping patient population. Patients 
with inverse dipping may benefi t from short-acting medications that can be taken at 
bedtime to reduce the nighttime blood pressure average. In addition, some compli-
cated patients with idiopathic orthostatic hypotension may be severely hypertensive 
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  Fig. 4.8     Plot  showing a 24-h blood pressure curve depicting autonomic dysfunction and inverse 
dipping. There is signifi cant variability of blood pressure, as seen by the standard deviation. The 
awake blood pressure average is 132/71 ± 26/23 mmHg, and the sleep average is 164/89 ± 28/15 mmHg. 
The sleep averages are higher than awake averages, indicating an inverse dipping pattern       
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in the supine position and markedly hypotensive in the upright position. Medication 
regimens can be tailored individually for these patients by using the detailed blood 
pressure information obtained via a 24-h ABPM.

   Other indications for an ABPM study include evaluation of symptoms and epi-
sodic hypertension. With the help of a patient-initiated event button, the physician 
can determine if the symptoms correlate with either a severely hypertensive (in the 
case of pheochromocytoma) or hypotensive period (in the case of excessive medica-
tion or autonomic dysfunction).   

     Cost-Effectiveness   of ABPM 

 ABPM studies generally cost $150–400 in the United States. In 2002, a national 
insurance policy was created by the Centers for Medicare and Medicaid Services to 
cover 24-h ABPM for “suspected white coat hypertension.”  The International 
Classifi cation of Diseases (ICD)-9 code   for this diagnosis is somewhat elusive, 
since it is under a different category than the hypertension codes (transient increases 
in blood pressure, hypertension nonconfi rmed, 796.2). Many private insurance car-
riers have followed the lead of Medicare and also cover some of the cost of an 
ambulatory blood pressure monitoring study. Kent et al. looked at ABPM claims 
submitted between 2007 and 2010 and found that claims that used code 796.2 
(International Classifi cation of Diseases, Ninth Revision, diagnosis code) were 
reimbursed 93.8 % of the time [ 62 ]. 

 However, there has been some controversy regarding the cost-effectiveness of 
ABPM. Moser argued that if 24-h ABPM were to be performed on just 3–5 million 
of persons with hypertension in the United States, it would add an additional $600 
million to $1.75 billion per year to the cost of management [ 63 ]. However, the 
APTH trial [ 55 ] performed a cost–benefi t analysis of ABPM vs. clinical blood pres-
sure monitoring. They observed that the cost of medication was less for the ABP 
arm compared to patients who were solely evaluated by offi ce blood pressures 
($3390 vs. $4188 per 100 patients per month of therapy). Additionally, the ABP arm 
required fewer offi ce visits for close blood pressure monitoring, thereby reducing 
physician fees. The authors concluded that the potential savings in the ABP group 
were offset by the cost of the study, rendering it equally cost-effective but therapeu-
tically more benefi cial. Ambulatory BP guidelines published by the ESH in 2014 
suggested that pharmacies equipped with ABP monitors could place these on 
patients with doctor’s referrals reducing the individual fi nancial burden of such 
monitors on physicians and expanding the availability of such services [ 47 ]. In 
1994, Yarows et al. from Michigan also conducted a cost-effective study in clinical 
practice [ 64 ]. They followed two sets of patients: the treatment group that had docu-
mented hypertension on an ABPM and was given appropriate antihypertensive 
therapy ( n  = 192) and a diagnostic group that was documented to be hypertensive in 
the physician’s offi ce and was off all antihypertensive therapy ( n  = 131). The diag-
nostic group had a 24-h ABPM conducted, and the prevalence of WCH in this group 
was determined to be 34 % (using a 24-h mean diastolic pressure of 85 mmHg) [ 65 ]. 
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The authors ascertained the average yearly cost of antihypertensive medications for 
the 192 hypertensive subjects to be $578.40 (range $94.90–$4361.75). They 
 concluded that in the diagnostic group, the fee for the ABPM ($188) would be offset 
by the savings for 1 year of antihypertensive therapy (if no medications were used 
for the WCH patients). In a cost-effectiveness analysis, Krakoff used the most 
up-to- date information on the prevalence of WCH, probability of WCH transition-
ing to a sustained hypertension, and the costs of medical care and testing [ 66 ]. His 
analysis predicted savings of 3–14 % in healthcare costs for hypertension when 
ABP monitoring was routinely used as a diagnostic tool. The annual cost savings 
calculated for secondary screening using ABPM was also less than 10 % of treat-
ment costs, based on the current reimbursement rates. Hopefully, these types of 
important analyses [ 66 ,  67 ] will convince the payers as well as clinicians that ambu-
latory blood pressure monitoring has matured into a useful tool for both the diagno-
sis and management of many patients with hypertension.     
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    Chapter 5   
 Validation and Reliability Testing of Blood 
Pressure Monitors       

       Neil     Atkins     and     Eoin     O’Brien     

            Introduction 

 Though the importance of checking the  accuracy   of blood pressure measurement 
techniques was recognised when it was introduced in the early years of the twenti-
eth century [ 1 ], it was largely ignored until the 1980s, when observational concerns 
about the London School of Hygiene sphygmomanometer, developed to remove 
measurement bias in scientifi c studies, led to a validation which proved its inaccu-
racy [ 2 ]. Similar concerns were later demonstrated that another device, also 
 developed as a gold standard for research—the Hawksley Random Zero 
Sphygmomanometer, was also inaccurate [ 3 ]. At that time, there was no stan-
dardised protocol for the evaluation of blood pressure measuring devices. Obvious 
discrepancies between clinic measurements and automatic measurements in the 
early years of electronic devices led to validation studies using ad-hoc protocols 
[ 4 – 6 ], but with the dawn of electronic measurement and the advent of 24-h ambula-
tory blood pressure measurement (ABPM), the need for a standardised protocol 
became compelling [ 7 ].  

        N.   Atkins    
  Medaval Ltd. ,   28-32 Upper Pembroke Street ,  Dublin 2 ,  Ireland     

    E.   O’Brien  , M.D.      (*) 
  The Conway Institute ,  University College Dublin ,   Dublin ,  Ireland   
 e-mail: proeobrien@icloud.com  

mailto:proeobrien@icloud.com


78

     Validation Protocols   

     AAMI/ISO Standards      

 Standardised protocols for the validation of the accuracy of blood pressure monitors 
were fi rst introduced in 1987 when the  Association for the Advancement of Medical 
Instrumentation (AAMI)   published a standard for electronic and aneroid sphygmo-
manometers that included a protocol for the evaluation of device accuracy [ 8 ]. This 
protocol required the mean systolic and diastolic measurements of three measure-
ments on the test devices to be compared against simultaneous measurements 
recorded using standard mercury sphygmomanometer on each of 85 subjects. If the 
mean difference, from the 85 subjects, was no more than 5 mmHg and the standard 
deviation was no more than 8 mmHg, then the device was deemed accurate. 

 The  protocol   was revised in 1992 (published 1993 and amended 1996) [ 9 ,  10 ]. In 
this revision, the accuracy was based on the differences of all 255 measurements. 
This effectively made the standard deviation requirements more stringent. The option 
of using the test and control measurements sequentially was also introduced. 

 The AAMI standard was revised again in 2002 (published 2003), 2007, 2009 and 
2013 [ 11 – 14 ]. The 2002 revision introduced a second passing criterion based on the 
mean measurements from 85 subjects, but standard deviations based on the mean 
pressure ensure that the average error in at least 85 % of the subjects is at most 
10 mmHg. Since 2007, the AAMI standard has been adopted by the International 
Standards Organization (ISO).  

     BHS Protocols      

 In 1990, the  British Hypertension Society (BHS)   published a protocol devoted 
solely to the validation of devices in the clinical setting [ 15 ]. While basing sample 
requirements on the rationale of the 1987 AAMI protocol, it was also based on evi-
dence from validations carried out for Which? consumer magazine [ 5 ,  6 ] and from 
research into the comparison of simultaneous and sequential measurements both in 
the same arm and in opposite arms [ 16 ]. It consisted of fi ve phases—observer train-
ing, before-use inter-device variability, in-use (fi eld) assessment, after-use inter- 
device variability and  device validation  . The protocol recommended sequential 
same-arm comparisons in order to remove bias due to insuffi cient infl ation or defl a-
tion by the test device. Passing requirements were based on the percentage of mea-
surements falling within 5 mmHg, 10 mmHg and 15 mmHg of the control device 
and with A and B pass grades and C and D fail grades. 

 The  BHS protocol   was revised in 1993 [ 17 ]. This revision introduced a period of 
device usage prior to validation, so that validation was not performed on brand new 
devices. It also consisted of fi ve phases—before-use device calibration, in-use 
(fi eld) assessment, after-use device calibration, static  device validation   and report of 
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evaluation. It was the fi rst time a calibration procedure for sphygmomanometers 
was defi ned carefully with a specifi c procedure and pressures. Recruitment require-
ments were tightly defi ned over fi ve ranges for both systolic and diastolic pressures 
(<90, 90–129, 130–160, 161–180 and >180 mmHg for SBP and <60, 60–79, 
80–100, 101–110 and >110 mmHg for DBP). The criteria for analysing sequential- 
measurement differences and the passing criteria were amended and the report 
required separate analysis of performance in low, medium and high pressure ranges. 
Descriptions of follow-up validations, for devices that achieved an A or B grade, in 
special circumstances, namely pregnant women, elderly subjects, paediatric sub-
jects and during exercise, were included. 

 Importantly, the 1993 BHS protocol included an appendix describing the meth-
odology for observer training that was based on previous work [ 18 ] and a video 
method of recording was introduced [ 19 ].  

    International Protocols of the  ESH   

 In 2002, the Working Group on Blood Pressure Monitoring of the ESH published a 
protocol, updated from the BHS protocol, named the  International Protocol 
(ESH-IP)   [ 20 ]. The Working Group had the advantage of being able to examine and 
analyse the data from 19 validation studies performed according to the earlier pro-
tocols at the Blood Pressure Unit in Dublin [ 21 ]. While a large number of BP mea-
suring devices were evaluated according to one or both of the AAMI and BHS 
protocols, experience demonstrated that the conditions demanded for validation 
were extremely diffi cult to fulfi l because of the large number of individuals that 
needed to be recruited and the ranges of BP required [ 22 ]. Recruitment in very high 
ranges of pressure became increasingly diffi cult due to advances in treatment and, 
as adults in the low, normal and hypotensive ranges were not to be referred to hyper-
tension centres, these also became very diffi cult to recruit. These factors made vali-
dation studies diffi cult to perform and very costly, with the result that fewer centres 
were prepared to undertake them. Technological improvements, both in reliability 
(time to failure), device size and device use, also meant that the in-use phase, as 
described, was insuffi cient to highlight device failure [ 22 ]. 

 The main change in this protocol was the reduction in the number of subjects 
required to 33, 11 of whom had to be recruited from three SBP and three DBP 
ranges. This was based on the re-analysis of data gathered from validations studies 
using the BHS protocol. The  ABCD grading system  , used in the BHS protocol, was 
abandoned, as it had effectively been a  Pass (AB)—Fail (CD) system   anyway, but 
the pass requirements introduced a subject-based requirement to ensure that errors 
were distributed by chance, rather than by subject, which had been defi ned as a 
weakness of earlier protocols by Gerin et al. [ 23 ]. The validation procedure was 
confi ned to adults over the age of 30 years. A procedure of stopping, after 45 
 subjects, in the case of “hopeless” devices was introduced. Validation in special 
groups, as defi ned in the BHS 1993 protocol, was not defi ned. 
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 In 2010, the  ESH International Protocol   was revised [ 24 ], based on the evidence 
and experience acquired from 104 validation studies conducted using the 2002 pro-
tocol [ 25 ]. The main purpose of this revision was to require more stringent accuracy 
requirements. The accuracy requirements of both the BHS and ESH protocols had 
been a compromise of technological ability and problems, such as terminal digit 
preference, in the use of manual sphygmomanometers [ 26 ]. Advances in technol-
ogy therefore demanded that these be revised. Experience with the 2002 ESH-IP 
showed that, in many studies, recruitment pressures were not refl ected in the distri-
bution of control measurements and, therefore, measures were included to ensure 
that these were not statistically signifi cantly different. The early termination of the 
study for “hopeless” devices was removed, as no study availed of this; the age 
requirement was changed to 25 years and a small relaxation in recruitment require-
ments was coupled with the introduction of minimum overall SBP and DBP ranges. 
Strict reporting requirements were also introduced in order to minimise the number 
of protocol violations that had been an on-going problem. 

 A review assessed the impact the more stringent criteria of the revised ESH 
International Protocol 2010 would have had on the previous studies that had used the 
 ESH International Protocol   2002. If the devices validated according to the earlier pro-
tocol [ 20 ] had been validated according to the 2010 revision of the ESH International 
Protocol [ 24 ], the failure rate would have increased markedly from 17 to 42 % [ 27 ].   

     Protocol Use   

 In an analysis of validations carried out prior to the publication of the revised 
ESH-IP protocol in 2010 [ 24 ], it was noted that, in relation to the 2002 ESH-IP 
protocol [ 20 ], there was “an impressive increase in the publication of validation 
studies conducted using this protocol”, while “the use of the BHS [ 17 ] and the 
AAMI [ 10 – 12 ] protocols remained rather static” [ 25 ]. Since 2007, more than twice 
as many validations were carried out using this protocol than the other protocols put 
together (Table  5.1  and Fig.  5.1 ).

    In its introduction, the 2002 ESH-IP protocol included the sentence “It is antici-
pated that the relative ease of performance of the International Protocol will encour-
age manufacturers to submit blood pressure measuring devices for validation in 
order to obtain the minimum approval necessary for a device to be used in clinical 
medicine, and that, in time, most devices on the market will be assessed according 
to the protocol for basic accuracy”. The fi gures demonstrate that while the goal of 
having “most devices on the market” validated has still some way to go, the protocol 
did encourage manufacturers to submit devices for validation. 

 The analysis demonstrates the importance of practicality in the development of 
protocols. Protocols that are diffi cult and onerous to complete are less attractive 
both to centres and to manufacturers. Furthermore, they are rarely carried out cor-
rectly. Ideal evaluation is therefore best achieved, and perhaps can only be achieved, 
by a set of simple validations rather than by a single complex one.  
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   Table 5.1    Number of validation studies according to the ESH-IP, the BHS, and the AAMI protocol 
reported per year starting from 2000 (2 years before the ESH-IP publication) until June 2009. 
 Adapted from Stergiou  et al. [ 25 ]   

 Year 
 BHS 
(only) 

 BHS + 
AAMI 

 AAMI 
(only)  BHS (all)  AAMI (all)  ESH-IP  Total 

 2000  2 (20 %)  4 (40 %)  0 (0 %)  6 (60 %)  4 (40 %)  —  10 
 2001  1 (8 %)  5 (42 %)  1 (8 %)  6 (50 %)  6 (50 %)  —  12 
 2002  4 (29 %)  3 (21 %)  1 (7 %)  7 (50 %)  4 (29 %)  3 (21 %)  14 
 2003  2 (13 %)  0 (0 %)  6 (38 %)  2 (13 %)  6 (38 %)  8 (50 %)  16 
 2004  1 (6 %)  5 (29 %)  1 (6 %)  7 (41 %)  6 (35 %)  4 (24 %)  17 
 2005  2 (12 %)  4 (24 %)  0 (0 %)  6 (35 %)  4 (24 %)  7 (41 %)  17 
 2006  4 (13 %)  5 (17 %)  1 (3 %)  9 (30 %)  6 (20 %)  15 (50 %)  30 
 2007  1 (3 %)  2 (6 %)  3 (9 %)  3 (9 %)  5 (16 %)  24 (75 %)  32 
 2008  3 (9 %)  2 (6 %)  1 (3 %)  6 (17 %)  4 (11 %)  25 (71 %)  35 
 2009 a   4 (14 %)  3 (10 %)  0 (0 %)  8 (28 %)  3 (10 %)  18 (62 %)  29 
 2002–2009 a   21 (11 %)  24 (13 %)  13 (7 %)  48 (25 %)  38 (20 %)  104 (55 %)  190 

   AAMI  Association for the Advancement of Medical Instrumentation,  BHS  British Hypertension 
Society,  ESH-IP  European Society of Hypertension International Protocol 
  a Until 15/06/2009  

  Fig. 5.1    Cumulative graph of validation studies performed according to the European Society of 
Hypertension International Protocol (ESH-IP) compared with the British Hypertension Society 
(BHS) and Association for the Advancement of Medical Instrumentation (AAMI) protocols from 
2002 (publication of ESH-IP) until June 2009.  Reproduced from Stergiou et al.  [ 25 ]  with permis-
sion from the authors        

 

5 Validation and Reliability Testing of Blood Pressure Monitors



82

     Differences Between Protocols   

 At present, the  ESH-IP validation protocol   is the most widely used, followed by the 
AAMI/ANSI/ISO standard. There are some substantial differences between these 
validation procedures, as described below and shown in Table  5.2 . A detailed com-
parison has also been made by Ng [ 28 ]. Nevertheless, they both have a common 
objective, namely the standardisation of validation procedures to establish mini-
mum standards of accuracy and performance, and to facilitate comparison of one 
device with another. With the substantial data available, it is perhaps timely that a 
common protocol be developed that will become a world standard.

       Passing Requirements   

 The  AAMI/ISO standard   requires two criteria to be fulfi lled. In Criterion 1, the 
mean error of at least 255 measurements must be at most 5 mmHg with a standard 
deviation of at most 8 mmHg. In Criterion 2, the mean error of the mean measure-
ments from at least 85 subjects must be at most 5 mmHg and the standard deviation 
at most a value to ensure that the mean error on at least 85 % of subjects is within 
10 mmHg. (By extension, this defi nition also means that the expected number of 
subjects with average errors within the more commonly accepted error of 5 mmHg 
is around 50 %.) A table, showing the acceptable standard deviations for ranges of 
mean errors, is provided. For ABPM devices, similar criteria must also be applied 
to a further raised-heartrates test. 

 The  ESH-IP protocol   provides two sets of cut-off points. The primary set is for 
at least 73/99 measurement errors to be within 5 mmHg, at least 87/99 to be within 
10 mmHg and at least 96/99 to be within 15 mmHg. The secondary set is for at least 
65/99 measurement errors to be within 5 mmHg, at least 81/99 to be within 
10 mmHg and at least 95/99 to be within 15 mmHg. Devices must fulfi l at least two 
of the primary set and all of the secondary set. In addition, in at least 24/33 subjects, 
the errors in at least two of the three measurements recorded must be no more than 
5 mmHg and there can be no more than 3/33 subjects with errors over 5 mmHg in 
all three measurements.  

     Methodology   

 The  AAMI/ANSI/ISO standard   allows simultaneous same-arm comparisons if the 
test device infl ates to at least 20 mmHg above SBP and defl ates to at least 20 mmHg 
below DBP at a rate of between 2 and 3 mmHg/s. Otherwise, sequential same-arm 
comparisons or simultaneous opposite-arm comparisons must be used. The ESH-IP 
protocol stipulates sequential same-arm comparisons in all circumstances.  
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     Recruitment Requirements   

 For Criterion 1, the AAMI/ISO standard requires 255 measurements to be recorded 
in at least 85 subjects, with at most three measurements per subject. For Criterion 2, 
85 subjects with at least three measurements per subject are required. This number 
of measurements per subject is doubled if the simultaneous opposite-arm methodol-
ogy is used, with each arm being used for half the control and test measurements. 
For ABPM devices, a further 35 subjects are required for a validation with raised 
heartrates following exercise. 

 The ESH-IP protocol requires three measurements to be recorded in each of 33 
subjects. However, strict requirements generally necessitate several more subjects 
to be recruited in order for these to be satisfi ed.  

     Pressure-Range Requirements   

 The  ESH-IP protocol   requires between 10 and 12 subjects with SBP in the ranges 
<130, 130–160 and >160 mmHg; between 10 and 12 subjects with DBP in the 
ranges <80, 80–100 and >100 mmHg; a total of at most for subjects with pressures 
outside the “ideal” range of 90–180 mmHg for SBP and 40–130 mmHg for DBP 
and minimum ranges of 100–170 mmHg for SBP and 50–120 mmHg for DBP. In 
addition, the 99 control measurements must not be statistically different from the 
ideal 33 measurements in each range; that is each range must contain 22 and 44 
measurements and the difference between the range with the highest count and that 
with the lowest count cannot exceed 19. 

 The  AAMI/ISO standard   requires at least 5 % (13 measurements, requiring at 
least fi ve subjects) of reference systolic blood pressures have to be at least 
160 mmHg, at least 20 % (51 measurements, requiring at least 17 subjects) at least 
140 mmHg and at least 5 % at most 100 mmHg. Similarly, at least 5 % of reference 
diastolic blood pressures have to be at least 100 mmHg, at least 20 % at least 
85 mmHg and at least 5 % at most 60 mmHg.  

     Age Distribution Requirements   

 The  ESH-IP protocol   requires all subjects to be at least 25 years of age. The AAMI/
ISO standard defi nes two types of studies based on age. The fi rst is for an adult/
adolescent population defi ned simply as on persons over the age of 12. The alter-
native population is a combined adult/paediatric population where 35 subjects 
must be between the ages of 3 and 12; the remainder (minimum 50) must be over 
the age of 12.  
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     Sex Distribution Requirements   

 Both the ESH-IP protocol and the AAMI/ISO standard are at ad idem requiring a mini-
mum of 30 % (stated as 10/33 in the ESH-IP protocol) male and 30 % female subjects.  

     Arm Circumference and Cuff Requirements   

 The ESH-IP protocol does not specify requirements for arm circumference distribu-
tion. The appropriate cuff, as defi ned by the manufacturer for the respective arm 
circumference, must be used. 

 In the  AAMI/ISO standard  , where the device has a single cuff, at least 40 % 
(minimum 34) of arm circumferences must be in the upper half of the cuff range 
with 20 % (minimum 17) in the uppermost quarter of the cuff range and at least 
40 % must be in the lower half of the cuff range with 20 % in the lowest quarter of 
the cuff range. Where “n” cuffs are supplied ( n  > 1), each must be tested in at least 
1/2 n  subjects.  

     Intra-subject Blood Pressure Variability   

 In the  AAMI/ANSI/ISO standard  , comparisons, where control determinations dif-
fer by more than 12 mmHg SBP or 8 mmHg DBP, are excluded. Where simultane-
ous comparisons are used, all measurements from the relevant subjects are excluded. 
Where sequential same-arm comparisons are used, a single pair of measurements 
can be excluded in up to 10 % of subjects, with extra subjects being added to make 
up the 255 measurements. Where simultaneous opposite-arm comparisons are used, 
subjects are also excluded if their lateral difference is more than 15 mmHg SBP or 
10 mmHg DBP. 

 No determinations are excluded using the ESH-IP protocol. Allowance for high 
variability, based on the analysis of data from previous studies, is included in the 
passing criteria.  

     Control Pressures   

 In both the AAMI/ISO standard and the  ESH-IP protocol  , the mean observer pres-
sures, where they differ by no more than 4 mmHg, are used as control measure-
ments and are retaken if they differ by more than 4 mmHg. 

 In the ESH-IP protocol, the nearer control measurement (of those taken either 
side of the test measurement) to the test measurement is used. 
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 In the  AAMI/ISO standard  , the control measurement used is dependent on the 
method used. For simultaneous same arm comparisons, there is just one control 
measurement. For sequential same-arm comparisons, the mean of the control mea-
surements taken either side of the test measurement is used. For simultaneous 
opposite- arm comparisons, the control measurements are used but, in calculating 
the errors, a lateral difference (the mean left-arm control measurement subtracted 
from the mean right-arm control measurements) is added to the left arm 
measurements.  

    Validation  in Special Groups   

 The AAMI/ISO protocol describes procedures for supplementary validations where 
a device is intended to be used in an exercise stress-testing environment, in neonatal 
and infant populations or in pregnant (including pre-eclamptic) patient 
populations. 

 Sphygmomanometers have been validated in pregnancy (including normotensive 
pregnancy, non-proteinuric hypertension in pregnancy and pre-eclampsia), chil-
dren, children and adolescence, the elderly, the obese, Black women, in the supine 
position, before, during and after haemodialysis, in end-stage renal disease, and in 
Parkinson’s disease [ 29 ]. 

 Where a device is intended for use in a specifi c population, it should be validated 
in that population. Devices intended for clinical use should be validated in at least 
three special-group populations. Validation protocols should provide clear instruc-
tions on validation in these groups. 

 Validation in subjects with arrhythmias continues to be elusive and research is 
needed to establish a reliable and effective method to solve this ongoing problem.   

     Device Equivalence   

 Manufacturers of blood pressure measuring devices that have been previously vali-
dated successfully for accuracy may make modifi cations to a device, which do not 
affect its measurement accuracy and should not require further validation [ 30 ]. 
These “modifi cations” tend to fall into three categories: (1) Manufacturers provide 
a “family” of devices around the same measuring technology, differing only in the 
“extras” provided; (2) Manufacturers produce a device in different languages; (3) 
OEM manufacturers provide devices to several OBL manufacturers using the same 
measuring technology. 

 Equivalence is a scientifi c comparison of an applicant device against a device 
which has undergone, and passed, a formal validation. All features are compared. 
Critical features, upon which measurement is dependent, should not differ and 
include: the algorithm for oscillometric measurements, the algorithm for auscultatory 
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measurements, artefact and error detection, microphones, the pressure transducer, the 
cuff and bladder, the infl ation mechanism and the defl ation mechanism. 

 Differences are permitted in items not critical to blood pressure measurement, 
which include: the model name and number, the device casing, the display layout, 
any carrying or mounting facilities, software other than the pressure detection algo-
rithm, memory capacity and the number of stored measurements, printing facilities, 
communication facilities and power supply. 

 Manufacturers are obliged to provide suffi cient evidence to prove equivalence. 
 Since the procedure was fi rst described in 2006, there have been regularity 

changes that have had an impact on how the procedure must be performed. In par-
ticular, IEC 80601-2-30:2009 requires that all devices include rated pressure ranges 
and technical alarm conditions (measurements outside the rated range that are 
deemed technical errors). This ruling does not affect algorithms relating to the 
detection of blood pressure, but it does impact how the detected pressures are 
treated, as those that outside the rated range must be treated as error readings. 
Therefore, it is essential that these conditions are considered in equivalence checks. 

 It is necessary to record that some equivalence procedures performed by the dabl 
Educational Trust have recently approved devices in which there may have been 
differences in pressure transducers and/or cuffs, [ 29 ] whereas it is an essential 
requirement of the equivalence process that the transducers or cuffs are themselves 
proved to be equivalent.  

     Validation Quality   

 In a critical review of 69 studies carried out using the ESH-IP 2002 protocol [ 20 ], 
23 (33.3 %) were found to have protocol violations, with eight (11.6 %) of these 
having major violations [ 25 ]. Given that ease of compliance was a major consider-
ation in the design of this protocol, it is reasonable to hypothesise that validations 
according to other protocols contain at least the same rate of violations. Indeed, it is 
not hard to fi nd validations according to AAMI/ISO protocols not showing Criterion 
2 results. Validations according to the BHS protocol rarely carry out the fi rst three 
phases and recruitment violations are common. 

 This raises serious questions about the quality of peer review of validation stud-
ies. In theory, these reviews should be straightforward, essentially ensuring that the 
studies follow a checklist of requirements. The approval of devices where the pro-
tocol has not been followed or where there is inadequate detail is incorrect. Where 
details are omitted, it is not possible to know whether this was inadvertent or delib-
erate. This leads to further problems if the papers are not recognised subsequently 
as suffi cient evidence of accuracy. 

 One of the diffi culties in ensuring compliance is the concept that “minor viola-
tions” are acceptable. For instance, in the ESH-IP 2010 protocol, a fi fth subject 
outside the ideal range or a maximum or minimum pressure requirement being shy 
of the mark. The problem is that protocols already include the statistically allowable 
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deviations and, while in certain circumstances, minor violations might not affect the 
results, in others they will. Therefore, they are often “justifi ed by the results”. The 
corollary of this is that the violation will only be corrected if they cannot be “justi-
fi ed by the results”. This, of course, is simply a form of bias. 

 The  ESH-IP 2010 protocol   [ 24 ] provides for strict requirements and reporting. 
Many of the studies have carried out using the dabl Educational Trust ESH-IP 2010 
Online Service [ 29 ], which guarantees protocol adherence. Future protocols should 
provide a strict report format or checklist and, perhaps, this should be supplied 
along with papers when being sent for peer review.  

     Validation Centres   

 In 2010, Turner highlighted a major weakness of the current validation process, 
namely reliance on peer-reviewed publications alone without formal certifi cation of 
the centres performing validation studies, as is common practice with other mea-
surement systems [ 31 ]. He called for formal accreditation of laboratories. The pro-
cess would be overseen by independent agencies, such as the United Kingdom 
Accreditation Service, a not-for-profi t organisation funded by accredited laborato-
ries, which is answerable to the International Bureau of Weights and Measures in 
Paris, France, the peak laboratory in the international measurement framework of 
cooperating national and commercial laboratories that provide reference standards 
and traceable calibration for all scientifi c, industrial and trade measurements 
worldwide. 

 In 2010, O’Brien and Stergiou, in an article entitled ‘Who will bell the cat?’ 
noted that “This process of accreditation is complex and presumably costly. The 
technicians, nurses and doctors involved in validation must receive specialised 
training; the test measurement system must be calibrated traceably, according to an 
international standard [ 32 ]; the laboratory must be shown to operate a quality  system 
conforming to international standards [ 33 ] and accredited laboratories would be 
required to participate in inter-laboratory comparisons.” These authors went on: 
“The process detailed by Turner raises important questions that need to be consid-
ered carefully. Will the proposed accreditation process lead to more BP measuring 
devices being validated or could it have the effect of making the accreditation of 
validation laboratories so unworkable and expensive as to be counter-productive? 
How can the process be implemented taking into consideration the fact that BP 
 device validation   studies have previously been considered akin to research projects 
that have been conducted on a voluntary basis? How much will the proposed pro-
cess add to the cost of device validation and who will pay?” [ 22 ]. 

 The BHS has established a system for training and for accrediting laboratories 
for  device validation   by ensuring that certain minimum criteria apply [ 34 ]. 

 The issues raised by Turner need to be considered and integrated into the device 
validation procedure. A creditable accreditation procedure is fundamental to ensur-
ing confi dence in the quality of validation studies. Ideally, there should be no direct 
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links between validation centres and manufacturers. Direct employment of investi-
gators by manufacturers introduces an unhealthy relationship whereby investigators 
may be reluctant to fail a device, or to allow the results of failures to be published, 
for fear of loss of future business. 

 Manufacturers requiring validation on a device should approach an independent 
authority who would allocate the validation to an accredited centre that would remain 
blind to the manufacturer until the study was completed. If a device was already on 
the market, the independent authority would always publish the results. If the device 
was validated prior to release, the manufacturers would be provided with the results 
fi rst and, in the event the device failed, be provided with the opportunity to fi x the 
problem and to have it validated again prior to release. Manufacturers who endeav-
our to produce only high-quality validated devices should not be penalised by the 
publication of failed validations when they do not supply those devices for use.  

    Practical Aspects of Validation 

     Blinding Process   

 It is critical that, in all validations, observers are blinded to each-other’s readings. A 
method of blinding was described in relation to observer training in the 1990 BHS 
protocol [ 15 ], the 1993 BHS protocol [ 17 ] and the 2002 ESH-IP [ 20 ]. These descrip-
tions, with accompanying diagrams, show the importance of separating observers 
by means of partitions. The descriptions in these papers refer to observer training; 
an adaptation of the method, for use during the validation procedure, is described in 
the appendix at the foot of this chapter.  

    The  Sphygmocorder   

 Though the  sphygmocorder   was fi rst described 20 years ago [ 35 ] and has had a 
number of updated descriptions incorporating changes in technology [ 36 ,  37 ], it 
never gained any popularity in device validation. The most recent version has under-
gone several modifi cations and is currently being subjected to rigorous testing. With 
endorsement from organisations, such as the IEEE [ 38 ], it is hoped that its use will 
eventually become the norm in sphygmomanometer validation. 

 The fundamental principal behind the sphygmocorder is the ability to record 
both the audio and barometric parameters during a blood pressure measurement, 
which enables replaying as often as required, a facility that is particularly useful 
with low Korotkov sounds, especially between K4 and K5. As the records can be 
reassessed, by independent arbitrators, bias can be effectively removed. The require-
ment to retake measurements due to observer differences is also removed. 
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 Both audio and barometric waveforms can be shown visually together, thereby 
greatly assisting accurate measurement. The technique also ensures a complete and 
comprehensive record of the study. 

 The setting required for a study using the  sphygmocorder   is far simpler. As the 
sphygmocorder effectively replaces the observers, there is no need for the observers 
to be present at the time of the recording and there is no need for separate booths. In 
the pneumatic system, the  sphygmocorder   replaces all of the mercury manometers 
with the air-hose connected appropriately. In the auscultatory system, the diaphragm 
section, containing a microphone, is connected to the sphygmomanometer and 
headphones replace the stethoscope headsets. 

 Observers can review the measurements later, replaying them, as required, to 
ensure they are recorded accurately. Where observers differ, an independent arbitra-
tor can also assess the measurements. Other features are also possible, such as ran-
domising the recordings so that measurements from the same subject are separated 
from each other and including a random sample of the measurements twice, to 
reduce bias and to provide reliability and consistency checks. 

 The use of the sphygmocorder minimises observer error, which subsequently 
minimises the consideration of this error in the passing criteria which become more 
stringent as a consequence. This in turn can ensure that devices are validated even-
tually to the highest standards possible.   

     Manufacturer Compliance   

 While many manufacturers prioritise  device validation   in the development of new 
devices, there are several who make no effort at all in this regard. Regularity require-
ments ensuring the safety of a device can be assumed by consumers to include their 
validity. Validation is an expensive process adding to the cost of development and 
therefore on the cost of a device to consumers. 

 Even the term “manufacturer” is confusing and can refer to sole manufacturers, 
contract manufacturers, original design manufacturers, original equipment manu-
facturers, regulatory manufacturers, own brand labellers and even distributers. The 
confusion is compounded by the use of device brands and trademarks that are often 
diffi cult to distinguish from manufacturers. Own brand labellers frequently source 
devices from different original equipment manufacturers. Indeed, the actual maker 
of a device does not always appear in any of the manuals and the role of the manu-
facturer shown may be no more than to source devices and provide the makers with 
labelling decal details. 

 Many of these devices are sold without any validations and may have labels 
familiar to the target consumers and with which the consumers assume quality. It is 
therefore important that a manufacturer grading system is developed. This is desir-
able for consumers so that they are provided with evidence-based information on 
the devices they are considering to purchase. It is also important for compliant man-
ufacturers that their brands are associated with approved devices.  
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     Consumer Awareness   

     Availability of Information   at Present 

 It is now expected that all information is provided on-line. It is the fi rst and, for 
most, the only place consumers seek information. While other sources, such a pro-
fessional recommendation, also play a factor, consumers are fully aware that these 
are more limited. However, on-line information also brings with it the issue of vol-
ume and dispersion. 

 Sites, such as   www.dableducational.org     [ 29 ], provide information on the accu-
racy of hundreds of blood pressure devices. However, information on the devices 
themselves must be sought elsewhere. Manufacturers provide this information, but 
the quality varies considerably. On-line retail sources provide pricing information, 
some also with details on the devices. Naturally much of this information is pro-
vided with an advertising agenda, rather than from a purely objective perspective. 

 While professional organisations can afford to research possible options, it is 
diffi cult, particularly for home consumers, and the amount of information can be 
more bewildering than informative. It is likely that many give up on this process 
entirely and simply seek advice from the local outlet, where the concept of whether 
or not a device is validated is unlikely to have penetrated. 

 Where a consumer seeks information about a device that has not been validated, 
there is no trigger to alert the consumer. There are hundreds non-validated devices 
available and consumers can easily spend considerable time researching devices, 
particularly in non-English sites, without ever coming across accuracy or validation 
requirements.  

    Requirements for  On-line Information   

 For on-line information to be successful, and useful, there must be a single site, which 
provides comprehensive information on devices currently available. This must include 
information on the validity of each device, in particular it should state when a device 
has not been validated independently—this is not available anywhere at present. 

 The information should include a set of device features and an ability to compare 
a number of selected devices. The countries where the devices are available should 
also be provided. At the very least, consumers should be able to compare a device 
on sale at their local supplier on an independent site and check its validity. 

 Full manufacturer details for each device should be provided along with statis-
tics, for each manufacturer, that provides information to the user on the number and 
percentage of its devices that are validated. 

 The site should be provided in languages other than English and should be written 
in simple sentences. This not only makes it easier to understand by all readers, but 
also makes it more suitable for accurate translation by on-line translation services.  
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    Apps 

  Apps   can provide a facility for accessing information in a manner more suitable for 
mobile phones. Other features can be added, such as scanning a bar code to access 
the information. However, there are two major drawbacks with apps. The fi rst is that 
separate versions have to be written for each operating system and the second is that 
there are so many apps available users have become very selective in downloading 
only those apps that they expect to use regularly. Given that BP monitor purchase 
decisions are irregular events, it is unlikely that users will want to download an app. 
Therefore, a well-written mobile-friendly website is probably the most effective 
approach.  

     Increasing Awareness   

 The accuracy of blood pressure devices (and many other medical devices), which 
was once the responsibility of hospitals and health care professionals, is now a mat-
ter of considerable concern for home users of measuring devices and presents chal-
lenges to the medical community that have not yet been acknowledged. 

 There are several consumer factors to consider. Concerns of health issues in 
general can vary from obsession to obliviousness. Knowledge of diagnosed ill-
nesses can range from minimal to total trust in a practitioner. Access to on-line 
information can range from none to effi cient and, the ability to use the information 
supplied can vary considerably. The ability to understand information presented, 
both medical and technological, can be infl uenced by the language used and the 
understanding of terminology. Age and mental ability correlate strongly with all of 
these and, of course, location, education and fi nancial circumstances can be con-
founding factors. 

 The quality of the information itself can be diffi cult to assess. Misinformation 
and advertising can often mislead. Different regulatory and organisational approval 
markings are not always clear as to what exactly is approved. Even the best scien-
tifi c validation studies have an element of chance and are not always correct. 

 One simple method of increasing awareness is to establish a single mark of 
approval, showing that a device has been validated to an agreed standard that is 
acceptable to the main standard organisations and hypertension societies. This mark 
of approval can then be advertised, not only on the web but also in clinics, pharma-
cies and any outlet selling blood pressure monitors and on the media, particularly, 
for instance, on World Hypertension Day. Regardless of the complexity and diver-
sity of the consumers, devices and information, the fundamental message of whether 
or not a device has been proven to be accurate can be conveyed with a simple uni-
versal mark of approval.   
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     Device Reliability      

 Validation invariably occurs at the beginning of a new line of production. None of the 
current protocols makes any reference to reliability; in other words, for how long the 
device is expected to work. In essence, the validation applies indefi nitely. For moni-
tors used in the home, this is perhaps not unreasonable, as their frequency of use is 
likely to be low in comparison to failure tests such as required by IEC 60601-1 [ 39 ]. 

 Technological advances tend towards disposability and devices are no longer 
serviced and are destined to a short shelf life, being discontinued after a relatively 
short time and usually without notice to consumers. 

 Devices used in clinic settings however, especially ABPM monitors, are often 
used for well over a decade. However, these generally require regular return for 
maintenance and calibration, which provides protection against loss of accuracy. 
Moreover, devices that are supplied for long periods may undergo diffi culties in the 
acquisition of certain electronic parts that are no longer produced and alternative 
replacements may require software changes. Such changes are effectively device 
changes that are not always publicised by manufacturers. This issue was identifi ed 
as far back as the 1993 BHS protocol: “When manufacturers incorporate modifi ca-
tions into externally identical or indistinguishable versions of a device, this should 
be indicated clearly by a specifi c device number and full details concerning how the 
device differs from earlier versions should be provided. In particular, the probable 
effect of all such modifi cations on the performance and accuracy of the device 
should be stated. Updated and modifi ed devices must be subjected to full indepen-
dent validation” [ 17 ]. Without data, it is diffi cult to justify or eliminate the need for 
re-validation or to determine when such a re-evaluation should occur. 

 However, it is reasonable to impose a limit on a device for equivalence purposes. 
Firstly, it is likely that the family of devices based on a particular technology is devel-
oped within a short time-frame, either together or in the immediate aftermath of a 
successful validation. Secondly, it is unlikely that the same technologies are used in 
new devices developed after a number of years. Thirdly, the incorporation of new 
technologies should be encouraged and manufacturers should not use older technolo-
gies merely to enable a device to be validated by equivalence. Nevertheless, there is 
a special case where devices are identical except for the branding and it clearly does 
not make sense to approve a device under one brand but not under another. It there-
fore seems reasonable to allow a device to be available for equivalence for 4 years 
from the date of approval of a full validation, except in the case where the applicant 
device is identical to the validated device, where there would be no limit.  

     Protocol Harmonisation      

 Ng identifi es differences between the ISO [ 13 ] and ESH-IP [ 24 ] protocols in refer-
ence devices and methods, sample size, blood pressure levels and distribution, arm 
circumference and cuff sizes, procedures for recording and pairing measurements, 
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criteria for excluding/handling subjects with high BP fl uctuations, accuracy criteria 
and statistical methods and provisions for special populations and circumstances 
that need to be resolved in order to develop a harmonised protocol [ 28 ]. He also 
notes that provisions for monitors that require patient-specifi c calibration, as 
required by many of the newer measurement techniques, are not catered for at all in 
any protocol and provides reasoned analysis showing how aspects from both proto-
cols could form the basis for harmonisation. 

 At present, both the differences in the protocols and in their recognition make it 
diffi cult and unnecessarily expensive for manufacturers to achieve compliance. 
Fundamentally, the aim of all the protocols is identical. They all include some com-
promise in order to balance an unworkable ideal and a practical solution. 

 Back in the 1980s and 1990s, there was little data available. Indeed, the concept 
of standard validation protocols was revolutionary. Therefore, the idea of two pro-
tocols with different but statistically valid approaches was, scientifi cally, the correct 
and best approach. However, the concept of reconciliation was always the intention 
[ 40 ]. Yet, more ideas needed to be tested. The BHS protocol essentially evolved into 
the ESH-IP protocols and the AAMI standards also evolved. While, on one hand, 
they appear to have become more divergent in these changes, in reality they have 
complemented each other refi ning different compromises. The very fact that they 
have evolved, based on data and reports on studies that have used them, is a recogni-
tion that they are not perfect. 

 There is also now substantial data available to test protocols and upon which to 
generate models for Monte-Carlo simulation of new protocols [ 41 ]. It is time, there-
fore, for the experts behind each of the protocols to use the substantial experience, 
knowledge and data gained to develop a joint protocol that will not only serve the 
validation of blood pressure monitors, but a basis upon which protocols for the vali-
dation of other medical devices can be based.  

    The Future 

 Despite improvements in  technology  , the standard method of blood pressure mea-
surement has essentially changed little in over a century. The vast majority of 
devices require a cuff to occlude either a brachial or radial artery. Non-occlusive 
methods of measuring blood pressure, such as pulse wave velocity [ 42 ], applanation 
tonometry [ 43 ], and photoplethysmography [ 44 ], have been described for some 
time. With the drive to develop new wearable devices, it is inevitable that new tech-
nologies for blood pressure measurement will also be developed. 

 One of the challenges in the future will be the development of a suitable “gold 
standard”. The current auscultation method is fl awed, but has become the reference 
standard for diagnosis and treatment. As technologies improve and as more is learnt 
about the reasons for differences between central aortic pressure and brachial pres-
sure, the use of this method as a reference will become harder to justify. Even with 
algorithms to modify results from new technologies to align with current reference 
methods, there will come a time when it will be clear that this will not be correct.  
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    Conclusion 

 The validation of blood pressure monitors has come a long way since the inception 
of standard protocols in the late 1980s. The information gained has provided a plat-
form upon which a unifi ed protocol can now be developed at a time where techno-
logical development is at a stage to allow passing criteria to be based on medical 
considerations only. Such a protocol can also serve as a template upon which proto-
cols for the validation of other medical devices can also be based. 

 It is also incumbent on the medical profession to ensure that this information is 
provided to all consumers, from home users to hospital procurement decision mak-
ers, and also to providers. It is essential to increase awareness of the importance of 
using validated devices and to provide an easily identifi able means of checking 
whether or not a device is validated to a recognised standard. 

 Blood pressure monitoring at home or using ABPM is now accepted as manda-
tory for the diagnosis and treatment of hypertension. Remote expert assessment and 
self-regulation of treatment may become more commonplace in order to optimise 
effi cacy, to minimise side-effects, and to reduce the effect of geographic location on 
the access to quality management of hypertension. 

 Underpinning all of this is the need for accurate measurement. All stakeholders, 
manufacturers, suppliers, medical professionals, validation investigators, regulatory 
authorities and consumers must appreciate the importance of accurate devices and 
the need for a methodology that is practical and robust to ensure that accuracy. As 
we enter an age of measurement of many cardiovascular parameters, the time has 
surely come to consolidate experience, knowledge and technology to make the most 
important haemodynamic measurement—blood pressure—accurate and reliable, 
thereby not only benefi tting the millions of patients world-wide who suffer from 
hypertension, but also establishing a process for the evaluation of other measuring 
technologies.   

       Appendix: Observer Blinding During Validation Procedure 

 This appendix provides a generalised description of the  observer blinding procedure   
required during validation. It is an adaptation of the method described for observer 
training in the 1990 BHS protocol [ 15 ], the 1993 BHS protocol [ 17 ] and the 2002 
ESH-IP [ 20 ]. 

     Observer Isolation   

 The observers and supervisor are seated at a bench fi tted with partitions so that each 
is isolated from each other in a “booth”. It must not be possible for an observer to 
have any indication of any blood pressure measurement other than by viewing his/
her mercury column and listening with his/her own headset.  
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     Booth Contents   

 The only objects in the observer booths are a mercury column (or other reference 
device), a stethoscope headset, two pens (one spare) and prepared forms to write 
down the observed measurements. 

 The supervisor booth will have space for both the supervisor and the subject. It 
will contain a mercury column (or other reference device), a full stethoscope, cuffs, 
an infl ation bulb, the test device, two pens (one spare) and prepared forms.  

    The  Pneumatic System   

 For sequential same-arm measurements and simultaneous opposite-arm measure-
ments, all of the mercury columns and infl ation bulb and a facility to connect a cuff 
are appropriate to the subject. This will not be a cuff supplied with the test device. 

 For simultaneous same-arm measurements, all of the mercury columns are con-
nected to the device pneumatic system. The cuff used will be the appropriate cuff 
for the subject as supplied with the test device. 

 The system must be closed, and regardless of whether infl ation and defl ation are 
controlled by a bulb or by the test device, the system must be calibrated to test for 
air leaks and for stability.  

    The  Auscultatory System   

 All of the stethoscope headsets must be connected to the one diaphragm. The 
lengths of tubing to each of the observer headsets must be the same. The system 
must be tested to ensure that Korotkov sounds are audible clearly on each headset.  

     Subject Forms   

 For the ESH-IP, supervisors must use the Subject Form as published. A similar form 
should be prepared, containing spaces for all subject details required, including 
observer measurements, for validations carried out according to the AAMI/ANSI/
ISO standard. 

 Observer forms must contain a space for the subject number, spaces for the mea-
surements and possible repeat measurements. For example, for the ESH-IP proto-
col, observers will record measurements A, 1, 3, 5 and 7; for the AAMI/ANSI/ISO 
standard with simultaneous same-arm measurements, observers will record an entry 
measurement and measurements 1, 2 and 3.  
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     Procedure for Each Subject   

 After each observer reading, the supervisor checks the observers’ readings and, if 
they differ by at most 4 mmHg for both SBP and DBP, the supervisor simply states 
“OK” and continues. If not, the supervisor simply states “Repeat measurement n”, 
 n  being the number of the respective measurement. If there are three consecutive 
repeat measurement or mmm repeat measurements on the same subject, the supervi-
sor simply states “OK” but the subject is excluded. 

 When the all measurements have been completed on the subject, the supervisor 
collects the forms and enters the observer measurements on the supervisor form. 
The forms are stapled together, in the order of Supervisor, Observer 1 and Observer 
2. After entry into a computer, they are stored as evidence.    
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      Abbreviations 

   ABPM    Ambulatory blood pressure monitoring   
  ACE    Angiotensin converting enzyme   
  ACEIs    Angiotensin converting enzyme inhibitor medications   
  ACTH    Adrenocorticotropic hormone   
  ANG II    Angiotensin II   
  ANP    Atrial natriuretic peptide   
  ANS    Autonomic nervous system   
  ARBs    Angiotensin receptor blocker medications   
  AT1 receptor    Angiotensin type-1 receptor   
  BP    Blood pressure   
  BTCT    Bedtime chronotherapy: full dose of one or more hypertension 

medications ingested at bedtime   
  CCBs    Calcium-channel blocker medications   
  cGMP    Cyclic guanosine monophosphate   
  CGRP    Calcitonin gene-related peptide   
  Cl    Chloride   
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  CMTT    Conventional morning time therapy: full dose of one or more 
hypertension medications ingested upon morning awakening   

  CO    Cardiac output   
  CRH    Corticotropin-releasing hormone   
  CV    Cardiovascular   
  DBP    Diastolic blood pressure   
  EEG    Electroencephalography   
  ET-1    Endothelin 1   
  FMD    Brachial artery fl ow-mediated endothelium-dependent vasodilatation   
  GFR    Glomerular fi ltration rate   
  h    Hour   
  HOPE    Heart outcomes prevention evaluation trial   
  HPAA    Hypothalamic–pituitary–adrenal axis   
  HPTA    Hypothalamic–pituitary–thyroid axis   
  HR    Hazard ratio   
  ipRGC    Intrinsic photoreceptive retinal ganglion cells   
  K    Potassium   
  MAPEC trial    Monitorización Ambulatoria para Predicción de Eventos 

Cardiovasculares (English: Ambulatory blood pressure monitoring 
for prediction of cardiovascular events)   

  min    Minutes   
  MTCT    Morning-time conventional therapy   
  Na    Sodium   
  NO    Nitric oxide   
  NREM    Non-rapid eye movement sleep   
  PRA    Plasma renin activity   
  RAAS    Renin–angiotensin–aldosterone system   
  REM    Rapid eye movement sleep   
  SBP    Systolic blood pressure   
  SCN    Suprachiasmatic nuclei   
  s    Seconds   
  SNS    Sympathetic nervous system   
  TPR    Vascular total peripheral resistance   
  TRH    Thyrotropin-releasing hormone   
  TSH    Thyroid stimulating hormone   
  Ultradian    Oscillations with period less than 20 h   

          Introduction 

 The  systolic and diastolic blood pressure (SBP/DBP)      24 h pattern typical of diur-
nally active normotensive and uncomplicated hypertensive persons is characterized 
by: (1) striking morning-time BP rise, (2) two daytime peaks—the fi rst 2–3 h after 
awakening and the second early evening, (3) small mid-afternoon nadir, and (4) 
10–20 % decline during sleep relative to the daytime mean, with greater 
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nyctohemeral variation in SBP than DBP [ 1 ]. Such BP temporal variation also is 
substantiated, although often of diminished amplitude, in recumbent normotensive 
and hypertensive individuals [ 2 ,  3 ] and males and females with fi xed heart rate [ 4 ]. 
The importance of cyclic 24 h environmental factors, such as temperature and noise, 
plus behavioral factors, such as food, liquid, salt, and stimulant consumption, pos-
ture, mental stress, and physical activity, is well established [ 5 – 9 ]; nonetheless, 
there is substantial evidence that various biological rhythms also play a critical role 
(Table  6.1 ). This chapter addresses the contribution of innate circadian determinants 

    Table 6.1    Contribution of exogenous environmental 24 h cycles and innate circadian rhythms to 
the typical nyctohemeral blood pressure pattern of most normotensive and uncomplicated 
hypertensive persons   

  Exogenous day – night cycles  
 • Light: bright daytime/dark nighttime 
 • Sound: noisy daytime/quiet nighttime 
 • Posture: erect daytime/supine nighttime 
 • Physical activity and exertion: high daytime/low or nil nighttime 
 • Arousal, mental, and emotional stress: high daytime/nil nighttime 
 • Eating behavior: primarily daytime/none or nil nighttime 
 • Salt and water consumption: primarily daytime/none or nil nighttime 
 • Caffeine and other stimulant consumption: daytime/none or nil nighttime 
  Endogenous circadian rhythms  
 • Plasma melatonin concentration: nil or none daytime/elevated nighttime 
 • SNS a : dominant daytime/suppressed, except during REM sleep, nighttime 
 • Vagal tone: reduced daytime/dominant nighttime 
 •  Plasma active noradrenaline and adrenaline concentration: elevation before morning 

awakening and peaking late morning or afternoon/nighttime trough 
 • Vasoconstriction: predominates daytime/vasodilatation predominates nighttime 
 •  Vascular TPR a : increased markedly on morning awakening/decreased early in nighttime sleep, 

but increased there after during sleep 
 •  α 2  and β 2 -adrengeric receptors: up-regulated morning/normal or down-regulated afternoon and 

nighttime 
 • Barorefl ex response: up-regulated morning/down-regulated nighttime 
 •  HR  a  and CO a : elevated during morning and daytime/reduced during nighttime sleep 
 •  Peripheral capillary and arteriovenous-anastomoses blood fl ow: enhanced before and on 

nighttime sleep onset/reduced on morning-time sleep offset 
 • Plasma cortisol: highest in morning/lowest or nil nighttime 
 •  RAAS a : activated during middle to late nighttime sleep span/down-regulated late evening and 

early sleep 
 •  PRA a  and ACE activity a  and Ang II a , and aldosterone concentration: signifi cantly elevated late 

sleep and morning/reduced evening and early sleep 
 •  GFR a  and NA a , K a , Cl a , and H 2 O a  diuresis: elevated daytime, peaking in afternoon/depressed 

nighttime 
 •  ANP a  and CGRP a  plasma concentrations: highest during nighttime sleep/lowest afternoon or 

early evening 

(continued)
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 • Plasma NO a  concentration: lowest on morning awakening/highest early evening 
 •  Plasma ET-1 a  concentration: fi rst peak on morning awakening and second peak 12 h later/

lowest early evening 
 • BP a  regulating-natriuresis mechanism: down-regulated daytime/up-regulated nighttime 

   a  SNS  sympathetic nervous system,  TPR  total peripheral resistance,  HR  heart rate,  CO  cardiac out-
put,  RAAS  renin–angiotensin–aldosterone system,  ACE  angiotensin converting enzyme,  GFR  glo-
merular fi ltration rate,  ANG II  angiotensin II,  Na  sodium,  K  potassium,  Cl  chloride,  H   2   O water, 
 ANP  atrial natriuretic peptide,  CGRP  calcitonin gene-related peptide,  NO  nitric oxide,  ET-1  endo-
thelin 1,  BP  blood pressure  

Table 6.1 (continued)

to the BP day/night pattern of diurnally active normotensive and uncomplicated 
hypertensive human beings through presentation of a broad array of relevant 
research fi ndings as well as recently completed circadian rhythm-based hypertension- 
treatment outcomes trials.

       Overview of Biological Time-Keeping 

     Master and Peripheral Circadian Clocks      

 Given the subject matter, a brief introduction to the mechanisms of biological 
time- keeping is central to appreciating the materials subsequentially presented. 
Circadian rhythms in pressor and all other biological processes are generated and 
orchestrated by a self-oscillating master brain clock, the  suprachiasmatic nuclei 
(SCN)   of the hypothalamus [ 10 ,  11 ]. The clock mechanism in the SCN and periph-
eral oscillators is similar; it consists of a network of transcriptional–translational 
feedback loops that drive rhythmic, i.e., ∼24 h, expression patterns of the core 
clock components—clock genes such as  Clock ,  Bmal ,  Per , and  Cry —whose pro-
tein products generate and regulate cellular circadian rhythms of all tissues, 
organs, and systems. Because the inherited period of the SCN and peripheral 
oscillators differs somewhat from exactly 24.0 h, external time cues are required 
to synchronize it for effi cient functioning. The primary environmental time cue is 
the 24 h light/day cycle. Environmental time information in the form of the onset 
(sunset) and offset (sunrise) of darkness is sensed by intrinsic non-rod/non-cone 
ganglion cells (ipRGC)    of the retinae and conveyed via the retinohypothalamic 
neural pathway fi rst to the SCN and thereafter via the paraventricular nucleus, 
hindbrain, spinal cord, and superior cervical ganglion pathways to β- and 
α-receptors within the pineal gland to initiate melatonin synthesis [ 12 ]. 
Accordingly, the period of the SCN and subservient peripheral clocks, and the 
circadian rhythms they drive, is synchronized, i.e., set and reset from one day to 
the next, to 24.0 h, and additionally, the phasing (peak and trough) of these 
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circadian oscillators and the rhythms they generate is correctly timed to support 
optimal biological effi ciency during daytime wakefulness and activity and rest 
and repair during nighttime sleep.  

     Pineal Gland and Melatonin      

 The short-half-life molecule melatonin, the so-called hormone of darkness, plays a 
central role in biological time-keeping. Its synthesis and circulation take place only 
during the nighttime dark span; thus, in humans plasma and tissue melatonin concen-
tration peaks during nocturnal sleep, while it is essentially undetectable during the 
daytime [ 12 ]. Normal daytime and artifi cial nighttime light, especially of the blue spec-
trum, inhibits melatonin synthesis. The period and phasing of the melatonin synthesis 
circadian rhythm of the pinealocytes are synchronized to external time by the onset, 
duration, and cessation of environmental darkness, and the circulation of melatonin, in 
turn, synchronizes the period and phasing of the other 24 h bodily rhythms [ 10 ]. 

 The melatonin 24 h rhythm, itself, appears to play a role in the observed BP day/
night variation via its direct effects on the arterial wall [ 13 ], cardiomyocytes [ 14 ], 
barorefl ex set point [ 15 ], and  sympathetic nervous system (SNS)   through modula-
tion in the adrenal medulla of the catecholamine synthesis circadian rhythm [ 16 ]. 
Moreover, bedtime melatonin supplementation reduces human BP, particularly 
sleep-time BP [ 15 ,  17 ]. Such observations are consistent with the contention that the 
BP day/night variation is endogenous in origin, even though it is often masked by 
the more dominant external infl uences [ 18 ], especially those of physical and mental 
activity [ 19 ] as clearly demonstrated by studies of rotating shift workers [ 20 ].   

     Wake/Sleep Circadian Rhythm      

 The wake/sleep cycle, the most evident circadian rhythm of life, is an important endog-
enous determinant of the BP nyctohemeral variation. The wake/sleep cycle, which is 
controlled by a multitude of basic sensory, motor, autonomic, endocrine, and cerebral 
24 h rhythms [ 21 ], derives from the alternating-in-time dominance of mutually inhibi-
tory actions of arousal/activating systems—cholinergic, serotonergic, and histaminer-
gic nuclear groups of the rostral pons, midbrain, and posterior hypothalamus, and 
cholinergic neurons of the basal forebrain—and hypnogenic/deactivating systems—
those of the medial preoptic-anterior hypothalamic region and adjacent basal forebrain, 
medial thalamus, and medulla plus the pineal gland via melatonergic mechanisms. 
Circadian change in  autonomic nervous system (ANS)   tone plays an essential mecha-
nistic role, and it also mediates the impact of the sleep and wake states on cardiac and 
vascular 24 h rhythms [ 22 ]. Melatonin, serotonin, arginine vasopressin, vasoactive 
intestinal peptide, somatotropin, insulin, and steroid hormones and their biologi-
cally active metabolites are associated with nighttime sleep induction, while 
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 corticotropin-releasing hormone (CRH)  ,  adrenocorticotropic hormone (ACTH)  ,  thyro-
tropin-releasing hormone (TRH)  , endogenous opioids, and prostaglandin E 2  are associ-
ated with morning arousal [ 23 ]. The nyctohemeral alteration of these constituents is 
surely refl ected in the phasic oscillations of cardiovascular (CV) function and status. 

 Most biologically active substances, e.g., hormones, peptides, and neurotransmitters, 
among others, exhibit signifi cant circadian variability that is superimposed on feedback 
control systems. Secretion of these substances is typically episodic, i.e., as high fre-
quency pulses, and “gated” by mechanisms directly coupled to sleep or the pacemaker 
SCN clock [ 24 ]. Thus, it is not surprising that BP also exhibits short period (ultradian) 
oscillations in association with sleep staging [ 25 ]. BP is lowest during deepest (stages 
3/4) sleep and highest, although not to the level when fully awake, during less deep 
(stages 1/2 and REM) sleep. Sleep-time BP ultradian oscillations also may be mediated 
through temporal patterns of respiration [ 26 ]. After sleep onset and during light NREM 
sleep, breathing tends to be periodic with only sporadic occurrence of central apneas. 
Oscillations in breathing occur every 20–30 s in association with synchronous fl uctua-
tions in cortical EEG activity, BP, heart rate, and oxygen saturation. During deep NREM 
sleep, breathing is more regular and BP and heart rate decline. During REM sleep, 
breathing and heart rate are more erratic with irregularly expressed central apneas or 
hypopneas lasting 20–30 s that typically coincide with bursts of REM and BP spikes as 
great as 30–40 mmHg, often beyond the threshold of normotension [ 25 ,  26 ]. 

 In part, the BP nocturnal decline is the consequence of blood volume redistribu-
tion associated with the normal late night decrease of core and brain temperature 
that gates sleep onset [ 27 ,  28 ]. The core body temperature circadian rhythm, gov-
erned by the SCN master clock, peaks in the late afternoon/early evening, descends 
slightly ~20:00 h and more markedly ~35 min before sleep onset, attains its nadir 
1–2 h before morning arousal when sleep tends to be deepest, and rises thereafter 
[ 28 ]. The late evening and sleep-time body temperature fall results from activation 
of physiologic heat loss mechanisms mediated by reduced SNS outfl ow, and aug-
mented by recumbency, that increases peripheral vasodilatation by 30–40 % just 
before sleep commences and as much as 80 % during sleep [ 27 ]. This results in 
enhanced capillary blood fl ow to the proximal (trunk and limb) skin and especially 
the arteriovenous-anastomoses of the distal glabrous (hand, fi ngers, feet, toes, ear) 
skin, the latter thought to be mediated, at least in part, by the melatonin circadian 
rhythm [ 27 ,  28 ]. The circadian rhythm-dependent change in peripheral blood fl ow 
plus associated fl uid shift to extracellular compartments result in sleep-time reduc-
tion of plasma volume, as documented in non-human primate studies [ 29 ]. 

 BP rises markedly in the morning upon awakening, although the morning rise 
usually commences beforehand in association with the high prevalence of less deep 
stages and, additionally, the redistribution of blood volume from the distal and 
proximal skin to the central arterial circulation mediated by the SCN-orchestrated 
 circadian rise in core body temperature related to the physiology of morning arousal 
[ 27 ,  28 ,  30 ]. Deep sleep density, which is greatest during the fi rst part of the night, 
is correlated with BP rapid decline. REM sleep and brief episodes of arousal, gener-
ally in response to external stimuli, are more common during the last half of the 
sleep span and trigger spurts of BP elevations. When 24 h-recorded intra-arterial BP 
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data of a large group of normal subjects were individually aligned to the exact time 
of waking, it became evident that the BP morning rise commences some hours 
before the termination of sleep. Thus, it is highly implausible that the BP morning 
rise results from morning arousal, alone [ 31 ].  

     Neural, Neuroendocrine, and Endocrine Systems   

    Autonomic Nervous  System      

 SNS tone dominates during the daytime wake span, while vagal tone dominates during 
the nighttime sleep span [ 32 – 34 ]. Plasma norepinephrine and epinephrine plus urinary 
catecholamine concentrations are greatest during the initial span of diurnal activity, i.e., 
morning to early afternoon, when SBP and DBP attain near peak or peak values and 
lowest during nocturnal sleep when SBP and DBP are least [ 35 ,  36 ]. The temporal 
relationship between the 24 h alteration in plasma dopamine and norepinephrine/epi-
nephrine concentrations is strong, suggesting dopaminergic modulation of the circa-
dian rhythm of SNS activity [ 36 ,  37 ]. In human beings, catecholamine sulfates are 
biologically inactive, and in normotensive recumbent persons the circadian pattern is 
opposite that of biologically active free catecholamines [ 38 ]: plasma noradrenaline and 
adrenaline sulphates rise to peak levels early during the nighttime sleep span, and 
plasma-free noradrenaline and adrenaline rapidly increase before morning awakening. 

 Environmental cycles, especially the one of light and darkness, in conjunction 
with the activity/sleep circadian rhythm, signifi cantly infl uence catecholamine con-
centration [ 39 ]. The day/night change in plasma norepinephrine and metabolite 
3-methoxy-4-hydroxyphenylglycol, but not epinephrine, is strongly affected by 
activity, arousal, posture, and food consumption [ 36 ,  39 ,  40 ]. Nonetheless, noctur-
nal decline in norepinephrine is observed even in sleep-deprived individuals, sug-
gesting the inherent 24 h variation in norepinephrine secretion is controlled by an 
endogenous circadian clock [ 41 ]. 

 The ANS nyctohemeral variation, together with the day-night pattern in physical 
activity, mental and emotional stress, and posture, plays a prominent role in the BP 24 h 
profi le of both normotensive and uncomplicated hypertension [ 4 – 9 ]. In most normoten-
sive subjects the sleep-time heart rate decreases by 18 beats/min, cardiac output by 29 %, 
stroke volume by 7 %, and vascular total peripheral resistance (TPR) although declining 
early in sleep increases by 22 % compared to average daytime values [ 42 ]. Comparable 
changes are observed in uncomplicated essential dipper hypertensive subjects [ 43 ].  

    Renin–Angiotensin–Aldosterone  System      

 The renin–angiotensin–aldosterone system (RAAS) modulates BP through various 
mechanisms—body sodium (Na) and water (H 2 O), SNS, and vasomotor tone bal-
ance. Renal blood fl ow reduction induces renal juxtaglomerular cells to release the 
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enzyme renin. Liver-derived angiotensinogen is converted by renin to angiotensin I, 
which in turn is converted by lung tissue-derived angiotensin-converting (ACE) 
enzyme to angiotensin II (ANG II). ANG II elevates BP by signaling aldosterone 
release from the adrenal cortex, which acts to increase renal Na and H 2 O reabsorp-
tion, stimulate SNS activity, and initiate blood vessel vasoconstriction. 

 Circadian rhythms of prorenin,  plasma renin activity (PRA)   and serum ACE 
activity, plasma ANG II and aldosterone concentration, plus tissue angiotensin type-1 
(AT1) receptor expression contribute strongly to the BP day/night oscillation in both 
normotensive and uncomplicated hypertensive conditions, and for some of the vari-
ables even under conditions of long-term recumbence [ 6 ,  44 – 51 ]. The RAAS acti-
vates during the night, i.e., mid-sleep span, with highest and lowest PRA and ANG II 
concentration found in the morning and late evening, i.e., at the commencement of 
the wake and sleep span, respectively. However, this temporal patterning persists in 
the absence of the wake/sleep cycle, i.e., in sleep-deprived subjects, although gener-
ally with reduced amplitude [ 52 ]. Some investigators have failed to detect PRA cir-
cadian patterning [ 53 – 55 ], fi nding instead an ultradian periodicity of ~100 min 
strongly correlated with sleep staging—PRA declining during REM sleep and peak-
ing during deep and light sleep transitions. SNS and dopaminergic mechanisms 
appear to be important modulators of the PRA, ANG II, and aldosterone circadian 
rhythms [ 56 ]. The PRA circadian rhythm determines the magnitude of response to 
external challenge, explaining why the exercise-induced PRA response is markedly 
greater in the afternoon at 16:00 h than middle of the night at 04:00 h [ 57 ]. Plasma 
aldosterone 24 h variation is predominantly regulated by the ACTH circadian rhythm 
that peaks between the middle and late portion of sleep [ 24 ]; although, during the 
wake span aldosterone is modulated mainly by the renin- angiotensin system [ 58 ]. 

 ACE circadian rhythmicity has been demonstrated in both healthy normotensive 
and uncomplicated essential hypertensive individuals studied under a controlled 
meal-time and activity/rest routine. Two Italian studies [ 48 ,  49 ] reported a late after-
noon rather than the expected morning peak, while a third Japanese study reported 
a late nighttime sleep/early daytime activity peak (06:00–09:00 h) [ 50 ], both in nor-
motensive and essential hypertensive subjects. Inconsistency in the circadian time 
of peak ACE activity between studies could represent differences during the 24 h in 
meal composition and liquid consumption and their timings, subject activity and 
posture patterning, and blood sampling paradigm. Moreover, in the two Italian 
 studies [ 48 ,  49 ], absence of the early morning peak in ACE activity might be indica-
tive of a circadian rhythm of ACE turnover: during sleep when ANG II generation 
is maximum, ACE consumption is maximum, and circulating ACE level is reduced, 
and during the daytime when ANG II generation is minimal, ACE consumption is 
minimal, and circulating ACE level is elevated. Finally, it is of interest that circadian 
rhythmicity in SCN AT1-receptor expression has been demonstrated in laboratory 
animals with peak expression early during the nocturnal activity span and lowest 
expression during the middle to late rest span [ 51 ]. This fi nding implicates central 
clock modulation of the BP 24 h variation [ 51 ] and further suggests the possibility 
of AT1-expression circadian rhythmicity in other tissues.  
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     Hypothalamic–Pituitary–Adrenal Axis      

 Adrenocortical hormones, in general, mediate electrolyte, extracellular fl uid, and 
plasma volume balance through effects on epithelial, smooth muscle, and cardiac 
cells [ 59 ]. They and their active metabolites also modulate energy and other 
 processes of adipose, liver, kidney, and vascular tissue; they also play a role in ath-
erogenesis, vascular homeostasis, and vascular remodeling following intra-vascular 
injury or ischemia [ 60 ,  61 ]. Additionally, they are involved in the elevated vascular 
risk induced by long-term stress [ 62 ]. Several studies suggest the late sleep/morning- 
time marked rise in glucocorticoids may up-regulate at the commencement of the 
diurnal activity span both α 2  and β 2 -adrenergic receptor expression in heart, blood 
vessel, and other tissues, which may explain the greater morning-time effects of 
certain adrenergic agonist and antagonist agents as well as marked SNS-driven 
increase in morning heart rate and BP [ 63 – 65 ]. 

 The master SCN oscillator drives the ACTH circadian rhythm, and this along 
with circadian SCN-mediated SNS activity gives rise to cortisol 24 h periodicity 
[ 24 ]; plasma ACTH concentration peaks during the latter span of sleep, and cortisol 
adrenocortical synthesis and circulation is highest just prior to or upon waking and 
lowest early during sleep [ 24 ]. The sensitivity of the adrenal cortex to both endog-
enously produced and exogenously administered ACTH, itself, is circadian-time 
dependent [ 24 ], explaining in part the enhanced secretion of cortisol in response to 
stressful stimuli in the morning [ 66 ]. The ACTH and ACTH-dependent 24 h oscil-
lation of cortisol contributes to the nyctohemeral variation in cardiac output and 
SBP, but without effect upon blood vessel peripheral resistance [ 59 ,  67 ]. The BP 
24 h pattern is disrupted, especially BP sleep-time decline, in Cushing’s syndrome 
and also Addison’s disease, in which the adrenocortical-derived circadian rhythms 
of cortisol and aldosterone are abnormal or absent, thereby implicating the signifi -
cance of hypothalamic–pituitary–adrenal axis (HPAA) periodicity in the BP day/
night variation under normal conditions [ 56 ,  68 ].  

    Hypothalamic–Pituitary–Thyroid  Axis      

 Plasma  thyroid stimulation hormone (TSH)   concentration exhibits circadian varia-
tion, rising during the afternoon and peaking after midnight [ 24 ]. The hypothalamic–
pituitary-thyroid axis (HPTA) exerts effects on the CV system at multiple levels, 
including direct positive inotropic and cronotropic actions on the myocardium plus 
stimulation of tissue metabolic rate and positive modulation of the agonistic sensi-
tivity of heart tissue ß-adrenergic receptors [ 69 ]. Surprisingly, there have been few 
studies of the exact role of the HPTA nyctohemeral cycle on BP day/night variation. 
Evidence of its effects is based on clinical observations of persons with abnormal 
thyroid states—increased vascular resistance, often depressed systolic function, left 
ventricular diastolic dysfunction at rest, systolic and diastolic dysfunction on effort, 
endothelial dysfunction, arterial wall thickness, atherosclerotic injury [ 69 – 71 ], plus 
altered BP regulation and 24 h non-dipping patterning [ 72 ].   
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    Opioid, Vasoactive peptide, and Endothelial Factors 

     Opioid Factors   

 Various opioid peptides and receptors are present in the central nervous system and 
peripheral neural elements, some of which exert CV system effects. In normoten-
sive and spontaneously hypertensive rats, both free and cryptic metenkephalin heart 
tissue concentration exhibits circadian rhythmicity [ 73 ]. In humans, plasma 
ß-endorphins (but not metenkephalin) also are circadian rhythmic [ 74 ], as is the 
binding of ligand to opiate receptors [ 75 ]. Involvement of both the sympathetic and 
parasympathetic nervous systems in the actions of these peptides on CV function is 
established; although little is known to date about underlying mechanisms in 
humans. In man, endogenous opioids modulate central nervous system BP control, 
particularly its nocturnal decline [ 76 ]. ∂-Opioid receptors, in particular, are sus-
pected of playing a role in BP nocturnal  decline   through suppression of the SNS and 
HPAA [ 77 ,  78 ] and the phase (peak and trough) relationships of the respective cir-
cadian rhythms.  

     Vasoactive Peptide Elements   

 Both  atrial natriuretic peptide (ANP)   and  calcitonin gene-related peptide (CGRP)   
are circadian rhythmic [ 79 ,  80 ], and both exert regulatory control of the 24 h BP 
pattern. ANP, a 28 amino acid polypeptide, suppresses PRA, ANG II, aldosterone, 
and catecholamine concentrations; increases Na excretion and plasma and urinary 
cGMP levels; and shifts the renal pressure-natriuresis mechanism so Na balance 
during sleep can take place at lower arterial pressures. ANP is principally involved 
in short-term electrolyte balance and BP control, while the RAAS primarily exerts 
long-term BP control [ 81 ]. Thus, ANP acts to reduce vascular TPR and as a conse-
quence arterial BP. Peak ANP concentration occurs between 23:00 and 04:00 h and 
coincides approximately with the nadir of the PRA and aldosterone circadian 
rhythms of diurnally active normotensive and essential hypertensive persons, with 
the ANP peak-to-trough 24 h variation that is independent of posture amounting to 
~10 pmol/L [ 79 ,  81 ,  82 ]. Blunting of the nocturnal BP decline, e.g., in chronic renal 
and congestive heart failure patients, is paralleled by concomitant alteration of the 
ANP circadian rhythm, both before and after treatment [ 83 – 85 ]. 

 CGRP is a 37 amino-acid peptide involved in various metabolic and behavioral 
functions [ 86 ]. CGRP-containing fi bers exist throughout the CV system, particularly 
within the coronary arteries, sinoatrial and atrioventricular nodes, and papillary heart 
muscle fi bers [ 87 ]. CGRP blood levels are most likely  representative   of peptide spill-
over from nerve terminals that promote vasodilatation. A circadian rhythm in plasma 
CGRP has been demonstrated in both normotension and uncomplicated hypertension 
[ 80 ,  88 ,  89 ]. The RAAS modulates plasma CGRP secretion, either directly through 
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vasopressor effect on peripheral blood vessels or indirectly through neurohumoral 
mechanisms that modulate vascular tone and thus BP [ 90 – 92 ]. Intravenous CGRP infu-
sion in pharmacological doses decreases mean BP and increases heart rate in humans 
[ 93 ,  94 ]. CGRP also plays a role in response to postural and vasomotor changes; plasma 
CGRP levels rapidly rise, as do those of norepinephrine and aldosterone, in healthy 
subjects after assuming an upright position or following low-dose ANG II infusion [ 91 ].  

     Endothelial Factors   

 Circadian rhythms of the endothelial vasodilator and vasoconstrictor factors of nitric 
oxide (NO) and endothelin 1 (ET-1) modulate vascular tone and BP. In diurnally 
active healthy individuals, vasodilator NO concentration is lowest around the transi-
tion between the sleep and wake span and highest 12 h later [ 95 – 97 ]. Accordingly, 
brachial artery fl ow-mediated endothelium-dependent vasodilatation (FMD) is least 
in the early morning and most elevated in the late afternoon and evening. The FMD 
circadian rhythm is substantiated in both men and pre- menopausal women, although 
based on the results of a single investigation not in menopausal women [ 98 ]. The 
vasoconstrictor ET-1 exhibits 12 h variability, with two peaks of equal magnitude, 
one in the morning at the beginning of the wake span and the other early evening [ 97 ].   

     Renal Hemodynamics   

 Circadian rhythms with afternoon to early evening peak times of renal blood fl ow, 
glomerular fi ltration rate (GFR), urine volume, and urinary excretions of Na, potas-
sium (K), and chloride (Cl) are well-known and persist independent of meal timings, 
activity level, sleep, and posture [ 99 ,  100 ]. Renal blood fl ow, vascular resistance, and 
GFR decline at night, although the decrease of urine fl ow observed in non-elderly 
persons is much more pronounced than expected, suggesting circadian rhythmicity 
with nighttime peak of tubular reabsorption perhaps mediated by intrarenal ANG II 
and also vasopressin, whose circadian rhythm also peaks during sleep [ 101 – 103 ]. 
Signifi cant correlation is detectable at night between BP and Na and K excretion 
when the balance between Na-retaining and Na-sparing mechanisms favors natriure-
sis. However, the correlation is masked during waking by dominating Na-retaining 
factors [ 100 ]. The circadian rhythm of renal Na and K handling appears to be driven 
by the circadian rhythm of aldosterone. Dopamine and the renal kallikrein–kinin 
system also play a role in the daily variation of H 2 O and Na handling, as suggested 
by the close timing of the peak and trough among the circadian rhythms of urinary 
dopamine, Na, kinin, kallikrein, and H 2 O excretion [ 104 ,  105 ]. The circadian rhythm 
of ANP that peaks early during sleep also modulates the urinary Na excretion 24 h 
rhythm [ 106 ]. Urinary excretion of kinin, kallikrein, and prostaglandin E is circadian 
rhythmic, being highest in the afternoon and lowest overnight, both in recumbent and 
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non- recumbent healthy volunteers [ 105 ,  107 ]. The day/night alteration of urinary 
kallikrein and plasma aldosterone concentration is strongly and positively correlated, 
suggesting the circadian rhythm of aldosterone drives the circadian rhythm of urinary 
kallikrein excretion.  

    Circadian BP Profi le of Different Hypertensive  Conditions   

 Pathologic and other disturbances of the ANS, renal hemodynamics, and vasoactive 
neurohumoral, peptide, opioid, and endothelial circadian rhythms that play a role in the 
regulation of blood volume and central and peripheral vascular tone are clearly involved 
in the genesis of altered BP 24 h patterning. As reviewed elsewhere [ 23 ], attenuated or 
reversed nocturnal decline in BP is common in many medical conditions, for example: 
orthostatic autonomic failure,  Shy–Drager syndrome  , vascular and  Alzheimer-type 
dementia  , cerebral atrophy, CV disease, ischemic arterial disease after carotid endarter-
ectomy,  neurogenic hypertension  ,  fatal familial insomnia  , diabetes,  catecholamine-pro-
ducing tumors  , exogenous glucocorticoid administration,  Cushing’s   and  mineral 
corticoid excess syndromes  ,  Addison’s disease  , pseudohypoparathyroidism,  sleep 
apnea  ,  normotensive and hypertensive asthma  , chronic renal failure, severe hyperten-
sion,  Na-sensitive essential hypertension  , gestational hypertension,  toxemia of preg-
nancy  , essential hypertension with left ventricular hypertrophy, renal, liver, and cardiac 
transplantation related to immunosuppressive medication, congestive heart failure, and 
recombinant human erythropoietin therapy. Absence of the normal nocturnal BP decline 
appears to carry a higher CV and cerebral risk by prolonging the time beyond diurnal 
waking when the elevated BP load is exerted on target tissues and organs; the average 
nighttime BP level and magnitude of the nocturnal BP fall are signifi cantly correlated 
with target organ—cardiac, cerebral, and renal—tissue damage [ 23 ].  

    Evidence of BP Circadian Rhythm Endogenousity: 
Hypertension Medication Trials 

     Bedtime vs. Morning-Time Hypertension Therapy  : Differential 
Effects on Asleep and Awake BP and BP Dipping 

 The peak time of the individual nervous system, endocrine, endothelial, peptide, 
renal hemodynamic, and other circadian rhythm determinants of the nyctohemeral 
BP pattern typical of most normotensive and uncomplicated essential hypertensive 
persons occurs between the last hours of nighttime sleep and initial hours of day-
time wakefulness. Clinical trials (Table  6.2 ) clearly document the BP-lowering 
effects of conventional long-acting hypertension medications vary, often exten-
sively, according to treatment time [ 108 ]. When such medications, especially those 
that directly or indirectly modulate the SNS and RAAS or their vasomotor effects, 
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i.e.,  angiotensin converting enzyme inhibitors (ACEIs)  ,  angiotensin receptor block-
ers (ARBs)  ,  calcium-channel blockers (CCBs)  , α-blockers, and ß-blockers, are 
ingested alone or in combination at bedtime rather than morning, reduction of the 
asleep SBP and DBP means is vastly enhanced as is the sleep-time relative BP 
decline, thereby greatly improving the BP 24 h profi le toward normal. Such fi ndings 
indicate features of the innate pressor-affecting circadian rhythms are of greater 
importance than previous appreciated as determinants of the BP 24 h pattern and, 
therefore, management of hypertension.

       Bedtime vs. Morning-Time Hypertension Medication Outcomes 
 Tri  als: Differential Reduction of Vascular Risk 

 Several investigations, among them the HOPE [ 109 ,  110 ] and MAPEC [ 111 ] trials, 
have found a bedtime treatment strategy entailing the full daily dose of one or more 
conventional long- acting hypertension medications affords better 24 h BP control 
and greater protection against nonfatal and fatal stroke, cardiac, and other CV inci-
dents of hypertensive persons than the traditional morning-time strategy. 

 The MAPEC study constitutes the fi rst prospective trial expressly designed and 
conducted to completion to test the hypothesis that so-called bedtime chronother-
apy ( BTCT  : full dose at bedtime of one or more hypertension medications) exerts 
better 24 h BP control and vascular risk reduction than  conventional morning time 
therapy (CMTT)   [ 111 ]. A total of 3344 regular clinical patients with baseline SBP 
and DBP, according to  ambulatory BP monitoring (ABPM)   threshold criteria, rang-
ing from normotension to sustained hypertension, were randomized to CMTT or 
BTCT and followed for a median duration of 5.6 years. At baseline and at least 
annually thereafter, ambulatory BP and physical activity (wrist actigraphy) were 
assessed simultaneously for 48 h to accurately derive the awake and asleep SBP and 
DBP means. As expected (Table  6.2 ) patients randomized to BTCT, in comparison 
to ones randomized to CMTT, exhibited signifi cantly lower mean asleep BP, greater 
sleep-time relative BP decline, lesser prevalence of non-dipping (34 % vs. 62 %; 
 P  < .001), and higher prevalence of controlled ambulatory BP (62 % vs. 53 %, 
 P  < .001) [ 112 ]. Even more important, BTCT, relative to CMTT, better reduced vas-
cular risk—both total CV and major CV events (composite of CV deaths, myocar-
dial infarctions, and ischemic and hemorrhagic strokes), the respective adjusted 
statistically signifi cant ( P  < .001) hazard ratio (HR) being .39 (.29–.51) and .33 
(.19–.55) [ 112 ]. The greater incidence of CV events of those randomized to CMTT 
was independent of the class of BP-lowering single or multiple therapies prescribed. 
On the other hand, maximum reduction of CV events was attained by the BTCT, 
relative to CMTT, when it consisted of or included an ARB (HR = .29 [.17–.51]; 
 P  < .001) or CCB (HR = .46 [.31–.69];  P  < .001), and lowest HR of CV events was 
achieved with a BTCT that entailed an ARB, alone or in combination with other 
classes of hypertension medications [ 113 ]. Another notable fi nding of the MAPEC 
study [ 114 ], and recently verifi ed by a meta-analysis of 9 different cohorts [ 115 ], is 
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that the ABPM- derived asleep SBP mean, relative to all the other characteristics 
and parameters of the BP 24 h profi le, most strongly predicts CV risk. Analyses of 
changes in ambulatory BP that was assessed at least annually during the 5.6-year 
median follow-up of the MAPEC trial revealed a 17 % reduction in CV risk per 
each 5-mmHg decrease in the asleep SBP mean ( P  < 0.001), by far best achieved 
with the BTCT approach, independent of change in any other ambulatory BP 
parameter [ 114 ]. The fi ndings were similar also for the higher vascular risk patients, 
mostly non-dipper, chronic kidney disease [ 116 ], type 2 diabetes [ 117 ], and resis-
tant hypertensive [ 118 ] cohorts. It is hypothesized that the pharmacokinetic and 
pharmacodynamic behavior of conventionally formulated hypertension medica-
tions when ingested at bedtime, as opposed to morning, better aligns with the circa-
dian stage of elevated activity of the ANS, endocrine, endothelial, renal 
hemodynamic, and other circadian rhythm determinants of the nyctohemeral BP 
pattern and, assumedly, vascular risk, particularly when BP is abnormal during 
sleep. The fi ndings of the MAPEC trial showing greatly reduced vascular risk when 
hypertension medications are optimally timed to the BP circadian determinants 
have been recently substantiated by a meta-analysis of data of all evening and bed-
time treatment outcome trials thus far reported [ 119 ,  120 ].   

    Mechanisms Underlying the Advantage of Bedtime 
 Chronotherapy   

 A possible unitary explanation of the ingestion-time differences in effects upon the 
BP 24 h pattern may entail the classical pressure-natriuresis mechanism [ 121 ]. 
Under usual circumstances, BP is normally lowest at night as is Na excretion. 
However, in acute and chronic situations when Na intake is excessive or its daytime 
excretion hampered, BP is adjusted by the pressure-natriuresis mechanism during 
nighttime sleep to an elevated level as a compensatory response, thereby resulting 
in abnormal non-dipping 24 h patterning [ 122 ]. This is the reason why Na-sensitive 
hypertensives—patients prone to retain Na to such a degree that BP is signifi cantly 
increased—tend to be non-dippers. The pressure-natriuresis mechanism and rela-
tionship are modulated during the daytime by upright posture and activity, such that 
it is mainly during the nighttime when Na sensitivity, which is present to varying 
extent among individuals, most strongly exerts its corrective effects, thus inducing 
the non-dipping BP patterning. Hence, BP regulation is not constant throughout day 
and night; on the contrary, it is modulated not only according to the staging of 
numerous circadian factors and different pathophysiological conditions, but the 
pharmacological properties of prescribed hypertension medications and circadian 
time of their ingestion [ 123 ]. A modifi cation as simple and inexpensive as switching 
the ingestion time from morning to evening or bedtime (in diurnally active patients) 
of one or more hypertension medications may be the only action necessary to 
achieve proper control of nighttime SBP and DBP, the functional effect being 
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exactly as dietary K supplementation and/or NA restriction, which are known to 
restore normal dipping [ 6 ,  122 ]. This simple treatment intervention could enhance 
the effect of therapy not only on sleep-time BP, but also on wake-time BP once an 
effi cient nocturnal excretion of Na is achieved. As a result, the entire circadian BP 
pattern may be reset to a lower mean level and to a “more normal” day-night varia-
tion, simply because natriuresis is enhanced more during the night—the time-of-
day for diurnally active persons when it can be most effi cient. As discussed in this 
review, circadian Na excretion patterns also involve multiple, mainly neurohumoral, 
control mechanisms, such that sleep-time Na retention may entail different underly-
ing pathophysiologic mechanisms. Nonetheless, the pressure-natriuresis mecha-
nism ultimately dominates, due to its infi nite gain [ 121 ]. Based on the 
pressure- natriuresis circadian variation, it is possible to explain the remodeling of 
the BP 24 h pattern of hypertensive patients of differing etiopathophysiologies 
through the proper administration time of BP-lowering medications.  

    Discussion and Conclusion 

 Day/night environmental cycles of temperature and noise; nyctohemeral behav-
ioral patterns of food, liquid, and stimulant consumption, posture, mental stress, 
and physical activity; and innate circadian rhythms in wakefulness/sleep and auto-
nomic nervous, renin-angiotensin-aldosterone, hypothalamic-pituitary- adrenal, 
renal hemodynamic, vasoactive peptide, endothelial, and opioid systems are key 
determinants of the BP 24 h pattern. The current perspective is external environ-
mental and behavioral infl uences are mostly, if not entirely, responsible for the 
observed BP 24 h variation of most normotensive and uncomplicated hypertensive 
persons; nonetheless, as shown here it has a clear genetic basis as substantiated by 
the large number of determinant endogenous circadian periodicities (Table  6.1 ) that 
are orchestrated by the master SCN and peripheral biological time-keeping system. 
Moreover, that the BP day/night pattern is remodeled with loss of its nocturnal 
decline in a variety of pathological conditions in which sleep and activity show 
minor or no alteration constitutes additional evidence of its inherent endogenous-
ity. Finally, studies comparing the BP-lowering and vascular risk sparing effects of 
BTCT, which entails the ingestion of the full daily dose of one or more conventional 
long-acting medication(s) approximately 4–8 h prior to the peak time of the SNS, 
RAAS, and many of the other identifi ed key circadian determinants of the BP 24 h 
profi le, vs. CMTT, which entails the ingestion of medication(s) at or just after the 
peak time of these determinants, indicate the endogenous circadian components are 
of much greater importance than previously appreciated. These and other circadian 
rhythm fi ndings constitute the rationale for the recently proposed guideline recom-
mendations for the management of adult hypertensive patients, including the clini-
cal application of ABPM to diagnose abnormal daytime and sleep-time BP, estimate 
CV risk, and assess attainment of therapeutic goals [ 124 ].   
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Chapter 7
Blood Pressure Variability as Elusive 
Harbinger of Adverse Health Outcomes

Kei Asayama, Fang-Fei Wei, Azusa Hara, Tine W. Hansen,  
Yan Li, and Jan A. Staessen

 Introduction

Blood pressure variability includes short-term, circadian, and long-term  components. 
Assessment of blood pressure variability requires multiple readings obtained within 
a single or several visits, by conventional office, home or 24-h ambulatory blood 
pressure monitoring, or by beat-to-beat recordings. Factors that impact visit-to- visit 

K. Asayama, M.D., Ph.D. 
Studies Coordinating Centre, Research Unit Hypertension and Cardiovascular Epidemiology, 
KU Leuven Department of Cardiovascular Sciences, University of Leuven,  
Kapucijnenvoer 35, Box 7001, Leuven 3000, Belgium

Department of Planning for Drug Development and Clinical Evaluation, Tohoku University 
Graduate School of Pharmaceutical Sciences, Sendai, Japan 

Department of Hygiene and Public Health, Teikyo University School of Medicine,  
Tokyo, Japan 

F.-F. Wei, M.D. 
Studies Coordinating Centre, Research Unit Hypertension and Cardiovascular Epidemiology, 
KU Leuven Department of Cardiovascular Sciences, University of Leuven,  
Kapucijnenvoer 35, Box 7001, Leuven 3000, Belgium 

Center for Epidemiological Studies and Clinical Trials and Center for Vascular Evaluations, 
Shanghai Institute of Hypertension, Shanghai Key Laboratory of Hypertension, Ruijin 
Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China 

A. Hara, Ph.D. 
Studies Coordinating Centre, Research Unit Hypertension and Cardiovascular Epidemiology, 
KU Leuven Department of Cardiovascular Sciences, University of Leuven,  
Kapucijnenvoer 35, Box 7001, Leuven 3000, Belgium 

T.W. Hansen, M.D., Ph.D. 
The Steno Diabetes Center, Gentofte and Research Center for Prevention and Health, 
Copenhagen, Denmark 



130

and diurnal blood pressure variability include ethnicity [1], sex [2, 3], age [2, 3], 
hypertension [3], body mass index [2, 3], use of β-blockers [3, 4], a history of car-
diovascular disease [2, 5], renal dysfunction [5], diabetes mellitus [2], a sedentary 
lifestyle [5], and socioeconomic position [6].

Current indexes of blood pressure variability raise methodological issues related 
to their poor reproducibility, their interdependence, and their association with the 
level of blood pressure. Besides methodological problems, the prognostic signifi-
cance of blood pressure variability remains controversial. Some studies reported 
associations among end-organ damage [7–9], cardiovascular events [4, 10–15], or 
mortality [5] with blood pressure variability, whereas others failed to find any asso-
ciation or found variability to be inferior to the level of blood pressure [3, 16, 17]. 
Several publications proposing that the magnitude of the morning blood pressure 
surge predicted stroke [18], in particular cerebral hemorrhage [19], or  cardiovascular 
endpoints [20] remained unconfirmed in recently published large-scale  observational 
studies [21–23].

 Methodological Issues

 Association Between Level and Variability of Blood Pressure

A major problem in many reports is that they assessed target organ damage or the 
incidence of events as a function of blood pressure variability indexes that are highly 
dependent on blood pressure level. In the early 1970s, Clement and coworkers 
assessed blood pressure variability from the standard deviation (SD) and the coef-
ficient of variation (CV) of blood pressure measurements obtained every 5 min for 
3 h in 70 untreated hypertensive patients [24]. Sympathetic activity correlated with 
the level and standard deviation (SD) of blood pressure, but not with the coefficient 
of variability (CV), a measure of variability that is less dependent on level than the 
SD [24]. In the 1980s, Mancia and coworker analyzed 24-h continuous intra-arterial 
recordings and showed that SD correlated positively with blood pressure level and 
fell with antihypertensive drug treatment, whereas CV was independent of level 
irrespective of drug intervention [25]. Notwithstanding these initial findings, the 
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same group used SD rather than CV to estimate the association of blood pressure 
variability and target organ damage on the incidence of cardiovascular  complications 
[26, 27], and many investigators continue using the SD as the index of blood 
 pressure variability.

Other measures of variability, such as weighted SD [28], the difference between 
the maximum minus minimum blood pressure level (MMD), and average real 
 variability (ARV) [29], also remain highly dependent on blood pressure level. The 
weighted SD is the mean of day and night SD values weighted for the number of 
hours covered by these two periods during ambulatory monitoring. ARV is 
 calculated using the following formula:
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where n is the number of blood pressure readings, k ranges from 1 to n−1, and wk is 
the time interval between BPk and BPk + 1. ARV therefore accounts for the order of the 
measurements and weighs each value according to the measurement interval (Fig. 7.1).

More recently, Rothwell and colleagues proposed blood pressure variability 
independent of the mean (VIM) as a new index [4, 11]. VIM [4, 11] is the within- 
subject SD divided by the within-subject mean blood pressure level to the power x 
and multiplied by the population mean blood pressure level to the power x. The 
power x is obtained by fitting a curve through a plot of SD against mean blood 
 pressure level, using the model SD = a × meanx, where x is derived by nonlinear 
regression. The correlation of VIM with the other indexes of blood pressure 
 variability is high [30], but VIM does not correlate with the blood pressure level 
[4, 11]. VIM therefore allows assessing association of outcome with blood pressure 
variability with little confounding by blood pressure level [4, 11]. Meanwhile, VIM 
is tied to the population being examined and cannot be compared across the 
 population because VIM is derived from the distribution of the blood pressure 
 values in each population.
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Fig. 7.1 Derivation of the ARV from blood pressure recordings. The ARV averages the absolute 
differences between consecutive readings and thereby accounts for the order of the blood pressure 
readings. For distinct blood pressure signals, SD can be the same, whereas ARV is not. ARV 
denotes average real variability. Reproduced with permission from Hansen TW et al. [17]

7 Blood Pressure Variability as Elusive Harbinger...



132

 Inconsistent Definitions and Poor Reproducibility  
of Variability Indexes

The morning surge in blood pressure is a good example to highlight how  inconsistent 
definitions and poor reproducibility limit the clinical applicability of indexes of 
blood pressure variability. In 2003, Kario and colleagues introduced two definitions 
of the morning surge in blood pressure [18]. The sleep-trough morning surge is the 
difference between the morning pressure (the average blood pressure during the 2 h 
after awaking) and the lowest night-time blood pressure (the average of the lowest 
pressure and the readings immediately preceding and following the lowest value). 
The pre-awaking morning surge is the difference between the morning blood 
 pressure (the average blood pressure during the 2 h after waking up) and the 
 pre- awakening blood pressure (the average blood pressure during the 2 h before 
waking up). Other investigators redefined the pre-awakening morning surge as the 
blood pressure differences over 1-h intervals prior and after awakening or as the 
blood pressure difference between all readings during sleep and those obtained over 
2 h after awakening [31]. Several investigators reported that an exaggerated  morning 
surge predicted outcome [18–20]. However, using a variety of definitions of a single 
index of blood pressure variability induces confusion and raises the suspicion that 
definitions were revised to serve the hypothesis to be proven.

In 2008, Wizner and colleagues analyzed the substudy [32] on ambulatory blood 
pressure monitoring to the Systolic Hypertension in Europe (Syst-Eur) trial [33]. 
Patients underwent 24-h ambulatory blood pressure monitoring twice before 
 randomization at a 1-month interval and once in 10 months after randomization to 
double-blind placebo [32]. In 173 patients with repeat recordings within 33 days 
(median), the short-term repeatability coefficients, expressed as percentages of 
maximal variation, ranged from 35 to 41 % for the day-time and night-time blood 
pressure, but from 52 to 75 % for the sleep-trough and the pre-awakening morning 
surge, higher values represent worse reproducibility. In 219 patients with repeat 
recordings within 10 months (median), the corresponding long-term estimates 
ranged from 45 % to 64 % and from 76 % to 83 %, respectively. In categorical 
analyses of the short-term repeatability of the sleep-trough morning surge and the 
pre-awakening morning surge, using the 75th percentile as arbitrary cut-off, surging 
status changed in 28.0 % and 26.8 % of patients (κ-statistic, ≤0.33). In the  long- term, 
these proportions were 32.0 % and 32.0 %, respectively (κ-statistic, ≤0.20). The 
κ-statistic indicating moderate reproducibility is 0.4. Stergiou and associates 
 confirmed the poor intra-individual reproducibility of the blood pressure surge in 
the morning after sleep and in the evening after siesta [31]. Using the four defini-
tions described above [18, 31], the κ-statistics were consistently less than 0.20 [31].

The poor reproducibility of the morning surge and per extension blood pressure 
variability in general can be ascribed to several factors. Within individuals, blood 
pressure levels differ between rapid-eye-movement (REM) sleep and non-REM 
sleep. REM sleep is accompanied by neural sympathetic and  electroencephalographic 
activity similar to that when awake, with distinct cardiovascular effects. In contrast, 
non-REM sleep is characterized by a suppression in neural sympathetic activity, 
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resulting in a decrease in blood pressure [34]. Ambient temperature and season 
influence blood pressure levels during sleep and day-time. Cold conditions result in 
higher surges in the morning blood pressure, later sleep stage transition, and delayed 
sympathetic activation [35]. The position of the cuff relative to the heart level 
 introduces variability, in particular during sleep, when subjects cannot consciously 
control body position. Methods of awakening, such as using an alarm clock or 
 natural awakening, affect blood pressure rising at awakening. For patients on 
 antihypertensive drugs, the times of dosing (e.g., morning vs. evening) and the 
 duration of action of the drugs administered influence blood pressure level and the 
diurnal blood pressure variability, including the magnitude of the morning surge.

 Recent Evidence on Blood Pressure Variability

 Morning Blood Pressure Surge

Kario and coworkers studied stroke prognosis in 519 patients with hypertension on 
office measurement (63.6 % women; mean age, 72.5 years) [18]. They assessed 
silent cerebral infarction by magnetic resonance imaging. For analysis, patients 
were dichotomized according to the 90th percentile of the sleep-trough distribution 
(≥55 mmHg). During an average follow-up of 41 months (range, 1–68 months), 44 
patients experienced a stroke, of whom two had a silent stroke. The 53 patients in 
the top tenth of the sleep-trough morning surge distribution, compared with the 466 
remaining patients, had a higher baseline prevalence of multiple infarcts (57 % vs. 
33 %; P = 0.001) and a higher stroke incidence (19 % vs. 7.3 %, P = 0.004) than the 
466 remaining patients [18]. The top-ten patients were also older (77 vs. 72 years), 
had higher office (171 vs. 163 mmHg) and 24-h (143 vs. 138 mmHg) systolic blood 
pressures, and were followed for a longer period (41 vs. 37 months) [18]. Because 
of these disparities, 46 patients with exaggerated morning surge were matched with 
145 control patients for age and 24-h systolic blood pressure. After matching, the 
relative risk of stroke in the morning surge compared with the control group was 
2.71 (95 % confidence interval [CI], 1.05–7.21; P = 0.047) [18].

Studies published shortly after this seminal report [18] were not confirmatory 
[19, 20]. Among 1430 Japanese recruited in the framework of the Ohasama 
 population study, the pre-awakening morning surge in systolic blood pressure 
 marginally predicted cerebral hemorrhage (hazard ratio [HR] per 1−SD increase 
[+13.8 mmHg], 1.34; CI, 0.95–1.89), whereas the prognostic value for ischemic 
stroke was far from significant (HR, 0.97; CI, 0.79–1.19). Gosse and colleagues 
[20] recorded 31 cardiovascular events among 507 White hypertensive patients with 
a mean follow-up of 92 months [20]. With adjustments applied for age and 24-h 
systolic blood pressure, the risk of cardiovascular events was not associated with the 
pre-awakening systolic blood pressure, calculated as the difference of the first 
 systolic blood  pressure after standing up minus the last supine systolic blood 
 pressure at  awakening. For each 1-mm Hg increase, the estimate of relative risk 
amounted to 3.3 % (95 % CI, 0.8–5.8 %) [20].
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Verdecchia and colleagues [22] investigated the relation between the day–night 
blood pressure dip and the early morning surge in a cohort of 3012 initially untreated 
subjects with essential hypertension [22]. The day-to-night reduction in systolic 
blood pressure showed a direct association (P < 0.0001) with the sleep-trough 
(r = 0.56) and the pre-awakening (r = 0.55) morning surge in systolic blood pressure 
[22]. Over a mean follow-up period of 8.4 years, 220 patients died and 268 
 experienced a cardiovascular event. A blunted sleep-trough (≤19.5 mmHg; the 
 lowest quartile) and pre-awakening (≤9.5 mmHg) blood pressure surge were both 
associated with an excess risk of events (HRs, 1.66 [CI, 1.14–2.42] and 1.71 [CI, 
1.12–2.71],  respectively). However, neither patients with a high sleep-trough 
(>36.0 mmHg; the highest quartile) nor those with a high pre-awakening 
(>27.5 mmHg) systolic blood pressure had an increased risk of death or a 
 cardiovascular complication.

Li and colleagues analyzed the International Database on Ambulatory blood 
pressure monitoring in relation to Cardiovascular Outcomes (IDACO) [21]. 
This resource included 12 randomly recruited population cohorts with  follow-up 
of both fatal and nonfatal outcomes [21]. During a median follow-up of 
11.4 years, 785 deaths and 611 fatal and nonfatal cardiovascular events occurred 
in 5645 IDACO participants (mean age, 53.0 years; 54.0 % women) [21]. While 
accounting for covariables and the night-to-day ratio of systolic blood pressure, 
the HR expressing the risk of all-cause mortality in the top tenth of the 
 sleep-trough morning surge distribution (≥37.0 mmHg) compared with the 
remainder of the study population was 1.32 (CI, 1.09–1.59; Fig. 7.2). For car-
diovascular and noncardiovascular  mortality, the corresponding HRs were 1.18 
(CI, 0.87–1.61) and 1.42 (CI, 1.11–1.80), respectively; for all cardiovascular, 
cardiac, coronary, and cerebrovascular events, the HRs amounted to 1.30 (CI, 
1.06–1.60; Fig. 7.2), 1.52 (CI, 1.15–2.00), 1.45 (CI, 1.04–2.03), and 0.95 (CI, 
0.68–1.32), respectively. Analyses of the risk associated with the top tenth of 
the distribution of the pre-awakening systolic morning surge (≥28.0 mmHg) 
generated similar results (Fig. 7.2). Furthermore, the risk of death or a major 
cardiovascular event in the 50th percentile group of the sleep-trough morning 
surge was over 35 % lower (P < 0.01; Fig. 7.2) than the average risk in the 
whole study population [21].

In the Pressioni Arteriose Monitorate E Loro Associazioni (PAMELA) study, 
Bombelli and colleagues [23] analyzed ambulatory blood pressure data of 2011 
people. Cardiovascular mortality showed a positive relation with the sleep-trough 
morning surge in unadjusted analyses (HR, 1.3; CI, 1.1–1.6), which disappeared 
after adjustment for covariables (HR, 0.9; CI, 0.7–1.1). Cardiovascular mortality, 
irrespective of adjustment, was unrelated to the pre-awakening morning surge 
(P ≥ 0.12). Along similar lines, in this Italian population study [23], there were no 
differences in the risks of total and cardiovascular mortality when the bottom and 
top tenths of the distributions of the sleep-trough and pre-awakening morning surge 
were compared (P ≥ 0.39).
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 Diurnal Blood Pressure Variability

Diurnal blood pressure variability encompasses the day-to-night changes in the 
blood pressure level and reading-to-reading blood pressure variability in 24-h 
ambulatory blood pressure recordings. In 1988, O’Brien reported for the first time 
that an abnormal circadian blood pressure profile with decreased night-time dipping 
had a more frequent history of stroke [36]. Subsequent studies of populations 
[37–40] and hypertensive cohorts [41–47] usually corroborated that an elevated 
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Fig. 7.2 Multivariable-adjusted hazard ratios (95 % CIs) for all-cause mortality (a, c) and for all 
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sleep-trough (A and B) and the pre-awakening (c, d) morning surge in systolic blood pressure in 
5645 participants. The hazard ratios express the risk in deciles compared with the average risk in 
the whole study population and were adjusted for cohort, sex, age, body mass index, smoking and 
drinking, serum cholesterol, history of cardiovascular disease, diabetes mellitus, antihypertensive 
drug treatment, 24-h systolic blood pressure, and the systolic night-to-day blood pressure ratio. 
The number of events and incidence rates (events per 1000 person–years) are also given for each 
decile. CI denotes confidence interval. Reproduced with permission from Li Y et al. [21]
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nocturnal blood pressure is a harbinger of an unfavorable outcome. In spite of the 
apparent concordance between these previously published large-scale outcome 
studies [37–47], several potential limitations required further clarification of the 
prognostic accuracy of the day-time versus the night-time ambulatory blood 
 pressure. Many studies considered only fatal outcomes [37, 38, 45, 46] or did not 
have the power to study cause-specific cardiovascular endpoints [37, 38, 40, 44]. 
Investigators dichotomized the night-to-day blood pressure ratio or applied widely 
different definitions of dipping status or of the day-time and night-time intervals.

The IDACO consortium therefore assessed the prognostic accuracy of day versus 
night ambulatory blood pressure in 7458 people enrolled in prospective population 
studies in Europe, China, and Uruguay [48]. Median follow-up was 9.6 years. 
Adjusted for day-time blood pressure, confounders, and cardiovascular risk factors, 
night-time blood pressure predicted (P < 0.01) total (n = 983) cardiovascular 
(n = 387) and noncardiovascular (n = 560) mortality [48]. Conversely, adjusted for 
night-time blood pressure and other covariables, day-time blood pressure predicted 
only noncardiovascular mortality (P < 0.05), with lower blood pressure levels being 
associated with increased risk. Both day-time and night-time blood pressure consis-
tently predicted (P < 0.05) all cardiovascular events (n = 943) and stroke (n = 420) 
[48]. Adjusted for night-time blood pressure, day-time blood pressure lost prognos-
tic significance for cardiac events (n = 525; P ≥ 0.07). Adjusted for 24-h blood pres-
sure, the night-to-day blood pressure ratio predicted mortality, but not fatal combined 
with nonfatal events. Participants with a systolic night-to-day blood pressure ratio 
value of ≥1 were older, at higher risk of death, and died at an older age than those 
whose night-to-day ratio was normal (≥0.80 to <0.90) [48].

In contrast to commonly held views, the IDACO analysis showed that day-time 
blood pressure adjusted for night-time blood pressure predicted fatal combined with 
nonfatal cardiovascular events, except in treated patients, in whom antihypertensive 
drugs probably reduced blood pressure during the day, but not at night [48]. The 
increased mortality in patients with higher night-time than day-time blood pressure 
probably indicated reverse causality. The IDACO findings confirmed that both day- 
time and night-time blood pressure hold valuable prognostic information [48]. They 
supported the conclusion that recording blood pressure during the whole day should 
be the standard in clinical practice. A 2014 IDACO publication [49] highlighted that 
identification of truly low-risk white coat hypertension requires setting thresholds 
simultaneously to 24-h, day-time, and night-time blood pressures. In line with the 
2007 report [48], Fan and colleagues also demonstrated that isolated nocturnal 
hypertension predicted cardiovascular outcome even in patients who are normoten-
sive on office or on ambulatory day-time blood pressure measurement [50].

 Reading-to-Reading Blood Pressure Variability

Hansen and colleagues also assessed blood pressure variability from the SD and 
ARV (Fig. 7.3) in 24-h ambulatory recordings in the IDACO population [17]. 
Higher diastolic ARV in 24-h ambulatory blood pressure recordings predicted 
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Fig. 7.3 Ten-year absolute risk of combined cardiovascular events in relation to 24-h blood 
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with antihypertensive drugs. In panels a and b, the risk functions span the 5th–95th percentile 
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number of participants at risk and the number of events. ARV24 denotes average real variability 
over 24 h. Reproduced with permission from Hansen TW et al. [17]
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(P ≤ 0.03) total (HR, 1.13; CI, 1.07–1.19) and cardiovascular (HR, 1.21; CI, 1.12–
1.31) mortality and all types of fatal combined with nonfatal endpoints (HR, ≥1.07) 
with the exception of cardiac and coronary events (HR, ≤1.02; P ≥ 0.58). Similarly, 
higher systolic ARV in 24-h ambulatory recordings predicted (P < 0.05) total (HR, 
1.11; CI, 1.04–1.18) and cardiovascular (HR, 1.17; CI, 1.07–1.28) mortality and all 
fatal  combined with nonfatal endpoints (HR, ≥1.07), with the exception of cardiac 
and coronary events (HR, ≤1.03; P ≥ 0.54). SD predicted only total and  cardiovascular 
mortality. The incremental cardiovascular risk explained by adding ARV to models 
already including 24-h ambulatory blood pressure level and other covariables was 
less than 1 %. This report established that reading-to-reading blood pressure 
 variability is an independent risk factor, significant in a statistical but not in a clinically 
meaningful manner. It highlighted that the level of the 24-h blood pressure remains the 
primary blood pressure-related risk factor to account for in clinical practice [17].

Palatini and associates analyzed 7112 untreated hypertensive participants (43.8 % 
women; mean age, 50.8 years) with day-time and night-time ambulatory blood 
 pressure enrolled in 6 prospective cohorts [51]. During a median of 5.5 years of 
 follow-up, 130 fatal and 455 nonfatal cardiovascular events occurred. In a 
multivariable- adjusted Cox model, the SD of the night-time systolic blood pressure 
predicted cardiovascular mortality (HR, 1.48; CI, 1.20–1.84) and morbidity (HR, 
1.83; CI, 1.17–2.86), whereas SD of day-time systolic blood pressure did not 
(P ≥ 0.096). They proposed as optimal cutoff limits for the night-time SD 12.2 mmHg 
systolic and 7.9 mmHg diastolic. Participants above these arbitrary thresholds had a 
41–132 % higher risk of a composite cardiovascular endpoint than those below these 
cut-off limits (P ≤ 0.028). As outlined above, SD as an index of blood pressure 
 variability is closely correlated with blood pressure level. The authors stated that they 
obtained similar results if they used CV instead of SD, but did not show the data [51].

 Within-Visit and Between-Visit Blood Pressure Variability 
in a Prospective Study

In a randomly recruited Flemish population sample (n = 2944; 50.7 % women; mean 
age, 44.9 years), highly trained observers measured blood pressure five times 
 consecutively at each of two home visits and recorded the incidence of adverse 
health outcomes in relation to the variability of systolic blood pressure at enrolment 
[3]. Schutte and colleagues computed VIM, MMD, and ARV for within-visit 
 variability (WVV), between-visit variability, and overall—within-visit combined 
with between-visit—variability. Over a median follow-up of 12 years, 401 deaths 
occurred and 311 participants experienced a fatal or nonfatal cardiovascular event. 
Overall (ten readings over two visits), systolic blood pressure variability averaged 
(SD) 5.45 (2.82) units for VIM, 15.9 (8.4) mm Hg for MMD, and 4.08 (2.05) mmHg 
for ARV. In multivariable-adjusted analyses, overall and within- and between-visit 
blood pressure variability did not predict total or cardiovascular mortality or the 
composite of any fatal plus nonfatal cardiovascular endpoint. For instance, the HRs 
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for all cardiovascular events combined in relation to overall variability as captured 
by VIM, MMD, and ARV were 1.05 (CI, 0.96–1.15), 1.06 (CI, 0.96–1.16), and 1.08 
(CI, 0.98–1.19), respectively. By contrast, mean systolic blood pressure level was a 
significant predictor of all endpoints under study, independent of blood pressure 
variability [3]. These findings suggest that, in the general population, within-subject 
blood pressure variability does not have any prognostic significance over and 
beyond systolic blood pressure level [3].

 Within-Visit and Between-Visit Blood Pressure Variability 
in Syst-Eur

Results from randomized clinical trials constitute the strongest evidence for the role 
and reversibility of any cardiovascular risk factor. In the Syst-Eur trial, Hara and 
colleagues investigated whether systolic blood pressure variability determines 
 prognosis over and beyond level. Using a double-blind design, 4695 patients 
(≥60 years) with isolated systolic hypertension (160–219/<95 mmHg) were 
 randomly allocated to active treatment or matching placebo. Active treatment 
 consisted of nitrendipine (10–40 mg/day) with possible addition of enalapril 
(5–20 mg/day) and/or hydrochlorothiazide (12.5–25.0 mg/day) [52, 53]. They 
assessed whether on-treatment systolic blood pressure level, visit-to-visit VIM, or 
WVV predicted total (n = 286) or cardiovascular (n = 150) mortality or  cardiovascular 
(n = 347), cerebrovascular (n = 133), or cardiac (n = 217) endpoints [54].

Before randomization, patients of the placebo and active-treatment groups had 
similar characteristics. Of 4695 participants, 3138 (66.8 %) were women. Age 
 averaged 70.2 years and blood pressure 173.8 mmHg systolic and 85.5 mmHg 
 diastolic. Assessed during the run-in period, visit-to-visit blood pressure variability, 
as captured by SD (mean, 6.4 mmHg), CV (3.65), MMD (12.1 mmHg), and ARV 
(7.2 mmHg), increased across fourths of the distribution of systolic blood pressure 
before randomization (P < 0.0001). WVV (mean, 3.4 mmHg) during the run-in 
period also increased with higher systolic blood pressure (P < 0.0001), whereas 
VIM (6.3 units) did not increase with higher run-in systolic blood pressure 
(P = 0.084) [54]. In all 4695 patients, the correlation coefficients of VIM with 
 systolic blood pressure level were 0.01 (P = 0.59) during the run-in period and -0.01 
(P = 0.75) during follow-up after randomization.

At 2 years (median follow-up), active treatment lowered systolic blood pressure 
by 10.5 mmHg (P < 0.0001) more than placebo, whereas the between-group differ-
ences in blood pressure variability were not significant, averaging 0.29 units 
(P = 0.20) for VIM and 0.07 mmHg (P = 0.47) for WVV (Fig. 7.4) [54]. Active treat-
ment reduced (P ≤ 0.048) cardiovascular (-28 %), cerebrovascular (-40 %), and car-
diac (-24 %) endpoints. In analyses dichotomized by the median, patients with low 
vs. high VIM had similar event rates (P ≥ 0.14). Low vs. high WVV was not associ-
ated with event rates (P ≥ 0.095), except for total and cardiovascular mortality on 
active treatment, which were higher with low WVV (P ≤ 0.0003). In multivariable- 
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Fig. 7.4 Systolic blood pressure level (a), VIM (b), and within-visit variability (c) at randomization 
and during follow-up. Values at randomization and at annual intervals during follow-up were derived 
from at least six blood pressure readings, two at each of three consecutive visits. The blood pressure 
level at 6 months is the average of four blood pressure readings at two consecutive visits. The com-
putation of variability requires at least three visits. Variability is therefore not plotted at 6 months. P 
values indicate the significance of the average between-group difference throughout follow-up. VIM 
denotes variability independent of the mean. Reproduced with permission from Hara A et al. [54]

adjusted Cox models,  systolic blood pressure level predicted all endpoints 
(P ≤ 0.0043), whereas VIM did not predict any adverse outcome (P ≥ 0.058). Except 
for an inverse association with total mortality (P = 0.042), WVV was not predictive 
(P ≥ 0.15). Sensitivity analyses, from which the investigators excluded blood pres-
sure readings within 6 months after randomization, 6 months prior to an event, or 
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both, were confirmatory [54]. The  double-blind placebo-controlled Syst-Eur trial 
irrefutably demonstrated that  blood-pressure lowering treatment reduces cardiovas-
cular complications by  decreasing systolic blood pressure level but not systolic vari-
ability and that higher systolic blood pressure level predicted risk without material 
contribution of variability.

 Variability of Self-Measured Home Blood Pressure

Blood pressure variability as captured by self-measurement at home has been 
assessed for a predictor of target organ damage or cardiovascular complications. 
Ushigome and colleagues showed significant correlations between macroalbumin-
uria in type-2 diabetes mellitus and the CV of home blood pressure [55]. On the 
basis of multivariable-adjusted linear regression analysis including blood pressure 
level, the same group recently reported that pulse wave velocity was significantly 
correlated with the SD of three consecutive measurements on one occasion in the 
morning (P = 0.016) or evening (P = 0.0099), but not with the SD of day-to-day 
home blood pressure (P ≥ 0.78) [56]. Nishimura and coworkers showed that 
 low- estimated glomerular filtration rate was significantly associated with the SD of 
home blood pressure [57]. Researchers have been placing expectations on home 
blood pressure variability as a biomarker for chronic kidney disease [58]. However, 
as, reported by Okada and colleagues, SD, CV, and ARV of self-measured home 
blood pressure did not predict the progression of chronic kidney disease [59].

The prognostic significance of self-measured home blood pressure variability 
was first assessed in the Ohasama population, using the within-participant SD of the 
morning systolic blood pressure over 26 days (median) [60]. In  multivariable- adjusted 
Cox models also including blood pressure level, the SD was associated with higher 
risk of total mortality (HR per 1−SD increase of within-participant SD, 1.18; CI, 
1.07–1.31), cardiovascular mortality (HR, 1.20; CI, 1.02–1.40), non- cardiovascular 
mortality (HR, 1.18; CI, 1.04–1.34), stroke mortality (HR, 1.38; CI, 1.12–1.72), but 
not cardiac mortality (HR, 1.02; CI, 0.89–1.29). The association of blood pressure 
variability with non-cardiovascular mortality was difficult to  interpret, but might 
reflect reverse causality; subclinical disease leading to greater variability. The 
 Finn-Home investigators assessed the day-to-day variability of the self-measured 
systolic blood pressure in the morning. The within-participant SD over 7 days 
 predicted total mortality and cardiovascular events [14]. The HRs expressing the 
incremental risk for a 1−SD increment in variability (3.93 mmHg) were 1.17 (CI, 
1.00–1.30; P = 0.03) and 1.21 (CI, 1.08–1.40; P = 0.006), respectively [14]. Day-to-day 
variability in the evening systolic blood pressure was not predictive (P≥0.11) [14].

Asayama and colleagues explored whether fatal and nonfatal outcomes were 
associated with the new indexes of blood pressure variability, VIM, ARV, and 
MMD, derived from the self-measured home blood pressure [61]. They analyzed 
mortality and stroke risk in 2421 Ohasama residents after excluding high-risk par-
ticipants with a history of stroke. Participants were asked to record their  self- measured 
home blood pressure for 4 weeks after at least 2 min of rest in the morning within 
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1 h after awakening and, if applicable, before taking their blood pressure- lowering 
medications. Participants also obtained the recordings in the evening just before 
going to bed. Over a median follow-up of 12.0 years, 412 participants died, 139 of 
cardiovascular causes and 223 had a stroke. In multivariable-adjusted Cox models 
including morning systolic pressure, VIM and ARV predicted total and  cardiovascular 
mortality in all participants (P ≤ 0.044), while VIM predicted cardiovascular 
 mortality in treated (P = 0.014), but not in untreated (P = 0.23) participants. Morning 
MMD did not predict any endpoint (P ≥ 0.085). In models already including evening 
systolic pressure, only VIM predicted cardiovascular mortality in all and in untreated 
participants (P ≤ 0.046). When we calculated multivariable-adjusted 10-year risk of 
cardiovascular mortality and stroke incidence in relation to the mean level and VIM 
(Fig. 7.5 in all of the participants), both morning and evening systolic blood  pressure 
were consistent predictors (P ≤ 0.032) with the exception of cardiovascular  mortality 
in treated participants for morning systolic pressure (P = 0.082). Being on 
 antihypertensive drug treatment seemed to be the main driver of the significant 

Fig. 7.5 Absolute 10-year risk of cardiovascular mortality (a) and stroke incidence (b) in relation 
to the mean level of systolic blood pressure measured at home in the morning in 2421 participants. 
The analyses were standardized to the distributions (mean or ratio) of sex, age, body mass index, 
heart rate, smoking and drinking, total cholesterol, diabetes mellitus, history of cardiovascular 
diseases, and treatment with antihypertensive drugs. Four continuous lines represent the risk inde-
pendently associated with VIM equal to 3, 6, 9, and 12 units. P values are for the independent 
effect of SBP (PSBP) and VIM (PVIM). np and ne indicate the number of participants at risk and the 
number of events. Reproduced with permission from Asayama K et al. [61]
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 associations between cardiovascular mortality and blood pressure variability [61], 
whereas the new indexes of blood pressure variability, VIM, derived from 
 self- measured home blood pressure did not incrementally predict outcome over and 
beyond mean systolic pressure.

 Beat-to-Beat Blood Pressure Variability

Beat-to-beat recordings allow capturing blood pressure variability, even over short 
time intervals [62]. In 256 untreated Chinese patients referred to a hypertension 
clinic, Wei and colleagues assessed the association of target organ with VIM, MMD, 
and ARV, determined from 10-min beat-to-beat, 24-h ambulatory, and 7-day home 
blood pressure recordings [62]. Effect sizes (standardized β) were computed using 
multivariable regression models. In beat-to-beat recordings, left ventricular mass 
index (n = 128) was not (P ≥ 0.18) associated with systolic blood pressure level, but 
increased with all three systolic variability indices (+2.97–3.53 g/m [2]; P < 0.04). 
The urinary albumin-to-creatinine ratio increased (P ≤ 0.03) with systolic blood 
pressure level (+1.14–1.17 mg/mmol, according to the model) and MMD (+1.18 mg/
mmol); and aortic pulse wave velocity increased with systolic blood pressure level 
(+0.69 m/s; P < 0.001). In 24-h recordings, all three indexes of organ damage 
increased (P < 0.03) with systolic blood pressure level, whereas the associations 
with systolic blood pressure variability were nonsignificant (P ≥ 0.15) except for an 
increase in aortic pulse wave velocity (P < 0.05) with VIM (+0.16 m/s) and MMD 
(+0.17 m/s). In home blood pressure recordings, the urinary albumin-to-creatinine 
ratio (+1.27–1.30 mg/mmol) and aortic pulse wave velocity (+0.36–0.40 m/s) 
increased (P < 0.05) with systolic blood pressure level, whereas all associations of 
target organ damage with the variability indexes were nonsignificant (P ≥ 0.07). In 
summary, while accounting for systolic blood pressure level, associations of target 
organ damage with systolic blood pressure variability were readily detectable in 
beat-to-beat recordings, least noticeable in home recordings, with 24-h ambulatory 
monitoring being informative only for aortic pulse wave velocity [62].

 Conclusions

Recent publications [4, 11–13] reviewed elsewhere [63, 64] suggested that  clinicians 
might reduce stroke incidence more by targeting systolic blood pressure variability 
along with level, preferentially using calcium-channel blockers [4, 11–13, 65], 
which might result in less blood pressure variability than other antihypertensive 
drugs classes. These recommendations, not endorsed by current guidelines [66], 
largely originated from observational population studies [5, 51, 67], or cohort 
 analyses that enrolled high-risk patients with hypertension [4, 11], diabetes mellitus 
[55–57, 68, 69], a history of stroke or transient ischemic attack [11], or renal failure 
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[59, 70–73]. Other methodological issues that might have confounded the issue are 
categorization of continuous variability measures for risk prediction [5, 11], the 
application of variability indexes that are dependent on blood pressure level [5, 11], 
and the limitation of endpoints to mortality. While addressing these issues in the 
aforementioned population studies [3, 17], one was never able to identify blood 
pressure variability as a clinically meaningful cardiovascular risk factor. In particu-
lar, the recent evidence demonstrates that the morning surge is only a weak predic-
tor of cardiovascular risk, attaining significance only in the top tenth of the 
distribution in studies with large sample size [19–23]. As Bombelli and coworkers 
concluded, the morning surge “appears to be an epiphenomenon of 24-hour blood 
pressure variability,” and that the morning surge represents only a tiny part of the 
whole-day blood pressure variability [23].

Although this does not preclude that blood pressure variability remains a target 
in clinical research, in particular if captured by beat-to-beat recordings [62], the 
current large international population studies do not support blood pressure 
 variability as a prime target in the management of hypertension. The analysis of the 
Syst-Eur randomized clinical trial [54], in line with current recommendations, is 
strong evidence supporting the idea that blood pressure level, not variability, remains 
center-fold in the primary and secondary prevention of blood pressure-related 
 cardiovascular complications. Blood pressure variability currently remains a 
research tool that needs further prospective studies with hard endpoints to define 
potential application, where it might be of use in daily clinical practice.
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    Chapter 8   
 Physiologic Control of the Circadian 
Variability in Blood Pressure       

       Michel     Burnier      ,     Olivier     Bonny     , and     Gregoire     Wuerzner    

            Introduction 

 Many biological or physiological processes follow a rhythm with a period length 
which may vary from a fraction of seconds to hours, days, or even seasons [ 1 ]. Such 
rhythmic variations have been described in a vast range of organisms from bacteria 
to humans [ 1 ]. Blood pressure (BP) is a physiological parameter with a high short 
term variability, but also a well-recognized circadian rhythm with a period length of 
about 24 h [ 2 ,  3 ]. Indeed continuous measurements of BP have shown that BP rises 
in the early morning upon awakening, fl uctuates during the day depending on men-
tal and physical activities [ 4 ], and decreases by 10–15 % during the night while 
sleeping [ 3 ]. A second peak in BP is often seen early in the evening. For many 
decades, the circadian rhythm of BP has largely been ignored by physicians mainly 
because BP was measured almost uniquely during medical terms and not outside the 
physician’s offi ce. With the development of ambulatory blood pressure monitoring 
(ABPM) in the 1980s, more information were gathered on the circadian variations 
of BP and it became apparent that patients exhibited a variety of patterns in night- 
time BP leading to the concept of dippers with a normal fall in night-time BP (10–
15 %), non-dippers with no decrease in BP at night (<10 %), extreme dippers with 
a fall in BP greater than 20 % at night, and reverse dippers with an increase in BP at 
night [ 5 ,  6 ]. In recent years, the clinical interest for the circadian rhythm of BP has 
grown rapidly with the recognition that the onset of adverse cardiovascular events 
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demonstrates a circadian pattern which follows quite closely that of BP [ 7 ]. 
Moreover, patients with a blunted or absent circadian rhythm, and in particular 
those with no dipping at night, are at higher risk of developing cardiovascular, cere-
bral, or  renal   complications probably because of a pressure overload during  sleep   
leading to long-term organ dysfunction [ 8 – 13 ]. At last, recent data has suggested 
that an antihypertensive therapy restoring or maintaining a normal circadian rhythm 
of BP might be associated with a better control of BP and lesser complications of 
hypertension. This latter observation is the basis of the concept of chronotherapy in 
hypertension which has gain a great clinical interest recently [ 14 – 16 ]. 

 The circadian variations of blood pressure are under the infl uence of numerous 
physiological and biological factors originating from various organs including the 
brain, the heart, the kidney, and the neuro-endocrine system. Moreover, environ-
mental factors such as light, temperature, and even air pollution affect the day–night 
cycle of BP. The purpose of the present article is to review the physiological deter-
minants of the circadian rhythm of BP and how these factors may be modulated 
clinically in order to maintain a normal circadian rhythm.  

    Central and Peripheral Clocks and the Circadian  Rhythm   
of Blood  Pressure   

 Classically, circadian variations of BP were explained primarily by the existence of 
a unique circadian pacemaker located in the suprachiasmatic nucleus of the hypo-
thalamus and coordinating all overt rhythms in the body including blood pressure 
and heart rate. This view has changed considerably with the discovery that circadian 
clocks are operative not only centrally (master clock), but also in peripheral tissues 
and cells where they create a network of peripheral clocks controlling physiological 
processes [ 17 ,  18 ]. 

 The daily light/dark cycle is the major factor affecting the master clock which 
then transmit synchronizing signals to clocks located in peripheral tissues [ 19 ]. As 
far as BP rhythm is concerned, evidence has accumulated to suggest that cardiac, 
vascular, and  renal   tissues possess local clocks which have similarities to the central 
clock and may contribute to the circadian variations in BP [ 20 – 23 ]. Metabolic 
cycles may also contribute to the BP rhythm [ 24 ]. 

 At the molecular levels,    the central and peripheral clock systems are composed 
of interconnected feedback loops of gene transcription and translation factors in 
which the heterodimeric CLOCK/BMAL1 transcription factor complex activates 
 the   transcription of repressor  clock genes   such as the  Period  genes ( Per1  and  Per2 ) 
and  Cryptochrome  genes ( Cry1  and  Cry2 ). The products of these genes in turn 
inhibit CLOCK/BMAL1 transcriptional activity, thereby reducing their own tran-
scription [ 19 ] (Fig.  8.1 ). These core clock components regulate a large number of 
output genes, either directly or by driving the rhythmic expression of downstream 
transcription factors, such as albumin D-site-binding protein (DBP), hepatic 
 leukemia factor (HLF), and  thyrotroph embryonic factor (TEF)  , three members of 
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  Fig. 8.1    Schematic representation of the impact of Bmal1 and Cry1/Cry2 on the circadian variations 
in blood pressure in mice. ( a ) Normal situation, ( b ) Bmal1 knockout mice, ( c ) Cry1/Cry2 knockout 
mice. ( a ) Normal situation. For explanations see text. ( b ) Impact of Bmal1 knockout. Note that the 
circadian rhythm disappears and BP decreases. ( c ) Impact of dual Cry1/Cry2 knockout. Note that 
the circadian rhythm disappears and BP increases       
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the proline- and acidic amino acid-rich basic leucine zipper (PAR bZip) protein 
family [ 25 ]. The majority of studies having assessed the impact of central and 
peripheral clock systems on the circadian variability of BP have been conducted in 
genetically engineered mice. Interestingly, in many knock-out mice the single or 
multiple deletions of clock genes or of their downstream transcription factors have 
been associated with either a decrease or an increase in BP, but a rather preserved 
circadian rhythm. However, recent studies have reported a complete disruption of 
the BP circadian rhythm in  Bmal1  knockout and  Cry1/Cry2  double knockout mice 
animals, indicating that genetic components of the circadian system are crucial in 
the maintenance of a diurnal BP rhythm [ 26 ,  27 ]. More recently, evidence has pub-
lished suggesting that clock gene expression in smooth muscle and not in the brain 
is involved in maintaining a norma BP circadian rhythm [ 28 ]. Moreover, several 
factors such as salt [ 29 ], angiotensin II [ 30 ], and catecholamines [ 26 ], which also 
contribute to the circadian rhythm of BP as will be discussed below, have been 
reported to modulate the expression of  clock genes  . These results therefore suggest 
that  the   central and peripheral clock systems are determinant to maintain circadian 
variations of BP, but there are defi nitively other external factors that affect the BP 
rhythm beyond the central and tissue clocks.

        Sleep/Activity Cycle and Circadian Variations   of Blood 
 Pressure   

 As mentioned earlier, the sleep/activity cycle is one of the main determinants of the 
circadian variations of BP in humans. In fact, many factors explain the reduction of 
BP associated with sleep. This includes not only the reduction in physical activity, 
but also the change in body position (supine vs. standing), the reduction in mental 
stress and activity, and a lower activity of neuro- endocrine systems   such as the auto-
nomic nervous system. The reduction in physical activity is a well-recognized factor 
contributing to the decrease in night-time BP [ 4 ]. Indeed, physical activity is not 
only a determinant of BP variability during daytime accounting for 20–60 % of 
daytime variability, it is also a major factor affecting the reduction of BP during 
night-time as demonstrated recently using new techniques to evaluate physical 
activity such as actimeters [ 31 ,  32 ]. Thus, blunted or absent reductions of night-time 
BP have been reported in subjects physically active at night such as subjects work-
ing during the night or doing night shifts [ 33 ,  34 ]. Interestingly, an increased physi-
cal activity during daytime has been associated with a greater dipping of BP at 
night, an effect which has been attributed to a greater reduction in sympathetic tone 
during the night [ 31 ,  35 ]. Of note, physical activity appears to affect  essentially   the 
changes in night-time systolic BP and to a much lesser degree diastolic BP. 

 Beyond the lack of nocturnal physical activity, the quality of sleep per se has an 
important impact on the changes in BP measured during the night. In fact, the 
 defi nition of the dipping of BP at night is highly dependent on the quality of sleep. 
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The apparently poor reproducibility of the dipping pattern has been attributed in 
part to the impact  of   BP measuring devices on sleep quality [ 36 ]. Thus, when the 
dipping of BP at night was assessed on several occasions using short-term or long-
term repeated ambulatory BP monitoring, about 20–40 % of patients classifi ed as 
non- dippers actually changed category and became dippers on the second assess-
ment [ 37 – 39 ]. The interference of monitoring devices with sleep is certainly con-
tributing to this poor reproducibility, but many other factors may play a role as will 
be discussed below. 

 A lack of physiological decrease in night-time BP is a hallmark of patients with 
sleep disturbances such as  sleep apnea  . Normally during sleep, there is an inhibition 
of cardiovascular sympathetic tone resulting in a reduction in heart rate and BP [ 40 ]. 
In patients with obstructive sleep apnea, oxygen desaturation and carbon dioxide 
retention cause a peripheral vasoconstriction and a rise in systolic BP at the end of 
the  apnea  . When a new respiratory cycle starts with the resolution of the airway 
obstruction, there is an increase in venous return and cardiac output on a back-
ground of peripheral vascular vasoconstriction leading to marked increases in BP 
[ 41 ]. The elevated BP and sympathetic activity with each apneic  event   contribute to 
the lack of fall in night-time BP in patients with sleep apnea. Among the other fac-
tors that contribute to the development of a high BP at night and consequently 
hypertension in patients with sleep apnea, one must also cite an elevated muscle 
tone and micro-arousals [ 41 ]. 

 Interestingly, the increased  sympathetic   nerve activity occurring during the night 
in patients with obstructive sleep apnea persists during daytime because of the acti-
vation of chemoreceptors, a decrease in baroreceptor refl ex sensitivity, and endothe-
lial dysfunction [ 42 – 46 ]. In addition to these cardiovascular factors, the stimulation 
of hormonal systems such as the rennin–angiotensin system, aldosterone, or endo-
thelin appears to participate in the increase in night-time BP observed in patients 
with sleep apnea syndrome [ 47 ]. A summary of the pathophysiological link between 
obstructive sleep apnea and night-time BP and hypertension is presented in Fig.  8.2 .

       Neuro-hormonal Factors and the Circadian  Rhythm      of Blood 
Pressure 

 Most if not all hormonal systems are characterized by a certain rhythmicity of their 
secretion during the 24 h of a day. Neuro-hormonal systems have a well-known 
infl uence on blood pressure control mediated by direct vascular effects, but also by 
metabolic and  renal   effects such as the regulation of renal sodium and water bal-
ance. Hence, the day/night profi le of neuro-hormonal systems may have an impact 
on the circadian variations of BP. The diurnal variations in plasma renin activity, 
aldosterone, angiotensin II, cortisol, ACTH, and melatonin have been well-studied 
in healthy subjects investigated in standard conditions, but also after sleep  depriva-
tion   or shifts in sleeping hours.    The goal of these studies was not only to 
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characterize the 24 h profi le of each of these hormones, but also to assess the precise 
role of sleep on the 24 h profi le variations [ 48 ,  49 ]. Today, it is well established that 
plasma renin activity and plasma aldosterone and cortisol levels peak in the early 
morning upon awakening and decrease progressively during the day. Yet the factors 
contributing to the diurnal variations of these hormones appear to differ between the 
rennin–angiotensin–aldosterone system and the adrenocorticotrophic system. 
Indeed, whereas the former is essentially linked to the changes in sleep processes 
[ 48 ], the variations in plasma cortisol and ACTH are independent of sleep and 
appear to be modulated primarily by a circadian rhythmicity [ 49 ]. Other hormonal 
systems such as endothelin, atrial natriuretic peptide, or brain natriuretic peptide 
have been investigated as well and were found to follow a certain rhythm with dif-
ferences between day and night concentrations. However, it seems that the circadian 
variations of these hormones are more prominent in disease states such as hyperten-
sion, chronic kidney disease, or obstructive sleep apnea than in normal healthy sub-
jects [ 47 ,  50 ,  51 ]. Whether these systems participate in the generation of a circadian 
rhythm of BP is not clear and it may well be that most of these hormonal systems, 
with the exception of cortisol, rather follow the sleep/activity cycle of BP than 
determine a circadian rhythm of BP. 

  Fig. 8.2    Schematic representation of the pathophysiological link between obstructive sleep apnea 
and an altered circadian rhythm of blood pressure leading to a high cardiovascular risk       
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 Among all neuro-endocrine systems, the sympathetic nervous system appears to 
be one of the main determinants of the circadian rhythm of BP. Both plasma epi-
nephrine and norepinephrine follow a diurnal rhythm in humans, but once again  it 
  appears that the circadian variations in epinephrine and norepinephrine cannot be 
explained by a single  controlling   infl uence, the variations in norepinephrine being 
tightly linked to changes in posture and sleep [ 52 ], whereas the variations in plasma 
epinephrine appear to be under the control of a central oscillator [ 53 ]. The activity 
of the sympathetic nervous system increases markedly in the early morning and 
then fl uctuates depending on posture, physical activity, and mental stress. The activ-
ity of sympathetic nervous system has been associated with the circadian variations 
in vascular tone [ 54 ] and the early morning rise in sympathetic tone has been related 
to the early morning BP surge, which is one of the factors implicated in the increased 
incidence of cardiovascular events (myocardial infarction, sudden death, stroke) 
observed in the early morning hours of the day [ 55 – 57 ]. 

 Thus, taken together, the data available so far suggest that some of the neuro- 
hormonal systems such as the sympathetic nervous system or cortisol have a clear 
circadian rhythm, which appears to be independent of the sleep/activity cycle and 
may therefore infl uence directly the circadian rhythm of BP. As far as other hor-
monal systems are concerned, the variability of their day/night plasma concentra-
tions appears to be a consequence of the circadian variations in sleeping and active 
periods rather than a cause of the circadian rhythm of blood pressure.  

    Sodium Balance and the Circadian  Rhythm      of Blood Pressure 

 The renal excretion of water, sodium, and other solutes has also been shown to 
follow a circadian pattern with higher excretion rates during daytime than during 
night-time [ 58 ]. Recently, Firsov et al. have also demonstrated in mice that  renal   
sodium excretion follows a circadian rhythm and that this rhythm is under the infl u-
ence of circadian clocks [ 59 ]. Their data suggest that the circadian clock affects BP, 
at least in part, by exerting dynamic control over renal sodium handling. The same 
authors found that many major parameters of kidney function, including tubular 
reabsorption and secretion, exhibit strong circadian oscillations that might contribute 
to the circadian variations in BP [ 60 ]. 

 One of the fi rst  observations   relating  sodium   excretion and the dipping pattern 
of BP was made by Uzu et al. in a small group of 42 patients with essential hyper-
tension characterized for their salt sensitivity [ 61 ]. In this study, the authors fi rst 
show that the fall in BP during the night is blunted in salt-sensitive patients and that 
sodium restriction using a low sodium diet can shift the circadian rhythm of blood 
pressure from a non-dipper to a dipper pattern [ 61 ]. In a subgroup of the same 
patients, the administration of a thiazide diuretic, which induced a negative sodium 
balance, also reversed the non-dipping pattern of night-time BP [ 62 ]. We assessed 
whether the night-time BP and the dipping are associated with the circadian pat-
tern of sodium excretion in 325 individuals of African descent from 73 families. 
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In each subject, ambulatory BP and daytime and night-time urinary electrolyte 
excretion were measured simultaneously. In this study, we found indeed that the 
capacity to excrete sodium during daytime was a signifi cant determinant of noctur-
nal BP and dipping [ 63 ]. Moreover, these data provide some insights on the lack of 
reproducibility of the dipping pattern in individuals. Indeed, if the night-time dip 
is infl uenced by urinary  sodium   excretion during the day, the decrease in night-
time blood pressure will depend on the daytime sodium intake which may vary 
considerably from day to day. Hence, dietary factors will directly infl uence the 
reproducibility of the dipping profi le of an individual. Taken together these fi nd-
ings indicated that the ability to excrete sodium during the day is an important 
determinant of night-time blood pressure as well as of the dipping pattern at least in 
the  normotensive   and hypertensive population and particularly among salt-sensitive 
hypertensive patients. 

 Later on, the impact of  renal   function on the night/day ratio of blood pressure 
and urinary water and electrolyte excretion was investigated. Interestingly, Fukuda 
et al. found that in patients with renal diseases and a reduced renal function, the 
lower the glomerular fi ltration the higher the day/night ratio of blood pressure, uri-
nary sodium excretion, and urinary protein excretion [ 64 ]. In this population, the 
night/day ratio increases mainly in order to eliminate sodium and osmoles rather 
than water [ 65 ]. These data emphasize the importance of glomerular fi ltration, 
which affects the capacity to excrete sodium as a determinant of night-time 
BP. These observations have been summarized in a hypothesis paper of the  renal   
mechanisms of the dipping pattern of BP [ 66 ]. According to this hypothesis, the 
increase in night-time blood pressure represents the classical pressure–natriuresis 

  Fig. 8.3    Schematic representation of the effect of a reduced renal capacity to excrete sodium on 
night-time blood pressure according to the pressure–natriuresis relationship       
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phenomenon whereby sodium balance is maintained in patients with a limited 
capacity to excrete salt (Fig.  8.3 ). In line with this hypothesis, additional  observations 
were made indicating that patients with renal dysfunction require a longer duration 
until BP falls during the night and that a delayed decrease in night-time BP can  be 
  considered as a marker of excessive sodium retention [ 67 ,  68 ] (Fig.  8.4 ).

    Yet, whether these  renal   mechanisms account for the non-dipping pattern fre-
quently observed in an unselected population has not been conclusively demon-
strated so far. Nevertheless, renal sodium retention is a clinical characteristic of 
several disease conditions associated with a blunted or absence of fall in BP during 
the night. As shown in Table  8.1 , a non-dipping profi le of 24-h BP has been reported 
in several clinical conditions. These include secondary forms of hypertension such 
as malignant hypertension, primary hyperaldosteronism, Cushing syndrome, or 
pheochromocytoma [ 69 ,  70 ]. A blunted decrease in night-time blood pressure has 
also been described in patients with a reduced renal function such as patients with 
diabetic and nondiabetic nephropathies, congestive heart failure, organ transplanta-
tion, or elderly patients [ 69 ]. At last, drugs like cyclosporin and non-steroidal anti- 
infl ammatory agents have been shown to increase night-time blood pressure and to 
blunt the nocturnal dip [ 69 ]. These various clinical conditions share a common 
feature: they are all associated with a reduced capacity of excreting sodium either 
because of a reduction in glomerular fi ltration rate (primary or secondary) or 
because of an increased tubular sodium reabsorption as observed in primary 
hyperaldosteronism or following the administration of drugs such as NSAIDs, 
COX-2 inhibitors.
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   Overall, these data tend to confi rm that  sodium   intake, and in particular the 
capacity to excrete salt, is an important determinant of the physiological control of 
the circadian variations in BP in humans.  

    Metabolic and Environmental Factors Contributing 
to the Circadian  Variations      in Blood Pressure 

 The impact of sodium intake and excretion on the diurnal variations of BP actually 
points out the potential roles of the feeding/fast cycle and of the metabolic processes 
on BP variability [ 71 ]. Indeed, depending on the time of food intake, the time- 
pattern of sodium excretion may vary from day to day or between populations. 
Moreover, the involvement of gastrointestinal hormones and metabolic factors may 
vary. The role of the feeding/fasting cycle on BP variability has retained relatively 
little attention so far. In rats, studies have shown that restricted feeding resulted in 
an essentially complete loss of coupling of cardiovascular variability to the light 
cycle. Instead, rats showed increased BP and heart rate and behavioral activity asso-
ciated with the availability of food [ 72 ]. This is not entirely surprising as changes in 
feeding regimens can profoundly alter the circadian rhythms of body temperature, 
hormone release, behavioral activity, and peptide levels in the brain [ 72 ]. Yet similar 
observations have not been done in all species and whether the feeding schedule 
indeed plays a role in variations of BP during day- and night-time remains unclear. 
Nonetheless, it is clear that several hormonal factors regulating the metabolism such 
as leptin, adiponectin, insulin, and glucagon follow a circadian rhythm that appears 
to be independent of plasma glucose concentrations and hence centrally mediated 
[ 73 ,  74 ]. Whether the circadian production of these metabolic hormones affects BP 
directly is uncertain. However, disruption of the normal rhythm of some of these 

  Table 8.1    Diseases 
associated with an increased 
renal reabsorption of sodium 
and impaired decrease in 
blood pressure during the 
night (non-dipping)  

 Malignant hypertension 
 Obstructive sleep apnea syndrome 
 Pheochromocytoma 
 Toxemia of pregnancy 
 Cushing’s syndrome 
 Diabetes (type 1 and 2) 
 Chronic kidney disease 
 Renal and cardiac transplantation 
 Congestive heart failure 
 Elderly patients with a reduced 
glomerular fi ltration 
 Drugs such as non-steroidal 
anti-infl ammatory agents or 
calcineurin inhibitors 
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hormones has been associated with the development of obesity and metabolic syn-
drome, which in turn may lead  to   hypertension and an abnormal dipping of BP dur-
ing the night. 

 Interestingly, some specifi c  components   of the nutrition may have an impact on 
BP and its diurnal rhythm. Thus, in a recent cross-sectional study, a high reported 
caffeine intake was associated with a lower prevalence of hypertension only in non-
smokers [ 75 ]. In a subsequent analysis of the same subjects, it appeared that  caffeine 
induced a more pronounced reduction in night-time BP than daytime, thus reinforc-
ing the dipping pattern [ 76 ]. It is also worth noting that the benefi ts of caffeine 
consumption on BP are probably mediated by the renal properties of caffeine 
metabolites on adenosine receptors, which induce a diuresis and natriuresis. This 
observation reemphasizes the role of the kidney in the regulation of the circadian 
pattern of BP. 

 The circadian variations of BP blood pressure are also infl uenced by the environ-
ment, which induces short-term as well as long-term fl uctuations of BP. Thus 
beyond the light cycle, BP variability is modulated by the external temperature, the 
altitude and latitude, and the air quality. Studies focusing on external temperature 
and weather conditions have clearly shown a seasonality of diurnal BP changes and 
the complexity of the interactions between weather and BP [ 77 ,  78 ]. A more recent 
study conducted in 1897 patients referred to a hypertension unit using simultane-
ously a device that enables to monitor personal-level environmental temperature 
and a 24-h ambulatory BP monitor has actually reported that temperature not only 
modulates the seasonal variations of BP, but also the everyday BP rhythm, Thus, the 
authors found that air temperature measured at personal level negatively affects 
daytime systolic BP, whereas seasonality mainly affects night-time SBP and morn-
ing BP surge [ 79 ]. These data indicate  that   external temperature can modify the 
variability of BP during the day and the night and thereby modulate the circadian 
rhythm of BP. 

 Air pollution has  been   associated with BP in several studies and positive associa-
tions between particulate matter and BP have been reported [ 80 ,  81 ]. Recently, we 
have analyzed the association of exposure to particulate matter with aerodynamic 
diameters <10 μm (PM10) on the day of examination and ≤7 days before with 
ambulatory blood pressure and with sodium excretion in 359 adults from the gen-
eral population using multiple linear regression [ 82 ]. We found that short-term 
exposure to PM10 was signifi cantly associated with higher night-time SBP, DBP, 
and a blunted nocturnal SBP dipping in adults from the general population. The 
mechanism whereby air pollution increases BP appears to be linked to an increase 
in  renal   sodium reabsorption by the proximal, and interestingly, the sodium reab-
sorption precedes the increase in night-time BP. Unfortunately, this study investi-
gated only the short-term effects of air pollution on BP and the real impact on a 
long-term exposure to air pollution remains to be investigated. In any case, air pol-
lution has been clearly associated with an increased risk of cardiovascular events 
and reduction in air pollution may be associated with a reduced incidence of com-
plications associated with hypertension.  
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     Conclusions 

 The physiological control of the circadian variations of BP is very complex and 
involved many apparently redundant systems. Yet experimental studies on the clock 
control systems have revealed that the day/night variations in BP are very well 
preserved and maintained throughout species. The recognition of the various factors 
that can modulate or blunt the circadian rhythm of BP, and in particular abolish the 
night-time fall in BP leading to a non-dipping pattern, is of high clinical relevance. 
Indeed, some of these factors can be corrected, for example, by treating  sleep   apnea 
or by reducing salt intake leading to a recovery of the normal circadian rhythm of 
BP. Moreover, a great interest for chronotherapy has emerged in recent years. This 
therapeutic approach emphasizes the need to maintain or restore a normal day/night 
rhythm of BP by prescribing drugs not only in the morning, but also in the evening. 
At last, the fi rst evidence suggesting that patients with normal circadian variations in 
BP may develop less cardiovascular and renal complications may be strong incentive 
to pay more attention to the physiological factors involved in the circadian variability 
of BP.   
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    Chapter 9   
 Prognostic Value of Ambulatory Blood 
Pressure Monitoring       

       Fabio     Angeli       and     Paolo     Verdecchia     

            Introduction 

 Ambulatory monitoring provides a direct record of blood pressure (BP) throughout 
the whole day in patients engaged in their usual activities [ 1 ]. Frequent readings 
during wakefulness and sleep enable clinicians to obtain a more precise estimation 
of a patient’s BP, to assess BP levels in the outpatient setting, and to study BP vari-
ability and circadian BP profi le [ 1 ]. 

  Ambulatory BP measurements   have high reproducibility, avoid the transient rise 
in BP in response to a medical environment, and show a remarkable clinical value 
in assessing the extent of cardiovascular damage and prognosis [ 1 – 3 ]. Furthermore, 
the evidence that ambulatory BP monitoring gives information over and above con-
ventional BP measurement has been growing steadily over the past 25 years and the 
rationale for its use in clinical practice is soundly based. 

 We aimed to specifi cally address the evidence provided in this regard by cross- 
sectional and longitudinal studies. We also critically discussed the available data 
supporting the concept that not only 24-h average BP values, but also specifi c BP 
patterns occurring within the 24 h may have clinical relevance. 

 To this purpose, we searched for clinical studies using research Methodology 
Filters [ 4 ]. The following research terms were used: “BP determination,” “hyper-
tension,” “masked hypertension,” “white coat hypertension,” “BP monitoring, 
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 ambulatory,” and “prognosis.” We also checked the reference list of identifi ed 
articles and previous systematic reviews to fi nd other relevant studies.  

     Offi ce and Ambulatory Blood Pressure   

 Offi ce-based BP readings are limited in the amount of information they provide, as 
they represent a single snapshot in time. Conversely, BP readings recorded at pre- 
defi ned intervals throughout the 24 h portray a better picture of BP fl uctuations [ 5 ]. 
Thus, ambulatory BP is superior to clinic BP to refl ect the true pattern of BP during 
usual daily life. Average ambulatory BP levels generally show a weak association 
with offi ce BP values taken by a doctor or a nurse. For example, by plotting offi ce 
BP versus the average daytime ambulatory BP in a large population of patients 
with offi ce hypertension, for any given value of offi ce BP, the observed ambulatory 
BP may vary considerably from the predicted value by linear regression equation 
(Fig.  9.1 ).

   From a practical standpoint,  the   combined use of offi ce and ambulatory BP iden-
tifi es four different clinical categories of untreated subjects [ 6 ,  7 ]:

    1.    Subjects who are normotensive by clinic BP and hypertensive by ambulatory BP 
( masked hypertension  ; Fig.  9.2 , upper left panel).

  Fig. 9.1    Relation between offi ce and ambulatory systolic blood pressure in untreated hypertensive 
subjects enrolled in the “Progetto Ipertensione Umbria monitoraggio Ambulatoriale” (PIUMA) 
study. For any given value of offi ce BP, the observed ambulatory BP varies considerably from the 
predicted value by linear regression equation.  BP  blood pressure       
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       2.    Subjects hypertensive by both methods (true hypertension; Fig.  9.2 , upper right 
panel).   

   3.    Subjects normotensive by both methods (true normotension; Fig.  9.2 , lower left 
panel).   

   4.    Subjects who are hypertensive based on offi ce BP and normotensive by ambula-
tory BP (white coat hypertension, or isolated offi ce hypertension; Fig.  9.2 , lower 
right panel).    

  Notably, for both masked  hypertension   and white coat hypertension, the defi ni-
tion should be preferentially restricted to untreated patients. In treated patients, the 
offi ce-ambulatory BP discrepancy might be conditioned by a different drop in one 

  Fig. 9.2    Untreated hypertensive subjects enrolled in the “Progetto Ipertensione Umbria monitor-
aggio Ambulatoriale” (PIUMA) classifi ed into 4 groups according to offi ce (<140 or ≥140 mmHg) 
and day-time ambulatory (<135 or ≥135 mmHg) systolic blood pressure levels.  BP  blood 
pressure       
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vs. the other pressure (because of the time of drug administration, the duration of 
the effect, and other reasons) and patients may have had originally a sustained rather 
than a white coat or masked hypertension condition. 

     Masked Hypertension   

 The phenomenon of masked hypertension (also referred to as “reverse white coat 
hypertension” or “white coat normotension”) is defi ned as a clinical condition in 
which a patient’s offi ce BP level is normal (<140/90 mmHg), but ambulatory BP 
readings are in the hypertensive range (for instance; ambulatory daytime BP 
≥135/85 mmHg). 

 This  condition   underlines the concept that hypertension may not be detected in 
these subjects on the grounds of traditional BP measurement. Reactivity to daily life 
stressors and some behavioral factors can selectively infl uence the phenomenon of 
masked hypertension. As depicted in a recent algorithm [ 6 ] proposed for the identi-
fi cation and management of subjects with masked hypertension (Fig.  9.3 ), several 
factors may be involved as potential determinants of masked hypertension [ 6 ]. They 
include pre-hypertension or high-normal BP, smoking status, regular alcohol con-
sumption, male sex, diabetes, obesity, contraceptive use in women, sedentary hab-
its, and exposure to high environmental stress [ 6 ].

  Fig. 9.3    Suggested algorithm for evaluating and treating masked hypertension.  MH  masked 
hypertension,  ABP  ambulatory blood pressure,  ABPM  ambulatory blood pressure monitoring       
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   According to recent observations from cross-sectional studies, prevalence of 
masked hypertension ranges between 8 and 38 % [ 8 ]. Such variability has been 
attributed to different patient characteristics, populations studied, and different defi -
nitions of masked hypertension. Indeed, some studies were conducted in the general 
population, other in referred subjects with normotension, other in untreated or 
treated hypertensive patients, and other in elderly people, or specifi cally in men [ 6 ]. 

 Individuals with masked hypertension present a higher prevalence of organ dam-
age, particularly metabolic risk factors, left ventricular (LV) hypertrophy, increased 
carotid intima-media thickness, and impaired large artery distensibility when 
compared with subjects with a normal BP level both inside and outside the clinic or 
offi ce [ 9 ]. 

 Moreover, outcome studies have documented that masked hypertension increases 
cardiovascular risk, which appears to be comparable to that found in patients with 
concomitant in-offi ce and out-of-offi ce hypertension [ 6 ].    Available evidences show 
that subjects with masked hypertension have a 1.5–3-fold higher risk of major car-
diovascular disease than those with normotension, and their risk is not different 
from that of patients with sustained hypertension [ 6 ,  8 ]. 

 Some systematic overviews [ 6 ,  10 ,  11 ] evaluated the prognostic impact of 
masked hypertension. In this regard, the most recent meta-analysis [ 6 ] including 8 
cohort studies (Table  9.1 ) reported quantitative data for cardiovascular prognosis. It 
showed that the risk of major cardiovascular disease was higher in subjects with 
masked hypertension than in the normotensive subjects regardless of the defi nition 
of masked hypertension based on self-measured BP (hazard ratio [HR]: 2.13; 95 % 
confi dence interval [CI]: 1.35–3.35;  p  = 0.001) or 24-h ambulatory BP (HR: 2.00; 95 
% CI: 1.54–2.60;  p  < 0.001) [ 6 ].

   The high prevalence of masked hypertension remarks the priority of measuring 
out-of-offi ce BP in a consistent proportion of people with apparently normal or 
well-controlled offi ce BP. Nevertheless, the optimal strategy for detecting this con-
dition is not yet clear and it is virtually impossible to screen for masked hyperten-
sion the totality of the general population [ 12 ]. Thus, it appears reasonable to restrict 
screening to those individuals at increased risk for cardiovascular complications 

   Table 9.1    Clinical studies that addressed the adverse prognostic impact of masked hypertension   

 Study  Selection criteria  MH detected by 

 Bjorklund et al. [ 114 ]  70-year-old men  ABPM 
 Bobrie et al. [ 115 ]  Age ≥60 years  Home BP 
 Fagard et al. [ 116 ]  Age ≥60 years  ABPM 
 Hansen et al. [ 39 ]  Population sample aged 41–72 years  ABPM 
 Ohkubo et al. [ 117 ]  Population sample aged ≥40 years  ABPM 
 Mancia et al. [ 118 ]  Population sample aged 25–74 years  ABPM 
 Mancia et al. [ 118 ]  Population sample aged 25–74 years  Home BP 
 Pierdomenico et al. [ 17 ]  Age: 60 years (mean)  ABPM 

   ABPM  ambulatory blood pressure monitoring,  BP  blood pressure  
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(including patients with kidney disease or diabetes) and with potentially high pre- 
screen probability of masked hypertension (Fig.  9.3 ) [ 6 ]. 

 Finally, since the cardiovascular risk in masked hypertension seems to be equiva-
lent to that in sustained hypertension, it is reasonable that people with masked 
hypertension should undergo lifestyle changes and antihypertensive drug therapy 
targeted on out-of offi ce BP [ 5 ,  6 ,  13 ] (Fig.  9.3 ).  

     White Coat Hypertension   

 White coat hypertension, also referred to as isolated offi ce hypertension, is gener-
ally defi ned as a persistently elevated offi ce BP (≥140/90 mmHg) with concomitant 
normal BP outside the offi ce (<130–135/85 mmHg for daytime BP) [ 1 ]. 

 Despite a large number of studies, it’s not easy to give an unequivocal defi nition 
of white coat hypertension based on results of 24-h ambulatory BP monitoring. 
While the usual defi nition of elevated offi ce BP is out of discussion (≥140 mmHg 
for systolic and/or 90 mmHg for diastolic BP) [ 1 – 3 ], the upper reference limits of 
ambulatory BP used to defi ne white coat hypertension differed across the available 
studies. The defi nition was based on both systolic and diastolic values in some stud-
ies and solely on diastolic values in others; some studies used the average ambula-
tory BP during the day and other used the average 24-h ambulatory BP [ 7 ,  8 ]. 

 Such differences might seem clinically unimportant, but the prevalence of white 
coat hypertension and of the associated cardiac target-organ damage increased 
markedly when moving from more restrictive (lower) to more liberal (higher) limits 
of ambulatory BP normalcy over a relatively narrow range [ 14 ]. For example, the 
prevalence of LV hypertrophy, virtually absent below 120 mmHg and very low 
below 130 mmHg (6 %) for systolic BP, increases to 10.5 % when the limit was set 
to a more liberal value (140 mmHg) [ 14 ]. 

 In addition,    modest swings over a narrow range of presumably normal or nearly 
normal ambulatory BP may result in remarkable differences in the predicted cardio-
vascular risk [ 8 ,  15 – 18 ]. 

 In some reports from our group [ 8 ,  15 ,  16 ], the subset with white coat hyperten-
sion was subdivided into two groups with low ambulatory BP values (average day-
time ambulatory BP <130/80 mmHg) or values intermediate (between 130/80 and 
131/86 mmHg in women or 136/87 mmHg in men). The differences in event-free 
survival between the normotensive group and the group with white coat hyperten-
sion defi ned restrictively were not signifi cant, whereas the differences between the 
normotensive group and the white coat hypertension group defi ned more liberally 
were signifi cant [ 8 ,  15 ,  16 ]. 

 These data suggest that a daytime ambulatory BP <130 mmHg systolic and <80 
mmHg diastolic may be defi ned “optimal” to identify individuals with white coat 
hypertension and low cardiovascular risk (i.e., risk not dissimilar from that of clini-
cally normotensive subjects). To add further insight into the long-term clinical rel-
evance of white coat hypertension, an International Collaborative Study examined 
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individual data from 4 prospective cohort studies from the United States, Italy, and 
Japan [ 19 ]. In this study, 4,406 initially untreated subjects with essential hyperten-
sion and 1,549 healthy normotensive controls were followed for a median of 5.4 
years [ 19 ]. Using the same restrictive ambulatory limits for the defi nition of white 
coat hypertension (average awake ambulatory BP <130/80 mmHg), the adjusted HR 
for stroke was 1.15 (95 % CI: 0.61–2.16) in the white coat hypertension group 
( p  = 0.66) and 2.01 (95 % CI: 1.31–3.08) in the ambulatory hypertension group 
( p  = 0.001) compared with  the   normotensive group. However, the incidence of 
stroke tended to increase in the white coat hypertension group in the long run, and 
the corresponding hazard curve crossed that of the ambulatory hypertension group 
by the ninth year of follow-up [ 19 ]. These data raised the hypothesis, to be tested in 
future studies, that white coat hypertension might not be a fully benign condition on 
the long-term, being a sort of intermediate condition between normotension and 
established hypertension [ 20 – 25 ]. 

 Although controversy still exists regarding the prognostic impact of this condi-
tion, current evidence suggests a treatment based on lifestyle measures in the low- 
risk stratum of subjects with white coat hypertension under the conditions of 
restricted defi nition (daytime ambulatory BP <130/80 mmHg), absence of important 
comorbid conditions and target organ damage, and adequate follow-up [ 20 – 25 ].   

     Surrogate Outcome Markers   

 Surrogate outcome markers may provide a signifi cant contribution to early diagno-
sis and outcome prediction in hypertension. They are useful noninvasive tools for 
designing and evaluating therapeutic programs and are increasingly employed as 
predictive endpoints for treatment [ 26 ]. 

 In this context, the association between offi ce BP and hypertensive  target organ 
damage (TOD)   usually is relatively poor. Conversely, the closer correlation between 
TOD and ambulatory BP is well-established regardless of whether the damage is 
quantifi ed in the heart (LV hypertrophy or dysfunction), in the kidney (microalbu-
minuria or overt proteinuria), in the brain (cerebral lacunae or white matter lesions 
as identifi ed by nuclear magnetic resonance), or in the small and large arteries [ 27 ]. 

     Left Ventricular Hypertrophy   

 In the earlier studies by Drayer et al. [ 28 ] and Devereux et al. [ 29 ], ambulatory BP 
correlated more closely with LV mass than did offi ce BP. Subsequently, several stud-
ies confi rmed these results and actually there is a general consensus regarding the 
closer correlation between LV mass and ambulatory over clinic BP (Fig.  9.4 ) 
[ 30 – 32 ].
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   More recent data have also provided evidence that serial changes in LV mass 
show a closer association with the changes in ambulatory BP than with those in 
clinic BP [ 33 ]. 

 In this context, the Study on Ambulatory Monitoring of Pressure and Lisinopril 
Administration (SAMPLE) evaluated whether in hypertensive patients with a 
marked echocardiographic LV hypertrophy regression of hypertrophy by a 12-month 
treatment was more closely related to reduction in 24-h average than in offi ce BP 
[ 34 ]. Treatment consistently reduced offi ce BP, 24-h average BP, and LV mass 
index. The reductions in offi ce and 24-h BP showed a limited relationship to each 
other, while only the latter, but not the former, showed a signifi cant relationship 
with the degree of the LV hypertrophy regression [ 34 ]. 

 More recently, a report from the Progetto Ipertensione Umbria Monitoraggio 
Ambulatoriale (PIUMA) study [ 33 ] demonstrated that the changes in LV mass dur-
ing BP-lowering treatment was signifi cantly associated with the changes in 24-h 
systolic BP ( r  = 0.40), diastolic BP ( r  = 0.33), and pulse pressure ( r  = 0.35). Weaker 
associations were found with  the   changes in clinic BP ( r  = 0.32, 0.31 and 0.16, 
respectively). When 24-h systolic BP and 24-h diastolic BP were forced into the 
same model, only 24-h systolic BP achieved signifi cance. Similarly, when 24-h sys-
tolic BP and 24-h pulse pressure were included into the same model as covariates, 
only 24-h systolic BP was associated to statistical signifi cance [ 33 ].  

  Fig. 9.4    Association between average 24-h systolic blood pressure and left ventricular mass in 
untreated hypertensive subjects enrolled in the “Progetto Ipertensione Umbria Monitoraggio 
Ambulatoriale” (PIUMA) study.  BP  blood pressure       
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    Other  Organ Damages   

 A large number of studies have investigated whether, on a cross-sectional basis, 
other organ damages accompanying hypertension are more closely related to ambu-
latory than to offi ce BP. Microalbuminuria and albumin excretion rate are better 
predicted by ambulatory BP than by offi ce BP [ 35 ]. 

  The European Lacidipine Study on Atherosclerosis (ELSA)   [ 34 ] demonstrated 
that either the number of plaques or the size of the thickening was more closely 
related to 24-h average systolic BP and ambulatory pulse pressure than to the cor-
responding offi ce values. Indeed, 24-h average systolic BP or pulse pressure values 
were only second to age in their correlation with carotid artery wall status, their 
importance being also greater than that seen for serum cholesterol and other compo-
nents of the lipid profi le [ 34 ]. 

 Similarly, Asmar et al. found a closer association of arterial distensibility by 
carotid-femoral pulse velocity with ambulatory BP than with offi ce BP [ 36 ]. 

 Taken together, these data provide substantial evidence that the adverse effects of 
hypertension are related to the average ambulatory BP level to which target organs 
have been exposed over time and that the more accurate prognostic value of ambula-
tory over clinic BP is partially due to a more strict association with hypertension- 
related organ damage.   

     Ambulatory Blood Pressure Components   

 Historically, average 24-h, daytime (awake), and night-time (asleep) BP values have 
been the principal components of the ambulatory BP profi le to be investigated as 
prognostic markers [ 5 ,  37 ]. However, new statistical techniques and the ability to 
handle large volumes of data with computer-assisted analysis have led to studies 
that described different aspects of ambulatory readings and several information pro-
vided by ambulatory BP monitoring [ 2 ,  3 ]. 

 A new language emerged, with such terms as “nocturnal BP dipping,” “morning 
surge in BP,” “ambulatory pulse pressure,” “ ambulatory arterial stiffness index 
(AASI)  ,” “average heart rate and heart rate period,” “BP variability and variability- 
ratios,” and “BP load” [ 1 ,  5 ,  37 ]. Health professionals have thus to adjust and incor-
porate this new knowledge into their clinical practice. 

     Average Blood Pressure   

 One of the fi rst studies that addressed the prognostic value of ambulatory BP in a 
general population sample was the Ohasama study [ 38 ]. In this Japanese population 
(1542 subjects, 565 men and 977 women, aged ≥40 years), the association between 
BP levels and mortality was more distinctive for the 24-h ambulatory BP than it was 
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for the offi ce BP. Specifi cally, when both 24-h and offi ce BP values were included 
in a multivariable Cox model, only the systolic ambulatory BP was related signifi -
cantly to the increased risk of cardiovascular mortality [ 38 ]. 

 Similar results were also observed in  a   Danish general population cohort [ 39 ]. A 
recent meta-analysis of 7,030 subjects [ 40 ] showed that average day-time ambula-
tory BP was superior to offi ce BP in predicting cardiovascular events. In multivariate- 
adjusted continuous analyses, both offi ce and ambulatory BP predicted cardiovascular 
outcome. However, in fully adjusted models, including both offi ce and ambulatory 
BP, offi ce BP lost its predictive value, whereas systolic day-time ambulatory BP 
retained their prognostic signifi cance. 

 More recently, measurement of night-time BP proved to yield additional prog-
nostic data in terms of all-cause mortality and cardiovascular events. In the Dublin 
Outcome Study [ 41 ], a large observational registry of subjects who underwent 
ambulatory BP before treatment, after correction for several confounders, ambula-
tory BP was superior to offi ce BP for prediction of cardiovascular mortality and 
night-time ambulatory BP was the most potent ambulatory BP component for pre-
diction of outcome [ 41 ]. 

 A cohort study of 7458 patients in six countries from Europe, Asia, and South 
America [ 42 ] found that both day-time and night-time BP predicted all cardiovas-
cular events. Nevertheless, night-time BP, adjusted for day-time BP, independently 
predicted total, cardiovascular, and non-cardiovascular mortality [ 42 ]. 

 In elderly subjects with  isolated   systolic hypertension [ 43 ], ambulatory systolic 
BP was a signifi cantly better predictor of cardiovascular and cerebrovascular events 
than conventional BP measurement. During follow-up, 98 patients developed a 
major cardiovascular event and after adjustment for age, sex, offi ce BP, active treat-
ment, previous events, cigarette smoking, and residence in the western Europe, the 
average night-time systolic BP was a signifi cant predictor of total, cardiac, and cere-
brovascular future events, whereas the average daytime BP did not yield statistical 
signifi cance [ 43 ]. In this study, for every 10 mmHg increase in night-time systolic 
BP, the hazard rate for cardiovascular events was 1.20 (95 % CI: 1.08–1.35), while 
those for cardiac and cerebrovascular events were 1.16 (95 % CI: 1.02–1.33) and 
1.31 (95 % CI: 1.06–1.62), respectively [ 43 ]. 

 Notably, the interpretation of these averages in clinical practice is obviously 
dependent on the defi nition of normalcy. Although reference values for average 
ambulatory BP are still uncertain for the paucity of data allowing a shared defi nition 
dividing up normotension from hypertension, currently accepted limits of normalcy 
for average ambulatory BP based on several population-based data banks and longi-
tudinal studies in hypertension are reported in Table  9.2  [ 1 ].

  Table 9.2    Recommended 
limits of normalcy for 
ambulatory blood pressure  

 Limits of normalcy  Value 

 Average 24-h  <130/80 mmHg 
 Average day-time  <135/85 mmHg (optimal: 

<130/80 mmHg) 
 Average night-time  <120/70 mmHg 
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        Day–Night Blood Pressure Changes   

 Intra-arterial studies with beat-to-beat recording in ambulant subjects showed that, 
in normotensive individuals, BP is characterized by a circadian pattern, with values 
tending to peak during the day-time hours and then falling to a nadir at night [ 44 , 
 45 ]. In this context, 24-h ambulatory BP monitoring appears to be a valid tool to 
investigate the diurnal BP changes associated with the sleep–wake cycle, because it 
has been demonstrated that intra-arterial 24-h BP profi le is similar in the absence 
and in the presence of concomitant noninvasive BP monitoring [ 46 ]. 

 Several studies addressed the issue of the prognostic value of night-time BP and 
day–night BP changes, particularly in individuals whose nocturnal BP remains ele-
vated [ 47 ]. Typically, “non-dippers” are defi ned by a reduction in BP  by   less than a 
given percentage from day to night, and the subjects out of this defi nition are clas-
sifi ed as “dippers.” The threshold values for classifi cation ranged from 10 % to 10/5 
mmHg, up to 0 % (i.e., no reduction in BP from day to night or a higher BP during 
night than during day) [ 48 ]. 

 Several reports from independent centers showed that prevalence of LV hyper-
trophy [ 49 ], cerebrovascular disease [ 50 ,  51 ], and microalbuminuria [ 52 ] was higher 
among subjects with blunted or abolished fall in BP from day to night than individu-
als with normal day–night BP difference. 

 Furthermore, day–night BP changes signifi cantly refi ned cardiovascular  risk 
stratifi cation   above offi ce BP and other traditional risk markers [ 53 ,  54 ]. 

 Yamamoto et al. [ 55 ] demonstrated that the degree of ambulatory BP reduction 
from day to night at the baseline assessment was signifi cantly ( p  < 0.01) smaller in 
the group with subsequent cerebrovascular events than in the group with no future 
events. In older patients with isolated systolic hypertension, the Syst-Eur study 
found that cardiovascular risk increased with a higher night:day ratio of systolic BP 
(i.e., in patients more likely to be non-dippers) independent of the average 24-h BP 
[ 43 ]. Similarly, Ohkubo et al [ 56 ] showed an increased cardiovascular mortality in 
“non-dippers” (relative risk [RR]: 2.56,  p  = 0.02) and “reverse-dippers” (RR: 3.69, 
 p  = 0.004) in comparison with “dippers.” 

 Nevertheless, it is important  to   mention that night-time BP may lose its prognos-
tic signifi cance in hypertensive subjects with signifi cant sleep disturbances during 
overnight monitoring, which may occur for the compressive, tactile, and sonorous 
stimuli produced by repeated cuff infl ations [ 57 ]. 

 Recent fi ndings from our group supported this hypothesis, suggesting that the 
prognostic impact of day–night BP changes should be investigated including the 
perceived quantity of sleep as effect modifi er in outcome analyses [ 57 ]. Specifi cally, 
we followed 2934 initially untreated hypertensive subjects and we assessed the per-
ceived quantity of sleep during overnight BP monitoring [ 57 ]. Overall, 58.7, 27.7, 
9.7, and 4.0 % of subjects reported a sleep duration perceived as usual (group A), <2 
h less than usual (group B), 2–4 h less than usual (group C), and >4 h less than usual 
(group D). Daytime BP did not differ across the groups (all  p  not signifi cant). Night- 
time BP increased from group A to D (124/75, 126/76, 128/77, and 129/79 mmHg, 
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respectively; all  p  for trend <0.01). Over a median follow-up period of 7 years, there 
were 356 major cardiovascular events and 176 all-cause deaths. Incidence of total 
cardiovascular events and deaths was higher in the subjects with a night/day ratio in 
systolic BP >10 % compared with those with a greater day–night BP drop in the 
group with perceived sleep duration as usual or <2 h less than usual (both  p  < 0.01), 
not in the group with duration of sleep ≥2 h less than usual (all  p  not signifi cant). 
Notably, in a Cox model, the independent prognostic value of night-time BP for 
total cardiovascular end points and all-cause mortality disappeared in the subjects 
with perceived sleep deprivation ≥2 h.  

    Blood Pressure  Variability   

 BP is characterized by marked fl uctuations occurring within a 24-h period. Rather 
than representing “background noise,” or a phenomenon occurring at random, these 
variations are thought to be the result of complex interactions between extrinsic 
environmental and behavioral factors and intrinsic cardiovascular regulatory mech-
anisms [ 58 ]. 

 Although the adverse cardiovascular consequences of hypertension are thought 
to depend largely on mean BP values, the hypothesis that increased short-term BP 
variability may contribute to a worse prognosis in hypertensive patients received a 
great deal of attention. 

  Ambulatory BP variability   is generally estimated by computing the standard 
deviation (SD) of the mean systolic and diastolic BP values over a 24-h period or, 
more appropriately, day-time and night-time periods separately in order to exclude 
the day–night BP dip from the estimate of this kind of variability. However, other 
estimates, including weighted standard deviation and coeffi cient of variation, have 
been proposed in the last years [ 59 – 61 ]. 

 Importantly, prospective studies have provided evidence that an increase in BP 
variability within 24-h independently predicts progression of subclinical organ 
damage, cardiovascular events, and cardiovascular mortality [ 62 – 64 ]. Overall, these 
evidences support the concept that the adverse cardiovascular consequences of high 
BP depend on BP variability as well as on mean BP [ 62 – 64 ]. 

 Of particular interest are the fi ndings of a 2007 analysis of the PIUMA study 
[ 64 ]. In this study, BP variability was estimated by the SD of daytime or night-time 
systolic and diastolic BP. A BP variability ≤ or > the group median (12.7/10.4 
mmHg for day-time systolic and diastolic BP and 10.8/8.9 mmHg for night-time 
systolic and diastolic BP) identifi ed subjects at low or high BP variability. During 
follow-up, there were 167 new cardiac and 122 new cerebrovascular events. The 
rate of cardiac events (×100 person–years) was higher (all  p  < 0.05) in the subjects 
with high than in those with low BP variability (day-time systolic BP: 1.45 vs. 0.72, 
day-time diastolic BP: 1.29 vs. 0.91; night-time systolic BP: 1.58 vs. 0.62; nigh- 
time diastolic BP: 1.32 vs. 0.85). The rate of cerebrovascular events was also higher 
(all  p  < 0.05)  in   the subjects with high than in those with low BP variability [ 64 ]. 
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In a multivariate analysis, after adjustment for several confounders, a high night-time 
systolic BP variability was associated with a 51 % ( p  = 0.024) excess risk of cardiac 
events. The relation of day-time BP variability to cardiac events and that of day- 
time and night-time BP variability to cerebrovascular events lost signifi cance in the 
multivariate analysis [ 64 ]. 

 More recently, these fi ndings have been examined in a large multinational coop-
erative database including 7,112 untreated hypertensive patients enrolled in 6 pro-
spective studies [ 65 ]. In a multivariable Cox model, night-time BP variability (as 
estimated by SD) was an independent predictor of all-cause mortality, cardiovascu-
lar mortality, and cardiovascular events. In contrast, day-time BP variability was not 
an independent predictor of outcomes in any model. In fully adjusted models, a 
night-time systolic BP SD ≥ 12.2 mmHg was associated with a 41 % greater risk of 
cardiovascular events, a 55 % greater risk of cardiovascular death, and a 59 % 
increased risk of all-cause mortality compared with an SD < 12.2 mmHg. The cor-
responding values for a diastolic BP SD of ≥7.9 mmHg were 48 %, 132 %, and 77 
%, respectively. The addition of night-time BP variability to fully adjusted models 
had a signifi cant impact on risk reclassifi cation and integrated discrimination for all 
outcomes (relative integrated discrimination improvement for systolic BP variabil-
ity: 9 % cardiovascular events, 14.5 % all-cause death, 8.5 % cardiovascular death; 
for diastolic BP variability: 10 % cardiovascular events, 19.1 % all-cause death, 23 
% cardiovascular death, all  P  < 0.01).  

     Pulse Pressure   

 Age-related increases in BP are mainly attributable to an increase in systolic BP 
with a parallel steadiness, or slight decrease in diastolic BP [ 66 ]. This leads to a 
widening in pulse pressure. Stiffening of large arteries and decreased arterial com-
pliance are recognized key features of aging, which largely account for the changes 
in pulse pressure occurring from 50 years of age onwards [ 66 ]. 

 Because pulse pressure is strongly affected by the alerting reaction evoked by the 
clinical visit [ 67 ], it has been suggested that 24-h ambulatory pulse pressure may 
better refl ect “true” pulse pressure during normal daily life. 

 A signifi cant  association   has been noted in several studies between pulse 
pressure and subsequent rate of cardiovascular morbid events, and such association 
was in part independent from the effects of systolic and diastolic BP [ 68 – 75 ]. In this 
context, some analyses of the PIUMA study elucidated the independent prognostic 
value of ambulatory pulse pressure [ 73 ,  74 ]. The fi rst report included 2,010 initially 
untreated and uncomplicated subjects with essential hypertension (mean age, 51.7 
years; 52 % men) [ 74 ]. All subjects underwent baseline procedures including 24-h 
noninvasive ambulatory BP monitoring and the mean duration of follow-up was 3.8 
years (range, 0–11 years). In the three tertiles of the distribution of average 24-h 
pulse pressure (Fig.  9.5 , right panel), the rate of total cardiovascular events was 
1.19, 1.81, and 4.92, respectively (log-rank test,  p  < 0.01). Similar results were 
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obtained for offi ce pulse pressure (Fig.  9.5 , left panel). However, after controlling 
for several independent risk markers including white coat hypertension and non- 
dipper status, we found that ambulatory pulse pressure was associated with the big-
gest reduction in the −2 log likelihood statistics for cardiovascular morbidity 
( p  < 0.05 versus offi ce pulse pressure). For any given level of offi ce pulse pressure, 
cardiovascular morbidity and mortality markedly increased with average 24-h 
ambulatory pulse pressure.

   In a subsequent study,  we   demonstrated that in subjects with hypertension, 
ambulatory mean BP and pulse pressure exert a different predictive effect on cardiac 
and cerebrovascular outcome [ 73 ]. While pulse pressure was the dominant predictor 
of cardiac events, mean BP was the major independent predictor of cerebrovascular 
events [ 73 ]. Specifi cally, after adjustment for age, sex, diabetes, serum cholesterol, 
and cigarette smoking (all  p  < 0.01), for each 10 mmHg increase in 24-h pulse pres-
sure, there was an independent 35 % increase in the risk of cardiac events (95 % CI: 
17–55 %). Twenty-four-hour mean BP was not a signifi cant predictor of cardiac 
events after controlling for pulse pressure. Conversely, for every 10 mmHg increase 
in 24-h mean BP, the risk of cerebrovascular events increased by 42 % (95 % CI: 
19–69 %), and 24-h pulse pressure did not yield signifi cance after controlling for 
24-h mean BP.  

     Early Morning Blood Pressure Surge   

 It is well-known that a marked diurnal variation exists in the time of onset of cardio-
vascular events, with a peak in early morning [ 76 ,  77 ]. BP also exhibits a similar 
diurnal variation, with a decrease during sleep and a surge in the morning [ 76 ,  77 ]. 

  Fig. 9.5    Progressive increase in total cardiovascular events from the fi rst to the third tertile of the 
distribution of offi ce ( left ) and ambulatory ( right ) pulse pressure       
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 Dynamic diurnal variations in pressor stress from a nadir in the night to a peak in 
the morning (the morning surge in BP) have attracted attention as trigger for cardio-
vascular events. 

 In the last few years, the following two different estimates of the morning surge 
in BP proved prognostic signifi cance [ 78 ,  79 ]: (1) the sleep- trough   morning BP 
surge computed as the difference between the average BP during the 2 h following 
awakening and the lowest night-time BP (i.e., the average of the lowest BP and the 
two readings immediately preceding and after the lowest value); and (2) the pre- 
awakening morning BP surge as the difference between the average BP during the 
2 h after awakening and the average BP during the 2 h before awakening (Fig.  9.6 ).

   In a population of 519 older hypertensive subjects from Japan who contributed 
44 stroke events, during an average follow-up of 41 months, a higher morning BP 
rise (sleep-through morning surge ≥55 mmHg) was associated with stroke risk 
independently of ambulatory BP, nocturnal BP falls, and silent cerebral infarct 
( p  = 0.008) [ 78 ]. 

 More recently, an analysis by the  International Database of Ambulatory Blood 
Pressure in Relation to Cardiovascular Outcome (IDACO)   demonstrated that the 
morning surge above the 90th percentile (sleep-through morning surge ≥37 mmHg) 
signifi cantly and independently predicted cardiovascular outcome and might con-
tribute to  risk stratifi cation   by ambulatory BP monitoring [ 79 ]. 

 In contrast, a recent analysis of the  PIUMA study   [ 53 ] showed that a greater 
morning BP surge, either expressed as sleep-trough or pre-awakening surge, did not 
predict a greater cardiovascular risk in a large sample of 3012 subjects with hyper-
tension. Unexpectedly, in a multivariable Cox model (after adjustment for several 
predictive covariates, including age, sex, diabetes mellitus, cigarette smoking, total 
cholesterol, LV hypertrophy, estimated glomerular fi ltration rate,    and average 24-h 
systolic BP), a blunted sleep trough (≤19.5 mmHg) and pre-awakening (≤9.5 
mmHg) BP surge were associated with an excess risk of events (HR: 1.66, 95 % CI: 
1.14–2.42, and HR: 1.71, 95 % CI: 1.12–2.71, respectively). These fi ndings were 
explained by the evidence that the day–night reduction in systolic BP showed a 
direct association with the sleep trough ( r  = 0.564;  p  < 0.0001) and the pre- awakening 
( r  = 0.554;  p  < 0.0001) systolic BP surge: the greater the day–night dip, the greater 
the morning BP surge and vice versa [ 53 ] (Fig.  9.6 ).  

     Heart Rate   

 Epidemiological evidences demonstrate that heart rate correlates with cardiovascu-
lar morbidity [ 80 ]. However, much less is known about the independent prognostic 
value of ambulatory heart rate in hypertensive patients. Only data from three main 
longitudinal studies underlined the prognostic importance of elevated ambulatory 
heart rate for cardiovascular events. 

 The fi rst report was an analysis of the  PIUMA study   published in 1998 [ 81 ]. 
In a subset of 1,942 initially untreated and uncomplicated subjects with essential 
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hypertension, a blunted reduction of heart rate from day to night during the baseline 
examination was associated to an increased risk of death [ 81 ]. In a multivariable 
model, after adjustment for age, diabetes, and average 24-h systolic BP (all  p  < 0.01), 
for each 10 % less reduction in the heart rate from day to night the RR of mortality 
was 1.30 (95 % CI: 1.02–1.65,  p  = 0.04) [ 81 ]. 

 Similar results have been  obtained   by Ben-Dov and coworkers [ 82 ] in a large 
sample of 3,957 patients and by the IDACO investigators [ 83 ]. Hansen and cowork-
ers demonstrated that the night:day heart rate ratio predicted total and 
 non- cardiovascular mortality, while day-time heart rate did not predict mortality or 
any fatal combined with nonfatal event [ 83 ].   

    Newer Measures 

 In the last few years, other summary measures have been proposed for describing 
different aspects of ambulatory readings. They include novel advanced techniques 
for the estimation of BP variability,  ambulatory arterial stiffness index (AASI)  , and 
BP load. 

  Fig. 9.6    Different estimates of the morning blood pressure surge. The fi gure also suggests that 
day–night reduction in systolic blood pressure may be directly associated with the sleep trough or 
the pre-awakening systolic blood pressure surge (see text for details).  BP  blood pressure       
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 Nevertheless, controversy exists as to which components have independent prog-
nostic signifi cance over and beyond average ambulatory BP [ 5 ]. 

    Novel Indices of Blood Pressure  Variability   

 Ambulatory BP variability is traditionally assessed from the SD of BP measure-
ments. However, other advanced indices have been proposed. Calculation of the 
“weighted” SD of the 24-h mean value (computed as the average of the day-time 
and night-time BP SD, each weighted for the duration of the respective day or night 
period) has been analyzed as a method of excluding day-to-night BP changes from 
the quantifi cation of overall 24-h SD, without discarding either daytime or night- 
time values [ 84 ]. 

  Average real variability (ARV)   is computed as the average of the absolute differ-
ences between consecutive BP measurements [ 85 ,  86 ]. 

 Some investigators also proposed maximum minus minimum blood pressure 
(MMD) as alternative index of BP variability [ 87 ]. 

 Variability of BP independent of the mean (VIM) [ 88 ] is calculated as the SD 
divided by the mean to the power x and multiplied by the population mean to the power 
x. The power x is obtained by fi tting a curve through a plot of SD against mean, using 
 the   model SD =  a  × mean  x  , where  x  was derived by nonlinear regression analysis. 

 Finally, Gavish et al. [ 89 ] suggested a variability ratio as an alternative index of 
BP variability for  risk stratifi cation   in elderly patients with slower heart rate. 

 Some of these parameters have been shown to be better predictors of organ dam-
age and cardiovascular risk than the conventional 24-h SD of BP [ 58 ,  90 ]. 
Nevertheless, computation of these indices appears somewhat complicated for 
routine clinical practice, requires ad-hoc software, and can be affected by artifacts 
during ambulatory BP monitoring recording. 

 Furthermore, it is not clear whether the addition of these novel indices improves 
risk stratifi cation after adjustment for traditional risk factors and 24-h average BP 
levels [ 5 ].  

    Ambulatory Arterial Stiffness  Index   

 This parameter has been conceived as novel index of vascular stiffness. Computing 
the slope of diastolic on systolic pressure from 24-h ambulatory recordings, the 
AASI is defi ned as 1 minus this regression slope [ 91 ]. 

 Dolan and coworkers demonstrated that AASI predicts cardiovascular mortality 
in hypertensive patients and provides prognostic information complementary to 
pulse pressure, independent of mean arterial pressure [ 92 ]. 

 However,    AASI seems to be not independently related to other widely accepted 
measures of arterial compliance (such as pulse wave velocity [ 93 ]) and it is signifi -
cantly infl uenced by nocturnal BP reduction [ 94 ]. Moreover, it has been shown to 
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predict stroke and cardiovascular death, but not cardiac death, in a number of inde-
pendent populations [ 92 ,  95 ,  96 ].  

    Blood Pressure  Load   

 As originally defi ned [ 97 ,  98 ], BP load is the percentage of BP>140/90 mmHg by 
day and >120/80 mmHg at night. More recently, BP load has been computed as the 
percentage of ambulatory BP readings above threshold values of 135/85 mmHg for 
day-time and 120/70 mmHg for night-time BP or as the percentage area under the 
BP curve above these set limits [ 1 ]. Some studies have reported signifi cant associa-
tions between BP load, end-organ damage, and cardiovascular events [ 98 ,  99 ], 
whereas others failed to demonstrate the ability of BP load to refi ne the risk of 
developing target organ  damage   and cardiovascular disease [ 100 ,  101 ].   

    Interpretation of  Ambulatory Blood Pressure Monitoring  : 
A Pragmatic Approach 

 The clinical use of ambulatory BP monitoring in individual subjects to optimize 
their management is not so simple and immediate and measurements should be 
interpreted carefully. Moreover, there is no consensus on the summary measures 
that should be used in clinical decision making. 

 Interpretation of ambulatory BP monitoring in individual patients to optimize 
their management must be kept simple and clinicians should concentrate on ambu-
latory components which proved to substantially refi ne risk profi ling over and 
beyond the BP level. 

 In such a context, the addition of ambulatory pulse pressure, dipping status, and 
SD of night-time BP variability to models of long-term outcomes improves  risk 
stratifi cation   after accounting for the impact of average ambulatory BP levels. 

 To this purpose, we developed some algorithms for the clinical use of ambulatory 
BP monitoring [ 5 ,  20 – 25 ,  37 ] and suggested the acronym “ A mbulatory  D oes 
 P rediction  V alid” ( ADPV )    [ 102 ]:

•      A verage ambulatory BP    
•     D ipping pattern    
•     P ulse pressure    
•     V ariability of night-time systolic BP      

 Figure  9.7  shows an algorithm that may be used to refi ne cardiovascular  risk 
stratifi cation   and guide treatment strategies [ 102 ]. As recommended by current 
Guidelines [ 1 – 3 ,  103 ], offi ce BP (or home BP if available) is the fi rst line proce-
dure to identify subjects who could be candidate for commencing drug treatment. 
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In the subjects with increased offi ce BP, 24-h ambulatory BP identifi es low-risk 
individuals with normal or optimal values of daytime ambulatory BP (i.e., white 
coat hypertension). These subjects are generally suitable for lifestyle measures 
without antihypertensive drug treatment. However, indications from current guide-
lines should remain mandatory in subjects with associated risk factors or target 
organ  damage   [ 1 – 3 ,  104 ].

   In the context of a high clinical suspicion of masked hypertension, ambulatory 
BP monitoring may be useful to identify subjects with hypertension undetected on 
the grounds of usual methods. Since the cardiovascular outcome in masked hyper-
tension is equivalent to that in sustained hypertension, subjects with masked hyper-
tension should undergo lifestyle changes and antihypertensive drug therapy targeted 
on ambulatory BP levels [ 6 ]. 

 In subjects with elevated daytime BP (i.e., ambulatory hypertension), one (or 
more) of the following conditions identifi es high-risk individuals, regardless of 

  Fig. 9.7    Algorithm for interpretation of ambulatory blood pressure measurements in untreated 
hypertensive subjects.  BP  blood pressure,  ABPM  ambulatory blood pressure monitoring,  PP  pulse 
pressure,  TOD  target organ damage       
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offi ce BP values (offi ce hypertension or masked hypertension): a non-dipping 
status, an increased 24-h pulse pressure, or a high night-time systolic BP variability. 
In these subjects, drug treatment is highly recommended [ 102 ].  

    Conclusion and Perspectives 

 The main advantage of 24-h ambulatory BP monitoring relies in the high number of 
readings obtained in an outpatient setting, which results in a closer estimate of the 
“true” BP [ 105 ,  106 ]. Ambulatory BP monitoring appears to be most useful when 
the diagnosis of hypertension is uncertain, to detect masked hypertension or white 
coat hypertension, to evaluate patients who are apparently resistant to treatment, 
and to assess symptomatic episodes of hypotension or hypertension (Table  9.3 ). 
However, a policy of offering 24-h ambulatory BP monitoring to all patients with 
hypertension, particularly if untreated, is generating growing attention.  The National 
Institute for Health and Care Excellence (NICE)   was the fi rst to state unequivocally 
that 24-h ambulatory BP monitoring should be offered to all people with elevated 
offi ce BP [ 107 ].  The U.S. Preventive Services Task Force (USPSTF)  , an indepen-
dent panel of experts in prevention and evidence-based medicine recently suggested 
to offer 24-h ambulatory BP monitoring to all subjects with elevated offi ce BP at 
screening and to offer antihypertensive treatment solely to subjects with elevated 
ambulatory BP, not to those with white coat hypertension [ 108 ].

   The position of USPSTF and NICE is shared, in principle, by a recent Position 
Paper of the European Society of Hypertension. The paper states that an accurate 
diagnosis of white coat hypertension “can best be achieved by performing 24-hour 
ambulatory BP monitoring and/or home BP monitoring in all patients with uncom-

  Table 9.3    Generally 
accepted indications for 
ambulatory blood pressure 
monitoring  

 Clinical indications 

 Suspected white coat hypertension 
 Suspected masked hypertension 
 High risk of future cardiovascular events 
 Identifying abnormal blood pressure 
patterns 
 Daytime hypertension 
 Suspected nocturnal hypertension or no 
night-time reduction in BP 
 Increased blood pressure variability 
 Increased pulse pressure 
 Assessment of treatment (and titration of 
antihypertensive treatment) 
 Assessing hypertension in the elderly 
 Identifying ambulatory hypotension 
 Suspected orthostatic hypotension 
 Endocrine hypertension 
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plicated, stage 1 and 2 essential hypertension before prescribing antihypertensive 
drug therapy” [ 1 ]. 

 However, at least three areas in the fi eld of ambulatory BP monitoring require 
specifi c studies in the fi eld. First, it remains to be proved that tailoring treatment on 
the basis of ambulatory BP provides a better cardiovascular protection than tradi-
tional treatment based on offi ce BP. This would require a large, multinational, ran-
domized, outcome-based study that, unfortunately, is unlikely to be ever planned 
and conducted because of its magnitude and expense [ 109 ]. Only a few studies have 
addressed the prognostic value of in-treatment ambulatory BP [ 22 ,  105 ,  106 ,  110 –
 112 ]. For instance, in the PIUMA study [ 110 ] only 27 % of subjects achieved offi ce 
BP control, defi ned as BP <140/90 mmHg, and 37 % of subjects achieved ambula-
tory BP control, defi ned as daytime BP <135/85 mmHg. Ambulatory BP control 
signifi cantly predicted a lesser risk for subsequent cardiovascular disease, whereas 
offi ce BP control did not. Similarly, in the Offi ce Versus Ambulatory blood pressure 
(OvA) study [ 111 ], higher mean values for 24-h BP were independent risk factors 
for new cardiovascular events. 

 Secondly, the “dipper”/”non-dipper” classifi cation has been criticized because it 
implies an arbitrary dichotomization of a continuous variable. It is also unclear 
whether systolic and diastolic BP should be considered separately, or together, in 
the defi nition of day–night BP changes [ 113 ]. Outcome studies are thus needed to 
derive universally accepted outcome-driven thresholds of normalcy for day–night 
BP changes. 

 Finally, randomized intervention studies are also needed in persons with white 
coat hypertension in order to compare a regimen based on lifestyle measures versus 
a standard based on offi ce BP. Again, such a trial is unlikely to be ever performed 
because of its complexity and cost.     

  Confl ict of Interest   None of the authors of this study has fi nancial or other reasons that could 
lead to a confl ict of interest.  
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    Chapter 10   
 Ambulatory Blood Pressure and Stroke       

       Philip     B.     Gorelick      ,     Muhammad     U.     Farooq      , and     Jiangyong     Min     

            Introduction 

 Raised blood pressure is the most important modifi able risk factor for stroke and has 
been referred to by some experts as the ‘crown jewel’ of stroke prevention [ 1 – 4 ]. Stroke, 
one of the most modifi able noncommunicable diseases, is well-suited for prevention as 
it has a high prevalence of disease, proven therapies to reduce stroke risk, a high fre-
quency of disability, a substantial economic burden, and a number of modifi able risk 
factors [ 1 ]. In relation to the latter point, hypertension serves as the major nexus for 
stroke prevention. Stroke ranks as the second leading cause of death in the world and the 
fi fth leading cause of death in the United States. Worldwide, there are an estimated 16 
million fi rst strokes and 5.7 million stroke deaths [ 5 ]. Furthermore, the annual absolute 
number of strokes, stroke survivors, related deaths, and disability-adjusted life years lost 
are on the rise; there has been a call to action to prevent and treat modifi able risks for 
cardiovascular disease such as  hypertension   [ 5 ]. Low- and middle-income countries are 
especially vulnerable to stroke  occurrence and have been affected disproportionately. 

 Given the importance of elevated blood pressure in stroke causality, accurate mea-
surement of blood pressure is critical [ 6 – 12 ]. Although ambulatory blood  pressure 
monitoring (ABPM) may not be available in clinical practice in many places in the 
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world, it has been noted that additional costs associated with ABPM are counterbal-
anced by cost savings according to better targeted treatment [ 13 ]. Furthermore, use of 
ABPM to determine the presence of raised blood pressure is becoming or will become 
standard practice in developed countries around the globe. ABPM serves as the most 
accurate means to measure blood pressure, and as discussed in this textbook, may be 
useful in the evaluation of  blood pressure variability  , white coat hypertension, noctur-
nal hypertension, drug-resistant hypertension, effi cacy of drug treatment over a 24-h 
time period, symptomatic hypotension, episodic hypertension, and masked hyperten-
sion. As we will soon explore in more detail, ABPM provides insights into  stroke risk 
determination   and targeted blood pressure management. 

 In this chapter, we review the following topics: background information regard-
ing the relationship of hypertension to stroke, select studies from the authors’ fi les 
on ABPM and stroke risk and how ABPM may inform management of blood pres-
sure for stroke prevention and treatment, fi rst and recurrent  stroke prevention guide-
lines   in the United States and the status of integration of ABPM into stroke risk 
assessment and blood pressure management.  

    Background Information: The Relationship of Hypertension 
to Stroke 

 In a review of major overviews of prospective cohort studies and meta-analysis 
of more than 40  randomized controlled trials   of blood pressure lowering includ-
ing over 188,000 persons and 6800 stroke events, Lawes and colleagues reported 
the following main fi ndings: (1) In cohort studies, for each 10 mmHg lower sys-
tolic blood pressure (SBP), there was a decrease in stroke risk of about one third 
in persons aged 60–79 years; (2) The association was continuous down to at least 
blood pressure levels of 115/75 mmHg and across sexes, regions, stroke sub-
types, and for stroke mortality and nonfatal stroke events; (3) The proportional 
association was age-dependent, but held true even among those who were 80 
years of age; (4) In randomized controlled trials, a 10 mmHg reduction of SBP 
was associated with stroke risk reduction of about 1/3 (subjects were about 70 
years of age when an event occurred); and (5) The  benefi t   of blood pressure low-
ering was greater for larger blood pressure reductions; however, relative benefi ts 
were similar according to the type of blood pressure lowering medication, base-
line blood pressure level, and past history of cardiovascular disease [ 14 ]. 
Furthermore, based on a  meta- analysis     of individual patient data, blood pressure 
lowering provides similar relative protection at all levels of baseline cardiovas-
cular risk; however, there is greater absolute risk reduction as baseline risk 
increases [ 15 ]. The main fi ndings from the Lawes and colleagues study are 
 summarized in    Table  10.1 .

   Besides a substantial observational epidemiological database of studies linking 
hypertension to stroke and numerous clinical trials that show the benefi t of blood 
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pressure reduction on stroke incidence or recurrence, population attributable risk 
(PAR)           calculations place hypertension as the single factor explaining the highest 
percentage of stroke risk. Estimates of the percentage of stroke explained by hyper-
tension are in the 25 % to almost 50 % range [ 16 ,  17 ]. In the INTERSTROKE Study 
whereby participants from 22 countries from different geographic regions were 
enrolled in a large case–control study, it was shown that ten risk factors were associ-
ated with 90 % of stroke risk [ 18 ]. In this study, the PAR for hypertension in relation 
to stroke was 34.6 %. Overall, the  relative risk or estimate of relative risk of hyper-
tension for stroke is in the 3–8 range [ 19 ]. 

 During the past decades, we have witnessed a major public health advance—a 
substantial decline in stroke mortality in the United States. An  American Heart 
Association/American Stroke Association (AHA/ASA)   expert panel concluded that 
the decline in stroke mortality was attributable to a combination of interventions 
and programs to reduce stroke risk. Furthermore, the panelists concluded that a key 
factor in the reduction of the stroke mortality over time was control of blood 
 pressure [ 20 ]. 

 Whereas all forms of raised blood pressure place one at risk for stroke, SBP has 
become a main target for stroke  and cardiovascular disease prevention  . SBP gener-
ally rises with age, whereas  diastolic blood pressure   increases until about age 50–55 
years and falls thereafter when cardiovascular risk begins to heighten. As most per-
sons with high blood pressure are 50 years of age or older, the importance of SBP 
as a cause of stroke and other cardiovascular disease is emphasized [ 21 ]. 

 Blood pressure control in the United States has improved substantially over time 
[ 20 ]. It is now estimated that up to almost two thirds of persons with high blood 
pressure have blood pressure at or below the 140/90 mmHg level [ 21 ]. Despite this 
fact, blood pressure control in a number of past clinical trials of recurrent stroke 
prevention has fallen short of the mark [ 22 ,  23 ,  24 ]. In contradistinction, concerted 
efforts to control blood pressure and related risk  factors   in more recent recurrent 
stroke prevention clinical trials have yielded substantial benefi ts in relation to stroke 
reduction [ 25 – 27 ]. 

   Table 10.1    Main fi ndings from  epidemiological observational studies and randomized controlled 
trials   on the relationship of stroke and blood pressure [ 14 ]   

  Observational studies  
 1. For each 10 mmHg lower SBP equates to approximately 1/3 less stroke in 60–79 year olds 
 2. The association is continuous down to at least blood pressure levels of 115/75 mmHg and 

holds across sexes, regions, stroke subtypes, for stroke mortality and nonfatal stroke events, 
and by age up to 80 years 

  Randomized controlled trials  
 1. A 10 mmHg SBP reduction was associated with a 1/3 reduction of stroke (mean age of 

participants at the time of event: approximately 70 years) 
 2. Larger blood pressure  s  reductions were associated with greater reduction of stroke 
 3. The association held for baseline blood pressure level, type of antihypertensive medication, 

and cardiovascular risk profi le 
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 Table  10.2     summarizes epidemiological facts about hypertension in relation to 
stroke and facts about hypertension in the United States [ 19 ,  28 ].

       Ambulatory Blood Pressure Monitoring and Stroke: Review 
of Select Studies 

 Blood pressure  measurement   outside the outpatient offi ce or hospital setting may 
include self-monitoring and ABPM. In the former case, the patient uses a blood 
pressure measurement devise and chooses to take and record their blood pressure at 
various times during the day. In the latter case, an ambulatory blood pressure moni-
tor is deployed and blood pressure is automatically measured and recorded at set 
time intervals. Home or self-monitoring of blood pressure is reviewed in detail in 
this textbook in Chap.   2     and ABPM in Chap.   4    . As a prelude to our discussion of 
ABPM and stroke, we fi rst discuss select studies from the authors’ fi les  on   blood 
pressure variability and stroke based on non-ABPM measures. We have chosen to 
emphasize blood pressure variability as it may have a substantial impact on  stroke 
risk and brain morphology   and function. 

    Studies of Blood Pressure Variability According to Non- 
ambulatory Blood Pressure Monitoring Measures 

 The concept that blood pressure variability measurements add information 
about stroke risk has been available since at least the early 1990s based on 
observations by the  Swedish Trial in Old Patients (STOP)   investigators that 
blood pressure lowering therapy decreased stroke risk more than expected com-
pared to mean blood pressure lowering alone [ 29 ]. Interest in the topic was 
substantially rekindled and studied by Rothwell and colleagues in a series of 
publications in 2010 [ 30 – 33 ]. The Rothwell and colleagues’ studies and review 
may be summarized as follows: (1) visit-to-visit SBP variability, beyond mean 
blood pressure, independently predicts stroke; (2) independent of mean SBP, 
calcium-channel blockers and diuretics, drugs that reduce visit-to-visit blood 
pressure variability provide the best stroke prevention, whereas non-selective 

  Table 10.2    Epidemiological  basics   of hypertension in relation to stroke and hypertension 
alone in the United States [ 19 ,  28 ]  

 Population attributable risk: ~25–50 % 
 Relative risk or estimate of relative risk: 3–8 
 Prevalence of hypertension in the United States: ~29 % 
 Lifetime risk of developing hypertension for individuals normotensive at age 55 years: 90 % 
 Prevalence of  hypertension   among persons ≥65 years: >2/3 
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beta blockers are least effective; and (3) visit-to-visit blood pressure variability 
accounts for the difference in treatment effect for stroke prevention in select 
clinical trials [ 29 ]. 

 Therefore, in relation to  stroke prevention  , Rothwell and colleagues make a 
substantial argument that drugs that reduce blood pressure variability may be more 
benefi cial than those that do not [ 30 – 33 ]. Instability or variation of blood pressure 
is not well-tolerated by the brain [ 34 ]. Consequences of  long-term blood pressure 
variability   may include brain atrophy, subcortical ischemic lesions, and cognitive 
impairment. Rothwell and colleagues replicated key prior fi ndings in an observa-
tional study of home blood pressure monitoring, which showed that after transient 
ischemic attack or minor stroke, calcium  channel   blockers and diuretics decreased 
blood pressure variability and maximum home SBP [ 35 ]. The results were largely 
driven by improvement of morning blood pressure readings. Limitations of the 
Rothwell and colleagues conclusions are discussed elsewhere by Carlberg and 
Lindholm [ 29 ]. 

 Table  10.3     summarizes additional select studies relating to blood pressure vari-
ability and non-ABPM measures [ 36 – 42 ].

   Table 10.3    Select stroke study results on non-ABPM and blood  pressure   variability   

 Study  Results 

  Acute/Subacute stroke  
 1. Harper et al. [ 36 ]  There is a marked fall in blood pressure in the fi rst week after acute 

stroke (22/12 mmHg [SBP/DBP]) and a similar pattern if patients 
were treated with blood pressure-lowering agents 

 2. Kang et al. [ 37 ]  Variability of blood pressure (not average blood pressure) is 
associated with poorer functional ischemic stroke outcome at 3 
months 

 3. Ko et al. [ 38 ]  Blood pressure variability measures are associated with hemorrhagic 
transformation independent of mean SBP in ischemic stroke patients 

  Nonacute/subacute stroke  
 1. Yadav et al. [ 39 ]  In a genome-wide analysis of blood pressure variability, the NLGN1 

locus is signifi cantly associated with blood pressure variability but 
not ischemic stroke or its subtypes 

 2. Fukuhara et al. [ 40 ]  White-coat, masked, and sustained hypertension are associated with 
carotid artery stenosis in a Japanese population 

 3. Nagai et al. [ 41 ]   Exaggerated   visit-to-visit blood pressure fl uctuations are indicators 
of carotid artery atherosclerosis and stiffness independent of average 
blood pressure 

 4. Cuffe et al. [ 42 ]  Single measurements of ‘normal’ or ‘low’ blood pressure 
underestimate the prevalence of hypertension in transient ischemic 
attack and minor stroke patients 

   DBP  diastolic blood pressure,  SBP  systolic blood pressure  
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       Studies of ABPM and Stroke 

 Interest in circadian patterns of  blood pressure variation   has led to the study of daytime 
and night time variations in blood pressure. For example, at most individuals experi-
ence a dip in blood pressure by about 10–20 % which may be followed by a morning 
surge of blood pressure between the hours of 6 AM and 12 noon [ 43 ]. The morning 
surge has been associated with an increased risk of  cardiovascular events   such as 
stroke. A number of  factors   may contribute to the morning surge of blood pressure and 
include sympathetic nervous system and renin–angiotensin system activity, increases 
in platelet aggregation, plasminogen activator inhibition, mechanical fl ow abnormali-
ties, ubiquitin–proteasome system, oxidative stress, plasma cortisol, older age, African-
American race/ethnicity, and other factors [ 43 ]. In addition, external stimuli may 
underlie blood pressure surges. Previously, we reported cold weather-induced brain 
hemorrhage and hypothesized that a sudden surge in blood pressure induced by 
extreme cold weather could  trigger intraparenchymal brain hemorrhage   [ 44 ]. 

 In relation to blood pressure regulation, it has been observed that night time may 
be a high risk period for  ischemic brain injury  , but an opportunity for interventional 
blood pressure management [ 45 ]. Night time is a period when normal blood pres-
sure dipping, non-dipping, or extreme (exaggerated) blood pressure dipping may 
occur. Non-dipping and extreme dipping of blood pressure have been linked to 
 ischemic brain injury. It has been shown, for example, that the frequency of white 
matter lesions on MRI head study may be more common in persons who have ele-
vated nocturnal blood pressure on ABPM [ 46 ]. By targeting the underlying mecha-
nism (e.g., sympathetic nervous system, renin–angiotensin system) with properly 
timed (evening) and appropriate type of antihypertensive, one may be able  to   avert 
such brain injury [ 47 ,  48 ]. 

 When considering nighttime blood pressure, one must take into account sleep 
disturbances such as  sleep-disordered breathing  . For example, in one study short 
sleep duration was associated with incident stroke in hypertensive persons with 
silent cerebral infarcts [ 49 ].  Treatment   of an emerging risk for stroke obstructive 
sleep apnea (OSA), with continuous positive airway pressure (CPAP)      ,       may lead to 
better blood pressure control, especially when there is resistant hypertension [ 50 ]. 

 One should keep in mind that certain groups of patients may be at a higher risk 
of blood pressure variability.  Long-term blood pressure variability   may be exagger-
ated in Blacks, diabetics, and those with cardiovascular disease [ 51 ]. 

 A number of ABPM studies that relate specifi cally to stroke or stroke surrogate 
markers will now be discussed. Substantial interest in blood pressure and stroke in 
Asia has led to a number of ABPM studies originating from these regions. Kario and 
colleagues have been leaders in the fi eld. We now review key select studies or 
reviews on ABPM and stroke from this investigative group who studied elderly 
Japanese persons with hypertension, some of whom were enrolled in the Jichi 
Medical School ABPM Study. 

 Key fi ndings from the Kario and colleagues’ studies of ABPM are summarized [ 52 – 61 ]: 
(1) Japanese patients with hypertension who are extreme dippers at nighttime may be at 
higher risk of silent cerebral infarcts and clinical strokes during sleep due to either hypo-
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tension during night time hours or an exaggerated morning blood pressure surge, whereas 
reverse dipping may heighten risk of  intracranial hemorrhage  ; (2) among hypertensive 
patients,  hyperinsulinemia   is associated with lacunar- type silent cerebral infarcts in the 
subcortical white matter, and hemostatic abnormalities are associated with multiple 
silent cerebral infarcts, especially those observed in the basal ganglia; (3) a higher morn-
ing blood pressure surge is associated with stroke risk independent of ambulatory and 
nocturnal falls in blood pressure, and the morning surge of blood pressure is associated 
with  alpha-adrenergic activity   and advanced  silent hypertensive brain disease  ; (4) sleep 
pulse pressure and awake mean blood pressure are predictors of stroke after adjusting for 
stroke events; (5) hypertension in the morning is the strongest predictor of future stroke 
events; (6) in the International Collaborative Study of Prognostic Utility of ABPM, the 
amount of blood pressure dipping was a signifi cant inverse predictor of stroke but not of 
cardiac events; (7)  high-sensitivity C-reactive protein   is associated with clinical stroke in 
addition to silent cerebral infarcts in elderly persons with hypertension; (8) the degree of 
morning blood pressure surge is associated with an increase of morning platelet aggrega-
tion activity; and (9) After adjustment for 24-h SBP, prothrombin fragments 1 + 2 are 
positively associated with white matter hyperintensities. 

 We now review fi ndings from additional ABPM studies of stroke. Nakamura, 
Oita, and Yamaguchi utilized a portable blood pressure monitor in 81 patients with 
chronic ischemic cerebrovascular disease and classifi ed the subjects into two 
groups according to levels of  diurnal and nocturnal blood pressure   [ 62 ]. The main 
fi nding was that nocturnal blood pressure dipping in patients treated with blood 
pressure lowering medication might accelerate the risk of ischemic brain disease. 
Tomii and colleagues analyzed 24-h ABPM in 104 acute ischemic stroke patients 
on the second and eighth hospital days to assess global outcome according to the 
modifi ed Rankin Scale score at 3 months [ 63 ]. Overall, mean values of  systolic 
and diastolic blood pressure  , pulse pressure, and heart rate based on the fi rst 
ABPM determination and heart rate based on the second ABPM determination 
were inversely associated with functional independence and mean values of sys-
tolic and diastolic blood pressure on the fi rst determination of ABPM and mean 
heart rate on the second ABPM determination were positively associated with 
poor global outcome. 

 In a case–control study, Zhang and colleagues enrolled 76 patients with transient 
ischemic attack or minor stroke and 82 controls from a normal population to deter-
mine whether circadian blood pressure differed when using 24-h ABPM and short- 
term measurement of heart rate variability [ 64 ]. As might be expected, a history of 
hypertension was more common among cases than controls (72.4 % vs. 48.8 %); 
however, circadian blood pressure patterns and heart rate variability were similarly 
distributed among patients and controls. Thus, the main fi ndings of no differences 
between cases and controls for circadian blood pressure patterns were contrary to 
other studies of acute or subacute stroke  patients  . 

 Klarenbeek and colleagues carried out 24-h ABPM in 122 fi rst-ever lacunar 
stroke patients to determine possible associations between ABPM and total burden 
of cerebral small vessel disease on brain magnetic resonance imaging (MRI) [ 65 ]. 
Markers of cerebral small vessel disease on  MRI   included asymptomatic lacunar 
infarcts, white matter lesions, cerebral microbleeds, and enlarged perivascular 
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spaces. The authors reported that after adjustment for age and sex, higher 24-h 
systolic and diastolic ABPM measures at night or daytime were signifi cantly associated 
with an increasing burden of cerebral small vessel disease. 

 Finally, based on 24-h ABPM results, Aznaouridis and colleagues explored the 
predictive value of an  Ambulatory Systolic-Diastolic Pressure Regression Index 
(ASDPRI)      from meta-analyses of seven longitudinal studies [ 66 ]. The predictive 
value of the ASDPRI was determined for future outcome events including cardio-
vascular ones, stroke, and all-cause mortality. An increase of 1 standard deviation of 
the ASDPRI was associated with an adjusted increase of risk of total cardiovascular 
events and stroke by 15 % and 30 %, respectively. Furthermore, the ASDPRI was a 
better predictor of stroke than total cardiovascular events, and furthermore, it pre-
dicted stroke better in non-hypertensives than hypertensives. 

 Table  10.4  summarizes key fi ndings from additional select studies on stroke and 
ABPM [ 67 – 73 ].

   There is a growing literature in relation to cognition, white matter lesions and 
other subcortical small vessel cerebrovascular disease, and ABPM, which is beyond 
the scope of this chapter. For further information on this topic, the reader is referred 
to several authoritative references [ 74 ,  75 ].   

   Table 10.4    Additional select studies of stroke and ambulatory blood pressure monitoring   

 Author  Results 

 1. Ohkubo et al. [67]  In the Ohasama study, ABPM is linearly associated with stroke risk, 
is more robust in predicting stroke than screening blood pressure, 
and daytime blood pressure better predicts stroke risk than nighttime 
blood pressure 

 2. Verdecchia et al. 
[68] 

 24-h pulse pressure is the main predictor of cardiac events, whereas 
24-h mean blood pressure is the main predictor of cerebrovascular 
events 

 3. Stergiou et al. [69]  Abrupt change in physical activity may be a major determinant of 
the 2-peak diurnal variation of blood pressure and may act as a 
trigger factor for stroke 

 4. Vemmos et al. [70]  Different factors (see parentheses) correlate with higher 24-h blood 
pressure by stroke subtype: large artery atherosclerosis (history of 
hypertension, stroke severity); cardioembolic stroke (history of 
hypertension, stroke severity, hemorrhagic transformation, and brain 
edema); lacunar infarction (history of hypertension [but coronary 
artery disease with lower 24-h blood pressure]); infarct of 
undetermined cause (history of hypertension, stroke severity); and 
intracerebral hemorrhage (history of hypertension, cerebral edema) 

 5. Inoue et al. [71]  In the Ohasama study, 24-h systolic ambulatory blood pressure is the 
primary measure to importance for determining risk 

 6. Li et al. [72]  In the International Database on Ambulatory Blood Pressure in 
relation to cardiovascular outcome, morning blood pressure surge 
above the 90th percentile predicts most types of cardiovascular events 

 7. Skalidi et al. [73]  In a time-rate model for 24-h ABPM in acute stroke, increased 
systolic blood pressure values are associated with formation of 
brain edema 

P.B. Gorelick et al.



201

    First and Recurrent Stroke Prevention Guidelines 
and Ambulatory Blood Pressure Monitoring 

    AHA/ASA First Stroke Prevention Guidelines 

 In the 2014  AHA/ASA guidance   statement on primary stroke prevention, the fol-
lowing pertinent acknowledgements about blood pressure are discussed: (1) intra- 
individual variability of blood pressure may confer risk of stroke beyond mean 
blood pressure determination alone; (2) calcium channel blockers may be benefi -
cial to  reduce   blood pressure variability, but such is not observed with beta block-
ers; and (3) measurement of nocturnal blood pressure (e.g., reverse or extreme 
dipping) and the ratio of nighttime to daytime blood pressure may provide useful 
information beyond mean 24-h blood pressure determination [ 28 ]. Furthermore, 
additional study is called for about possible stroke risk reduction by reduction of 
intra- individual blood pressure variability and nocturnal blood pressure [ 28 ]. 

 Table  10.5  lists key 2014 AHA/ASA guideline recommendations for  management 
of blood pressure to prevent a fi rst stroke [ 28 ].

       AHA/ASA Recurrent Stroke Prevention Guidelines 

 The 2014 AHA/ASA guideline on prevention of recurrent stroke is silent on the 
issue of ABPM [ 76 ]. However, the document does refer to blood pressure manage-
ment in the AHA/ASA fi rst stroke prevention guidance statement [ 28 ]. 

 Table  10.6  lists key 2014 AHA/ASA  guideline   recommendations for managing 
blood pressure to prevent recurrent stroke [ 76 ].

   Table 10.5    Key guideline recommendations for management  of   blood pressure to prevent a fi rst 
stroke according to the American Heart Association/American Stroke Association [ 28 ]   

 1. Regular blood pressure screening a  
 2. Appropriate treatment including lifestyle modifi cation and pharmacological treatment a  
 3. Annual screening of blood pressure and lifestyle modifi cation for those with pre-hypertension 

(systolic blood pressure = 120–139 mmHg or diastolic blood pressure = 80–89 mmHg) a  
 4. Blood pressure target for those with hypertension: <140/90 mmHg a  
 5. It is more important to reach the blood pressure target (see 4 above) than is the choice of a 

specifi c blood pressure-lowering agent. Treatment should be individualized based on patient 
characteristics and tolerance to medication a  

 6. Self-measurement of blood pressure improves control a  

   a Class I, level of evidence A  
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        Conclusion 

 Raised blood pressure is the most important modifi able risk factor for stroke. 
Accurate measurement of blood pressure is important. ABPM has been shown to 
be the best method to confi rm elevated offi ce blood pressure measurements and 
is considered to be a cost-effective approach. Raised systolic ambulatory blood 
pressure has been consistently and signifi cantly associated with an increased risk 
of stroke. These fi ndings and others have led the US Preventive Services Task 
Force to recommend ABPM as the reference standard for confi rmation of the 
diagnosis of hypertension in a draft document on high blood pressure screening 
in adults [ 77 ]. 

 As discussed in this chapter, ABPM is associated with or predicts a number 
of stroke-related structural brain changes such as white matter lesions and cere-
bral small vessel disease burden, silent strokes, hemorrhagic transformation of 
acute ischemic stroke and other acute brain changes, and functional alterations 
including poorer global outcome after acute stroke and cognitive impairment 
and is a major risk predictor for stroke beyond standard blood pressure mea-
sures. ABPM has an important future in stroke prevention, informing stroke 
 prevention and treatment guidelines, and in future stroke prevention and treat ment 
research.     

   Table 10.6    Key  guideline   recommendations for management of blood pressure to prevent a 
recurrent stroke according to the American Heart Association/American Stroke Association [ 76 ]   

 1. Initiate blood pressure therapy after the fi rst several days, if blood pressure is ≥140 mmHg 
systolic or ≥90 mmHg diastolic a  

 2. Administration of blood pressure lowering therapy is of uncertain value, if blood pressure is 
<140 mmHg systolic and <90 mmHg diastolic b  

 3. Resumption of blood pressure lowering therapy is indicated beyond the fi rst several days of 
acute stroke c  

 4. Blood pressure targets: it is reasonable to achieve the following goal: <140/90 mmHg d ; and a 
systolic blood pressure <130 mmHg for patients with a recent lacunar infarction e  

 5. Lifestyle modifi cations are reasonable (e.g., salt restriction, weight loss, diet rich in fruits and 
vegetables, low-fat dairy products, regular aerobic exercise, and limited alcohol use) f  

 6. The optimal blood pressure lowering drug regimen is uncertain; however, diuretics or a 
combination of diuretics and an angiotensin-   converting enzyme inhibitor is deemed useful c  

   a Class I, level of evidence B 
  b Class IIb, level of evidence C 
  c Class I, level of evidence A 
  d Class IIa, level of evidence B 
  e Class IIb, level of evidence B 

  f Class IIa, level of evidence C  
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    Chapter 11   
 Ambulatory Blood Pressure Monitoring 
in Older Persons       

       Vinay     Gulati      and     William     B.     White     

            Introduction 

 Ambulatory blood pressure monitoring (ABPM) has facilitated a comprehensive 
understanding of the physiology of  blood pressure (BP)   variation in older people. 
Management of hypertension has undergone important changes with the increasing 
acceptance of ABPM, a practice supported by extensive clinical and epidemiologi-
cal research. As discussed in several chapters in this book, the utility  of   ABPM 
includes detection of white coat and masked hypertension, determination of noctur-
nal dipping patterns, and management of blood pressure control in subjects on com-
plex antihypertensive drug regimens [ 1 ]. Geriatric patients comprise a distinct 
subgroup and may derive unique benefi ts with the use of ABPM.  

    Magnitude of the Problem 

 The prevalence of hypertension increases markedly with age. More than 50 % of 
people aged 60–69 years and about 75 % of people more than 70 years of age are 
reported to have hypertension [ 2 ]. The prevalence may be as high as 90 % in people 
older than 80 years [ 3 ]. Normotensive people at 55–65 years of age who survive to 
age 80–85 have approximately 90 % lifetime risk of developing hypertension as 
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reported by the  Framingham heart Study   [ 4 ]. The presence of  isolated systolic 
hypertension (ISH)      with an increase in pulse pressure is commonly seen from mid-
dle age onwards [ 5 ]. Treatment of hypertension in the elderly has shown signifi cant 
cardiac and cerebrovascular benefi ts as reported in several studies including the 
Systolic Hypertension in the Elderly Program (SHEP), the Systolic Hypertension in 
China (Syst-China) trial, the Systolic Hypertension in Europe trial (Syst-Eur), and 
the Hypertension in the Very Elderly Trial (HYVET) (the latter study in patients 
>80 years of age) [ 6 – 9 ]. 

 Most of the studies have used offi ce BP to detect hypertension. However, ABPM 
refl ects actual BP values more reliably than offi ce BP readings in the elderly [ 10 ]. 
Using ABPM to detect hypertension may alter the prevalence since white coat 
hypertension is more commonly reported in older individuals. A cross-sectional 
study conducted among 1047 individuals 60 years and older in Spain reported 
68.8 % hypertensive patients based on clinical BP (≥140/90 mmHg or current BP 
medication use) and 62.1 % based on 24-h ABPM (≥130/80 mmHg or current BP 
medication use) [ 11 ]. Even though regular aerobic activity is known to decrease 
 systolic and diastolic BP values  , a rising trend of BP is observed in the elderly 
regardless of the level of physical activity. A recent study by Maselli et al. in sub-
jects >65 years old who exercised regularly showed an increase in the mean 24-h BP 
and an increase in the prevalence of hypertension detected by ABPM from 50 to 
65 % over a period of 3.5 years [ 12 ].  

    Changing  Cardiovascular Physiology   with Advancing Age 

 Many physiological changes occur as age advances. Increased stiffness of the arteries 
leads to reduction in the compliance causing increase in pulse pressure. Increased 
afterload due to less compliant aorta results in generation of higher systolic pressure 
and  left ventricular hypertrophy (LVH)      [ 13 ]. Cardiac Output declines with ageing. 
Left ventricular hypertrophy leads to diastolic dysfunction with reduction in left 
ventricular fi lling. Decrease in renal plasma fl ow stimulates the renin–angiotensin 
system promoting renal tubular sodium and water retention and increase in BP [ 14 ]. 
Sodium sensitivity increases with age [ 15 ]. Reduction in the beta-2 receptors and 
interplay of renin–angiotensin system, sympathetic nervous system, natriuretic 
factors, and endothelial dysfunction increase peripheral resistance. This, along 
with higher pulse pressure, leads to isolated systolic hypertension (ISH). The fre-
quency of ISH varies in individuals due to complex interaction of these factors. 
Isolated systolic hypertension is more common in patients over the age of 60, and 
systolic blood pressure (SBP) is a better predictor of cardiovascular risk when 
compared to  diastolic blood pressure (DBP)      [ 16 ]. Decrease in the baroreceptor and 
chemoreceptor reactivity, decreased responsiveness to beta-adrenergic receptor 
stimulation, and decline in sodium conservation predispose older individuals to 
orthostatic and postprandial hypotension [ 17 ].  
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     Ausculatory Gap      

 Clinical assessment of systolic BP in older individuals can be confounded by an auscul-
tatory gap. It is the disappearance of the korotkoff sounds between the systolic BP and 
diastolic BP. Auscultatory gap is associated with increased arterial stiffness and carotid 
atherosclerosis, which is more commonly seen in older population and may be a sur-
rogate marker of cardiovascular morbidity [ 18 ]. Not recognizing an auscultatory gap 
can result in an underestimation of systolic BP or an overestimation of diastolic BP.  

     Pseudohypertension      

 Pseudohypertension is more common in the elderly and should be suspected in 
patients with persistently elevated blood pressure measurements who develop hypo-
tensive symptoms on drug therapy [ 19 ]. It is a result of increased arterial wall stiffness 
from advanced arteriosclerosis. The noninvasively measured BP is overestimated, as 
the BP cuff is unable to measure the true intraluminal BP. The prevalence of pseudo-
hypertension in the elderly is very variable, ranging from 1.7 to as high as 70 % with 
most of the studies having difference in the selection of individuals studied [ 20 ]. 
Osler’s sign may be used to screen potential patients with pseudohypertension, though 
it lacks reliability and has poor predictive value. The sign is positive if the brachial or 
radial artery is still palpable after the BP cuff has been infl ated over systolic pressure. 
Among the 3387 persons older than 59 years screened for the  Systolic Hypertension 
in the Elderly Program (SHEP) study  , Osler maneuver was present in only 7.2 % sub-
jects, most of them being men, hypertensive, and with a history of stroke [ 21 ]. The 
Osler maneuver may be positive in one third of hospitalized elderly patients [ 22 ].  

    Contrasting Ambulatory BP Monitoring to Home BP 
 Measurement   

 Both ambulatory and home BP play a complementary role in guiding clinical deci-
sions towards management of hypertension [ 23 ]. A comparable degree of association 
between markers of hypertensive end organ damage such as left ventricular hypertro-
phy, albuminuria, and carotid intimal-medial thickness is seen with home BP and 24-h 
BP [ 24 ]. However, ambulatory BP monitoring is superior to home BP monitoring due 
to the number of readings that can be obtained throughout a 24-h period, including 
times of sleep and physical activities. It refl ects various aspects of BP profi le that may 
go undetected by other types of BP measurements such as circadian BP variability, the 
morning surge of BP, and nocturnal dipping [ 25 ]. Compared to clinic (or offi ce) BP, 
both ambulatory and home BP have shown to be a better predictor of future CV events 
[ 26 ]. The PAMELA study showed incremental increase in cardiovascular mortality 
with a rise in ambulatory BP, followed by home BP and then offi ce BP [ 27 ].  
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    What Are Normal Values of ABPM in the Elderly? 

 Defi ning normal values for ABPM in the very old population is complex as it involves 
both daytime and nighttime measurements with paucity of studies including popula-
tion with extremes of age. Current recommendations for ambulatory BP measure-
ments in adults provide values derived from outcome-driven thresholds [ 28 ]. The 
 International Database of Ambulatory blood pressure in relation to Cardiovascular 
Outcome (IDACO)   performed 24-h ABP monitoring in 5682 participants with mean 
age 59 years. In multivariate analyses, ABP thresholds were determined yielding 
10-year cardiovascular risks similar to those associated with optimal (120/80 mmHg), 
normal (130/85 mmHg), and high (140/90 mmHg) blood pressure on offi ce measure-
ment. Over a median period of 9.7 years, systolic/diastolic thresholds for ambulatory 
hypertension were 131.0/79.4 mmHg, 138.2/86.4 mmHg, and 119.5/70.8 mmHg for 
24 h, daytime, and nighttime, respectively [ 29 ]. 

 Ambulatory BP normality studied in random population aged 65–74 years of age 
in Italy reported upper limit of normality for 24-h average BP (calculated as the 
value corresponding to 140/90 mmHg clinic BP) of about 120 mmHg systolic and 
76 mmHg diastolic [ 30 ]. 

 It is unclear if these  threshold values   are applicable across the whole age range. In 
a cross-sectional study of community-dwelling elderly subjects, 24-h ambulatory 
blood pressure monitoring was performed in 75 “young elderly,” aged 60–79 years, 
and 81 “ old elderly  ” aged 80 years and older. Mean conventional blood pressure, 
daytime blood pressure and night-time blood pressure were found to be 149/81 mmHg, 
138/82 mmHg, and 119/69 mmHg, respectively, in the “young elderly” and 
162/82 mmHg, 147/83 mmHg, and 133/71 mmHg, respectively, in the “old elderly” 
( p  < 0.01 for SBP). The night:day SBP ratio was signifi cantly higher in the ‘old’ 
elderly compared with the ‘young’ elderly (0.90 vs. 0.86, respectively;  p  < 0.01). The 
study showed age-related rise in SBP associated with advanced old age [ 31 ]. 

 Current consensus values for ambulatory BP measurements in adults propose 
reference threshold of 135/85 mmHg for daytime, 120/70 mmHg for nighttime, and 
130/80 mmHg for 24-h SBP/DBP means for diagnosis of  hypertension   [ 32 ,  33 ]. 
However, whether these values hold good for elderly population of 65 years of age 
and above is still an unresolved matter.  

     Reproducibility   of Ambulatory Blood Pressure Measurements 

 Ambulatory blood pressure (BP) measurements have superior reproducibility com-
pared to repeated clinic (or offi ce) BP measurements in short- and long-term studies 
[ 34 ]. This has been observed in a number of trials that focused on younger  middle- 
aged population   [ 35 ]. Campbell et al. studied the reproducibility of clinic and ambu-
latory BP in a population between the ages of 75 and 90 years (mean = 82 years) 
with the subjects getting BP measured 2 years apart under similar conditions [ 36 ]. 
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There were minimal mean changes in offi ce, 24-h, and awake and sleep mean BP 
values between baseline and 2 years later. However, the  standard deviation of the 
differences (SDDs)      between visits was higher for offi ce BP compared with the 24-h 
BP (17.8/9.0 mmHg vs. 11.7/5.9 mmHg,  p  < 0.01 for both systolic and diastolic BP). 
The SDD for 24-h BP was also lower than the SDDs for the awake and sleep BP 
( p  < 0.05) (Table  11.1 ). The limits of agreement for the clinic systolic BP were larger 

   Table 11.1     Clinic and ambulatory blood pressures   at two study periods in older persons ( n  = 72)   

 BP 
parameter 
(mmHg) 

 Initial 
study 
(mean 
BP) 

 Two- year 
study 
(mean BP) 

 Changes 
between 
study 
periods 

  P -value 
between 
study 
periods 

 Standard 
deviation of 
the 
differences 

 Repeatability 
coeffi cient 
(RC) 

 Clinic 
systolic 

 136  136  0.02  0.990  17.8*  35.5* 

 Clinic 
diastolic 

 71  68  −2.9   0.008   9.0*  18.0* 

 Clinic PP  65  68  2.9  0.080  14  28 
 24 h 
systolic 

 130  131  1.1  0.433  11.7  23.3 

 24 h 
diastolic 

 66  67  0.2  0.814  6.0  12.0 

 24 h PP  63  64  0.92  0.270  7.1  14.2 
 Awake 
systolic 

 132  132  0.5  0.754  12.7**  25.5** 

 Awake 
diastolic 

 68  68  0.04  0.956  6.4**  12.8** 

 Awake PP  63  64  0.50  0.599  8.0  16.0 
 Sleep 
systolic 

 122  125  3.2  0.052  13.7**  27.5** 

  Sleep 
  diastolic 

 60  60  0.72  0.441  7.8  15.6 

 Sleep PP  62  64  2.5   0.016   8.7  17.4 
 Pre-awake 
systolic 

 126  129  4.3   0.036   16.7  33.4 

 Pre-awake 
diastolic 

 62  63  1.6  0.191  9.9  19.9 

 Pre-awake 
PP 

 64  66  2.7  0.065  12.0  24 

 Post-   awake 
systolic 

 134  138  4.3  0.066  19.4  38.9 

 Post-awake 
diastolic 

 72  71  −0.44  0.726  10.4  20.9 

 Post-awake 
PP 

 62  67  4.7   0.011   15.4  30.8 

  Adapted from Campbell et al. [ 36 ] with permission 
  PP  pulse pressure, bolded typeface are signifi cant  p -values 
 * p  < 0.01 compared to clinic BP; ** p  < 0.05 compared to 24-h BP  
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than for the 24-h ambulatory systolic BP in this population. The upper and lower 
limits of agreement in systolic BPs were 35.5 and −35.5 mmHg for the clinic pres-
sure and 24.5 mmHg and -22.3 mmHg for the 24-h BPs,    respectively (Fig.  11.1 ).

    Due to the improved reproducibility of ambulatory BP (versus offi ce BP) in older 
people, the sample size required in clinical trials will be much smaller if 24-h BP is 
the primary effi cacy end point rather than the offi ce BP [ 37 ]. Table  11.2  shows 
sample size calculations for a very elderly population being evaluated in a clinical 
interventional trial across a variety of estimated mean effects [ 36 ]. As shown in the 
Table, a much larger study population would be required to detect an effect of an 
intervention on clinic BP versus systolic BP or pulse pressure using 24-h BP.

  Fig. 11.1    Limits of  agreement   for the offi ce systolic BP in a very elderly cohort taken 2 years 
apart ( a ) and for systolic BP taken by 24-h BP monitoring ( b ) using the methods of Bland–Altman 
(Adapted from Campbell et al. [ 36 ] with permission)       
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       Prognostic Value of ABPM in the Elderly 

 Prospective cohort studies in adults have shown 24-h BP measurements to be a more 
robust predictor of cardiovascular risk due to hypertension than BP measured in 
doctor’s offi ce [ 38 ,  39 ]. The superiority of ambulatory BP over conventional offi ce 
BP in predicting cardiovascular outcome was reported in a meta-analysis of more 
than 7000 participants studied over a median period of 9.5 years [ 40 ]. However, 
there are few studies on subjects older than 65 years of age and even less in persons 
greater than 80 years of age. 

 In a prospective cohort study in hypertensive patients older than 65 years that 
had a mean follow-up period of 6.7 years [ 41 ], ABPM was shown to be a better 
predictor of cardiovascular mortality than clinic BP measurement with nocturnal 
BP values demonstrating more important relations with outcomes than the diur-
nal BP. After adjusting for the clinic BP values, for each 10-mmHg increase in 
diurnal SBP and nocturnal SBP, the relative risk of cardiovascular death rose by 
10 % and 18 %, respectively. A sub-study of the Syst-Eur trial compared the 
prognostic signifi cance of conventional and ambulatory BP measurement in 
patients >60 years of age with isolated systolic hypertension [ 42 ]. This analysis 
demonstrated that ambulatory systolic BP was a signifi cant predictor of cardio-
vascular risk over and above conventional clinic-derived BP. Furthermore, the 
ability of ABPM to predict cardiovascular events is observed in patients with 
hypertension who also have type 2  diabetes mellitus [ 43 ]. Isolated ambulatory 
hypertension in presence of normal offi ce blood pressure confers poor cardiovas-
cular prognosis in the elderly [ 44 ]. 

   Table 11.2    Sample size estimation based on utility of clinic and ambulatory BP components in a 
clinical trial of very elderly subjects   

 Number of subjects required per group for systolic BP (SBP) change from baseline 

 Effect size for SBP 
(mmHg)  Clinic BP  24 h SBP  Awake SBP  Sleep SBP 

 Early 
morning SBP 

 3  553  239  281  327  656 
 4  311  135  158  184  370 
 5  199  86  101  118  236 
 7  102  44  52  60  121 
 9  62  27  31  36  73 

 Number of subjects required per group for pulse pressure change from baseline 

 Effect size for pulse 
pressure (mmHg) 

 Clinic pulse 
pressure 

 24 h pulse 
pressure 

 Awake pulse 
pressure 

 Sleep pulse 
pressure 

 Early morning 
pulse pressure 

 3  342  88  112  132  414 
 4  192  50  63  74  233 
 5  123  32  40  48  149 
 7  63  16  20  24  76 
 9  38  10  12  15  46 

  Adapted from Campbell et al. [ 36 ] with permission  
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 In addition to cardiovascular disease, ambulatory BP is also a better predictor 
of renal and cerebrovascular disease in older people with hypertension [ 45 ]. The 
24-h systolic BP plays an important role in predicting the progression of subcor-
tical white matter hyperintensity (WMH) volume burden associated with func-
tional decline in mobility and impairment of cognitive function in older people 
[ 46 ]. White and co-workers studied the importance of ambulatory BP on the 
progression of small vessel disease of the brain in a prospective cohort of per-
sons between 75 and 89 years of age [ 47 ]. Ambulatory and clinic BP monitoring, 
magnetic resonance imaging (MRI), mobility studies, and neuropsychological 
testing were performed at baseline and after 24 months on the 72 subjects who 
completed all aspects of the study. The relationships among the changes in clinic 
and ambulatory BP and changes in WMH, mobility, and cognitive measures 
were assessed at 24 months. Changes in ambulatory systolic BP, but not clinic 
systolic BP, were associated with increases in WMH volume as well as with 
impairment of several measures of mobility and cognition. Similar associations 
were observed for 24-h systolic BP, awake systolic BP, and sleep systolic BP, but 
not for the surge between the sleep and awake time at the 24-month time point. 
Loess scatter plots of 24-h systolic BP and WMH demonstrated higher WMH at 
higher levels of 24-h systolic BP and larger changes in 24-h systolic BP over 
time. Larger increases in WMH were also observed with increases in 24-h sys-
tolic BP (Fig.  11.2 ).       In contrast, similar relations between the clinic systolic or 
change in clinic systolic BP and changes in WMH at 24 months were not 
observed (Fig.  11.3 ).
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  Fig. 11.2     White matter hyperintensity (WMH)      and ambulatory blood pressure (BP) in a cohort of 
older people ( from  [ 47 ]  with permission ). Locally weighted smoother plots of 24-h average sys-
tolic BP (SBP) and WMH lesions (as percent of total intracranial volume). ( a ) 24-h SBP versus 
WMH (%); ( b ) change in 24-h SBP and total WMH at 24 months and ( c ) change in 24-h SBP and 
change in WMH (%) at 24 months       
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        Practical Applications of ABPM in Older Population 

 The feasibility of technical success of ABPM in the elderly is comparable to that 
seen in younger population, with similar adverse effects of sleep disturbance and 
mild pain and bruising during cuff infl ation [ 48 ]. Extreme variations of blood pres-
sure with intermittent periods of high and low BP are often observed with ABPM in 
older people [ 49 ]. As age progresses, certain patterns of blood pressure are more 
frequent and these are important to recognize from the point of view of clinical 
management [ 28 ]. White coat hypertension is more common in older versus younger 
population. The increases in 24-h systolic BP in elderly are associated with higher 
pulse pressure and higher prevalence of isolated systolic hypertension. Exaggerated 
BP variability and early morning BP surge is also more frequent than in younger 
and middle-aged patients. The circadian variation in BP is often disrupted with non- 
dipping pattern observed in the nighttime. Postural and postprandial hypotension 
are also more common in the elderly. Table  11.3     outlines some of the clinical situa-
tions where ambulatory BP monitoring may be useful in older people [ 50 ].

      White Coat Hypertension 

 White coat hypertension in  untreated      patients or white coat effect in treated patients 
was originally defi ned as an elevated offi ce BP ≥140 mmHg systolic and/or 
≥90 mmHg diastolic with a mean awake ambulatory BP <135/85 mmHg in untreated 
individuals. Latest guidelines now propose this defi nition for patients with offi ce BP 
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  Fig. 11.3     White matter hyperintensity (WMH)      and clinic blood pressure (BP) in a cohort of older 
people ( from  [ 47 ]  with permission ). Locally weighted smoother plots of clinic systolic BP (SBP) 
and WMH lesions (as percent of total intracranial volume are shown. ( a ) Clinic SBP and total 
WMH (%) at 24 months; ( b ) change in clinic SBP and change in WMH (%) at 24 months and ( c ) 
change in 24 h SBP and change in WMH (%) at 24 months       
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≥140/90 mmHg and a mean 24-h BP <130/80 mmHg to take into account nocturnal 
BP since it is recognized to be superior to daytime BP in predicting cardiovascular 
risk [ 28 ,  33 ]. Furthermore, the 24-h mean BP is a more  reproducible      value than the 
awake, daytime BP values [ 1 ,  28 ]. 

 White coat hypertension/white coat effect is seen in 15–25 % of the elderly and 
is a more common syndrome in older versus younger people [ 51 ,  52 ]. Indeed, age is 
an independent factor infl uencing white coat hypertension [ 53 ] and even seen more 
frequently in centenarians [ 54 ]. Cross-sectional and prospective cohort studies have 
shown repeatedly that people with white coat hypertension have a better prognosis 
than those with sustained hypertension outside of the clinical environment [ 38 ,  39 ]. 
In some clinical outcome studies, patients with WCH may have a slightly increased, 
nonsignifi cant cardiovascular risk compared with normotensive individuals, though 
in most of the studies showing this effect, the ambulatory BP of the white coat 
hypertensive patients was higher than in normotensive individuals [ 55 ,  56 ]. A meta- 
analysis performed by the IDACO group showed that any increased risk of future 
cardiovascular event in a patient with white coat hypertension was very small and 
substantially lower than the risk seen with either persistent hypertension or masked 
hypertension [ 57 ]. 

 Several guidelines recommend ABPM in patients suspected of having white coat 
hypertension [ 1 ,  2 ,  32 ]. In the US, this diagnosis (ICD-9-CM code 796.2, ICD-
10-CM code R03.0) is a key  indication for ambulatory BP monitoring recognized 
for coverage by the Centers for Medicare and Medicaid Services [ 58 ].  

    Isolated Systolic Hypertension 

 A gradual rise in systolic BP  attributed      to increased aortic stiffness is observed as 
age advances. Diastolic BP peaks and plateaus in the fi fth–sixth decades of life and 
begins to decline thereafter [ 59 ]. The pulse wave velocity used to estimate arterial 
distensibility correlates well with ambulatory systolic BP and may be used as a sur-
rogate to estimate aortic stiffness [ 60 ]. Epidemiologic studies have shown that iso-
lated systolic hypertension is seen in more than 90 % of hypertensive patients 
>70 years of age with a higher prevalence in women than men [ 61 ]. The 24-h 

  Table 11.3     Clinical 
situations   where ambulatory 
BP monitoring in the elderly 
may be useful  

  • White coat hypertension 
  • Episodic hypertension 
  • Borderline hypertension with or without target 

organ involvement 
  • Evaluation of patients refractory to therapy for 

hypertension 
  • Symptoms of hypotension in patients on 

antihypertensive therapy 
  • Autonomic dysfunction 
  • Nocturnal hypertension 
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systolic BP is associated with more substantial adverse cardiovascular events and 
mortality than the ambulatory diastolic BP [ 62 ]. The  Systolic Hypertension in the 
Elderly Program (SHEP)     , a randomized, double-blind, placebo-controlled trial on 
4736 subjects >60 years of age, demonstrated that treatment of isolated systolic 
hypertension in older patients reduced all strokes, both fatal and nonfatal, by 36 %; 
all myocardial infarctions (MIs), both fatal and nonfatal, by 27 %; all coronary heart 
disease by 27 %; and all cardiovascular disease by 32 %.       Total mortality was reduced 
by 13 % [ 6 ]. Ambulatory systolic BP is a better predictor of cardiovascular risk than 
offi ce systolic BP. The cardiovascular risk conferred by a conventional systolic BP 
of 160 mmHg in the doctor’s offi ce is similar to that associated with a 24-h, daytime 
or nighttime systolic BP of 142 mmHg, 145 mmHg, or 132 mmHg, respectively 
[ 42 ]. In addition, the pulse pressure is an independent determinant of cardiovascular 
risk in older persons [ 63 ]. In the population-based Framingham Heart Study of 1924 
subjects between 50 and 79 years of age, pulse pressure was superior to systolic or 
diastolic BP in predicting coronary artery disease risk [ 64 ]. Ambulatory pulse pres-
sure has also been directly associated with cardiovascular risk [ 65 ].  

    Circadian Variation of Blood Pressure 

 The circadian pattern of blood pressure and heart rate observed in humans correlates 
with cardiovascular events, including both  myocardial infarction and stroke   [ 66 ]. 
Reduction of about 10–30 % of blood pressure is observed during sleep relative to 
the awake period in majority of normotensive and hypertensive people. This is fol-
lowed by a rise in BP upon awakening which coincides with the transition from 
sleep to wakefulness [ 67 ]. 

 A  non-dipping pattern   which is defi ned as a reduced or absent decline in sleep 
BP (generally less than 10 % decline) is seen in 25–35 % of hypertensive people and 
is more commonly seen in older people, both in men, women, and centenarian 
patients [ 68 – 71 ]. Increasing age is observed to be an independent marker of 
 non- dipping after correction for confounding factors of diabetes, reduced glomeru-
lar fi ltration rate, low HDL-cholesterol, and elevated urinary albumin excretion 
[ 72 ]. This BP pattern is associated with increased target organ damage including left 
ventricular hypertrophy, albuminuria, and small vessel disease of the brain [ 25 ,  73 , 
 74 ].  Cardiovascular prognosis   is worse in elderly non-dippers with ISH than with 
dipper profi les [ 42 ]. Patients lacking a nocturnal decline in the BP are prone to 
developing congestive heart failure, myocardial infarction, stroke, and progression 
to end-stage renal failure. Increased incidence of fatal and non-fatal CV events is 
also observed in association with blunted decline in nocturnal BP [ 75 – 77 ]. 

 Studies have shown poor reproducibility of the  nocturnal dipping status   [ 78 ,  79 ]. 
Absolute nocturnal BP values are more reproducible than the categories of dippers and 
non-dippers. The study observing reproducibility of ambulatory BP in elderly subjects 
by Campbell et al. found substantial variability in the dipping status over a period of 2 
years [ 36 ]. Changes in hypertensive status based on absolute nocturnal systolic BP 
demonstrated improved reproducibility compared with categorical changes. 
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 Reversal of the normal nocturnal decline in BP causes a “non-dipper/riser” 
p attern and an exaggerated rate of rise of BP upon awakening may create a “surge” 
pattern and early morning hypertension. In a recent cross-sectional study of 6147 
hypertensive patients (2137 of whom were ≥60 year of age) evaluated by 48-h 
ABPM, the prevalence of non-dipping was signifi cantly higher in older than younger 
patients (63.1 % vs. 41.1 %;  p  < 0.001). A larger difference between age groups was 
observed in the prevalence of the riser BP pattern (19.9 % in older vs. 4.9 % in 
younger patients [ 80 ]. 

 Larger increases in morning BP may be pathological and associated with higher 
rates of  cardiovascular events   [ 81 ,  82 ]. The most well-described example of this 
phenomenon was a prospective cohort study in 519 older (mean age 72 years) 
Japanese patients with systolic hypertension with 41 months of observed follow-up. 
For each 10 mmHg increase in baseline early morning systolic BP, the relative risk 
of stroke increased by 22 % [ 83 ]. The extent of the early-morning BP surge was 
defi ned as the difference between the average SBP during the 2 h after awakening 
minus the average systolic BP during the 1 h that included the lowest sleeping BP 
values. In the group of patients that had a surge of ≥55 mmHg (top decile of the 
population), the risk of multiple lacunar infarctions was approximately twofold 
higher after matching for age and the 24-h BP (57 % vs. 33 %;  p  < 0.001) com-
pared to the non-surge patients in whom the average morning increase in systolic 
BP was 9 mmHg. 

  Higher cardiovascular morbidity   with nocturnal non-dipping and early morning 
BP rise in older patients with hypertension makes it desirable to monitor and control 
BP over 24 h [ 84 ]. Patients should be evaluated by ABPM to ensure proper evalua-
tion of cardiovascular risk associated with variations of the 24-h BP pattern in order 
to formulate a therapeutic treatment plan accordingly.  

     Autonomic Dysregulation   

 Orthostatic hypotension due to age-associated reductions in barorefl ex function and 
increases in venous insuffi ciency is more common in the elderly and confers high 
risk for cardiovascular events and falls [ 85 ,  86 ]. Other factors contributing to ortho-
stasis in the older population is the higher prevalence of diabetes and the use of 
medications such as diuretics and alpha-1 adrenergic blockers. Orthostatic BP dys-
regulation due to aging also increases the prevalence of orthostatic hypertension 
[ 87 ]. Increases in orthostatic systolic BP can be as high as 20 mmHg or more. These 
patients have higher frequency of left ventricular hypertrophy, coronary artery dis-
ease, and cerebrovascular disease than elderly patients with hypertension with or 
without orthostatic hypotension [ 88 ]. 

 Postprandial hypotension, defi ned as a decrease in systolic BP of more than 
20 mmHg up to 1 h after eating without change in heart rate, is more frequently 
observed in older persons [ 89 ]. It is associated with higher incidence of falls,    syn-
cope, coronary events, stroke, and mortality in the elderly [ 90 ,  91 ].   
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    Conclusions 

 Ambulatory BP monitoring provides insight into the relationships among BP, target 
organ involvement, and cardiovascular outcomes in older people. Use of ambula-
tory BP measurements in older people refi nes our ability to determine prognosis. 
The use of out-of-offi ce measurement also helps to guide therapy, particularly in 
patients with well-recognized syndromes such as masked and white coat hyperten-
sion. Finally, clinical trials of antihypertensive therapies enhance the determination 
of effi cacy (and safety) of drugs and devices in older persons.     
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    Chapter 12   
 Ambulatory Blood Pressure Monitoring 
in Children and Adolescents       

       Ian     Macumber      and     Joseph     T.     Flynn     

            Introduction 

  Hypertension   in children is a signifi cant and growing problem. A review of recent 
data from the  National Health and Nutrition Survey (NHANES)      [ 1 ] estimates that 
in 8–17-year old children there was a 2.3 % increase in the prevalence of prehyper-
tension and a 1 % increase in the prevalence of hypertension from 1963 to 2002, 
putting the overall prevalences at 4 % and 10 %, respectively. Since  pediatric hyper-
tension   has been closely linked with childhood obesity [ 2 ], this trend can be expected 
to continue as the childhood obesity epidemic worsens. 

 This increased prevalence of pediatric hypertension is concerning, as there is 
substantial evidence that elevated blood pressure (BP) in children is associated with 
both childhood and future target-organ damage [ 2 ]. High childhood BP has been 
shown to increase  arterial stiffness   and    left ventricular hypertrophy (LVH)      [ 2 ] and 
 carotid intima-media thickness (cIMT)      [ 3 ], a predictor of atherosclerosis in adults. 
In addition, it has been shown that hypertension can affect cognition in children, 
potentially by decreasing reactivity of the cerebral vasculature [ 4 ]. Children with 
hypertension are likely to remain hypertensive as they reach adulthood [ 5 ] and 
childhood hypertension strongly correlates with the risk of end-organ damage in 
adulthood, such as increased cIMT and LVH [ 6 ]. 

 Given the signifi cant implications of childhood hypertension, it is important to 
have an accurate method for evaluating BP in pediatric populations. BP measured in 
the clinic/offi ce setting, otherwise known as  casual blood pressure (cBP)     ,    have tra-
ditionally been the fi rst step taken to evaluate patients for potential hypertension. 
However, this technique has multiple pitfalls including, inherent inaccuracy of auto-
mated machines used in physician offi ces, poor technique for auscultatory BP, and 
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the white coat effect [ 7 ]. Intermittent home BPs taken by parents or caretakers also 
are problematic because few home BP devices are validated in children and there is 
a lack of normative data for home BP in children [ 7 ]. 

 Thus, ambulatory blood pressure monitoring (ABPM) has been increasingly 
advocated as a tool for  diagnosis and management   of childhood hypertension. As 
discussed elsewhere in this text, ABPM has the advantage of eliminating observer 
bias and improper technique [ 8 ] and is a cost-effective way of evaluating BP in 
children [ 9 ,  10 ]. It has been shown to be better than casual BP at predicting left 
ventricular mass (LVM), arterial stiffness, and increased cIMT in children [ 2 ]. 
There are also hypertensive states that require ABPM for diagnosis, such as masked 
hypertension and white coat hypertension. 

 However, there are some shortcomings to using ABPM in children. It is not rec-
ommended for children under 5 years of age, as most children will not tolerate 
wearing the device for 24 h. The normative data that is most often used needs to be 
expanded across different ethnicities. Further study also needs to be done in youth 
correlating ABPM results and target organ damage. Despite these limitations, 
ABPM has become increasingly recommended for evaluating BP in children and its 
use continues to increase.  

    Methodology 

     Equipment   

 Available devices for pediatric ABPM currently utilize one of two techniques for 
BP detection: oscillometric or auscultatory. While most devices will use one or the 
other, there are some that offer both [ 11 ]. Both the oscillometric and auscultatory 
methods have advantages and limitations. The oscillometric devices are most com-
monly used in pediatrics due to their ease of use and fewer erroneous readings 
compared to auscultatory devices. However, oscillometric ABPM devices are 
susceptible to the same potential errors as oscillometric devices used for casual BP 
readings and have lower accuracy ratings than the auscultatory devices. Systolic and 
diastolic BPs are not measured directly, but are back-calculated from the  mean arte-
rial pressure (MAP)     . The formulas for these calculations are proprietary and are not 
standardized [ 2 ]. Auscultatory devices use Korotkoff sounds to measure BP and 
although both the American Heart Association [ 2 ] and the National High Blood 
Pressure Education Program Working Group [ 12 ] recommend using the fi fth 
Korotkoff sound to determine diastolic BP in children rather than the fourth 
Korotkoff sound, current devices may use either one [ 11 ]. There are also currently 
no normative data available for auscultatory ABPM in children and adolescents. It 
is important to remember that there are currently  monitors   on the market that have 
not been validated. A complete listing of devices that have been validated by the 
accepted criteria such as the British Hypertension Society standard can be obtained 
at   www.dableducational.org    .   
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     Nursing Implications   

 Nurses and other staff that will be involved in ABPM should be properly trained for 
placement of ABPM and patient education. Following a standardized approach will 
help ensure valid BP readings and maintain functionality of equipment. Staff will need 
to be responsible for upkeep of equipment, including at least yearly calibration, clean-
ing of hardware, and laundering of cloth BP cuff covers. In addition, a careful history 
of contraindications to ABPM should be taken prior to placement of the device. These 
include severe clotting disorders and rhythm disturbances. It should be noted, how-
ever, that vein thrombosis secondary to ABPM has not been reported in children. 

 Appropriate cuff size is essential for accurate BP measurements and published 
guidelines should be followed closely [ 12 ]. The BP cuff should have an infl atable 
bladder that is at least 40 % of the arm circumference at a point midway between the 
olecranon and the acromion and the cuff bladder should cover 80–100 % of the arm 
circumference [ 12 ]. Not all cuffs will be able to fi t patients to those criteria. In that 
case, it is recommended to use a larger cuff size rather than a smaller cuff size, as 
smaller cuff sizes overestimate BP readings to a greater extent than larger cuff sizes 
diminish them. It is recommended that the ABPM cuff is placed on the child’s non-
dominant arm so that school work and other daily activities are not affected by the 
monitoring. However, if there is a signifi cant BP discrepancy between the two arms, 
the arm with the higher BP should be used, even if it is the dominant arm. There are 
medical exceptions to the recommendation of using the nondominant arm, such as 
if the child has had arterial surgery or dialysis access on the nondominant side. The 
ambulatory BP readings should be compared with clinic BP readings obtained using 
the same technique of measurement. Cuff placement should be adjusted or device 
recalibrated if the average of three values is greater than 5 mmHg different [ 2 ]. 

 Patient education is also very important for successful completion of the study. 
Patients and parents should be instructed to keep the arm still during all readings, 
how to stop a reading if there is excessive pain, and to  keep   monitor from getting 
wet [ 2 ]. A diary should be provided to the patient to record sleep and awake times, 
time of medication administrations (especially antihypertensives), times of heavy 
activities or other stressful events, and any adverse events or symptoms such a diz-
ziness or syncope. 

     Editing and Analysis Periods   

 Ideally, the ABPM device should be programmed to record BP measurements every 
20 min while awake and every 30 min during sleep. Less frequent readings increase 
the chances of missing data and could compromise the quality of the ABPM study. At 
least one valid reading per hour is required for an ABPM study to be considered 
adequate. Manual editing of BP readings should be kept to a minimum and the soft-
ware should be programmed to exclude invalid readings. Automated exclusion is gen-
erally preferred to manual inspection of the BP readings. Current recommendations 
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for pediatric ABPM are to exclude SBP’s >220 mmHg and 60 mmHg, DBP >120 
and <35 mmHg, heart rate >180 and <40 beats per minute, and pulse pressure >120 
or <40 mmHg [ 2 ]. These differ from the adult exclusion criteria, which have higher 
SBP and DBP limits and lower heart rate limits [ 13 ]. 

 The time periods of most interest are the awake period, sleep period, and the 
entire 24-h period. The defi nition of the sleep and awake periods can be predeter-
mined or can be adjusted based on the patient’s sleep diary. While using the 
sleep diary to adjust awake and sleep periods is labor-intensive, it has been shown 
that using predetermined time periods can lead to signifi cant misclassifi cation and 
misinterpretation of ABPM data [ 14 ] and therefore it  is   recommended that provid-
ers use sleep diaries to determine patients’ wake–sleep periods.   

    Interpretation 

    Normative Data 

 There is a distinct lack of robust  normative data   for pediatric ABPM. Although 
large-scale ABPM studies in healthy children have been conducted using both 
ausculatory and oscillometric devices, the only “normative” data that have found 
widespread use are the oscillometric values published by the German Working 
Group  on   Pediatric Hypertension [ 15 ], from original data gathered by Soergel at 
al. [ 16 ]. These BP percentiles are presented in Table  12.1 , categorized by sex, age, 
and height. While this is currently the best data available, it has some signifi cant 
limitations. It is unclear how generalizable the data are, as only Caucasian children 
from Central Europe were included in the study. There were few short children 
included in the analysis, making it harder to apply the values to children with 
impaired growth, such as those with chronic kidney disease. There was very little 
variability in DBP, which is not the case for resting casual DBP. The DBP values 
were also rather high, with the awake 90th percentile around 80–81 mmHg and the 
awake 95th percentile around 82–84 mmHg, regardless of sex or height [ 15 ]. 
While some of these problems may be related to the oscillometric technique, which 
is known to be less accurate for DBP, they do call into question the utility of these 
values. Clearly, further studies involving larger, more diverse groups of children 
and perhaps utilizing both the oscillometric and auscultatory technique are needed 
to generate better normative ABPM values for children and adolescents.

       Defi nition of  Hypertension   

 In 2014, the American Heart Association (AHA) updated their scientifi c statement 
regarding ABPM in children and adolescents [ 2 ]. This statement reinforced previ-
ous defi nitions of prehypertension and hypertension defi ned in the 2008 AHA 
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ABPM recommendations, as well as addressed concerns regarding those older 
recommendations. 

 The 2008 AHA statement suggested using the following classifi cation for BP in 
pediatric patients based on offi ce and ambulatory BP: normotensive, white coat 
hypertensive, masked hypertensive, prehypertensive, and ambulatory hypertensive 
[ 11 ]. The 2008 AHA statement also recommended including severe ambulatory 
hypertension and discussed issues with diastolic hypertension, nocturnal hyperten-
sion, mean arterial pressure, and uncategorized patients [ 11 ]. These recommenda-
tions are summarized in Table  12.2 . It should be noted that classifi cation of pediatric 
ambulatory BP differs from adult BP classifi cation in a variety of ways: adult BP 
categories are defi ned by fi xed BP levels and not BP percentiles, there is no prehy-
pertension category in adults, and BP loads up to 30 % are considered normal While 
these differences largely refl ect expert opinion, the AHA classifi cation scheme has 
found widespread acceptance in both clinical and research use of ABPM in children 
and adolescents.

        Prehypertension, Ambulatory Hypertension, and Severe 
Ambulatory Hypertension   

 In a child without any other major comorbidities, a mean ambulatory BP ≥90th 
percentile or >120/80 mmHg, and <95th percentile with elevated BP loads ≥25 % 
is considered prehypertensive. There is currently a lack of data regarding clinical 
outcomes in children with ABPM-diagnosed prehypertension, although, at least one 
study has found increased LVM and arterial stiffness in prehypertensive children 

    Table 12.2    Classifi cation of BP in children and adolescents based on casual and ambulatory 
BP measurements   

 Classifi cation  Offi ce BP [ 1 ] 
 Mean Ambulatory 
SBP or DBP [ 2 ,  3 ] 

 SBP or DBP 
Load [ 3 ,  4 ] (%) 

 Normal BP  <90th percentile  <95th percentile  <25 
 White coat hypertension  ≥95th percentile  <95th percentile  <25 
 Prehypertension  ≥90th percentile or >120/80  <95th percentile  ≥25 
 Masked hypertension  <95th percentile  >95th percentile  ≥25 
 Ambulatory (sustained) 
hypertension 

 >95th percentile  >95th percentile  25–50 

 Severe ambulatory 
hypertension 

 >95th  >95th percentile  >50 

   a Based on the Fourth Report [ 12 ] 
  b Based on the pediatric ABPM values in Table  12.2  
  c For either the wake or sleep period of the study, or both 
  d For patients with elevated load but normal mean ABPM and offi ce BP that is either normal 
(<90th percentile) or hypertensive (>95th percentile), no specifi c ABPM classifi cation can be 
assigned based on current evidence and expert consensus. These “unclassifi ed” patients should 
be evaluated on a case-by-case basis, taking into account the etiology of hypertension and the 
absence or presence of other cardiovascular risk factors  
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compared to normotensive children [ 17 ], and experts  in   pediatric hypertension 
believe it represents a higher risk state. 

 Ambulatory hypertension is defi ned as mean SBP or DBP >95th percentile with 
a BP load of ≥25 and <50 %. Patients with BP loads >50 % are considered to have 
severe ambulatory hypertension. Sustained hypertension diagnosed by ABPM has 
been shown to correlate more strongly with LVM than casual BPs [ 18 ]. Pediatric 
hypertension based on ABPM values is also correlated with vascular damage such 
as increased carotid intimal-media thickness [ 19 ] and renal damage defi ned as 
increased  prevalence   of microalbuminemia [ 20 ]. Clinical outcomes in specifi c 
patient populations are discussed in further detail later in this chapter.  

    White Coat Hypertension and Masked Hypertension 

  White coat hypertension (WCH)         is a condition in which casual BPs are ≥95th per-
centile, but ambulatory BP <95th percentile with less than 25 % BP load. Although 
home or self-measured BP can theoretically be used to help identify patients with 
WCH, in children this condition is best diagnosed with ABPM. WCH has higher 
prevalence in obese patients and in patients less than 12 years old [ 21 ] and while the 
overall pediatric prevalence is unknown, estimates have ranged from 10 to 60 % 
[ 22 ], with one recent retrospective study fi nding a prevalence of 30 % [ 23 ]. Patients 
with WCH have higher LVM [ 24 ] and increased risk of progressing to ambulatory 
hypertension than controls. At least one study found target-organ-damage preva-
lence similar to that in children with confi rmed sustained hypertension [ 23 ]. These 
patients therefore require follow-up with repeat ABPM to monitor their status. 

  Masked hypertension   is essentially the inverse of WCH, with casual BPs below 
the 95th percentile, but ambulatory BP greater than the 95th percentile with ≥25 % 
BP load on ABPM. The prevalence of this is unknown, but estimates have ranged as 
high as 9.7 % in pediatric patients referred for hypertension evaluation [ 24 ]. As 
casual BPs are normal, it is diffi cult to know when to evaluate for masked hyperten-
sion with ABPM.    Masked hypertension may be suspected when multiple other care 
providers report hypertension, the patient has risk factors for hypertension such as 
renal disease or obesity, or when there is other evidence of potential hypertension 
based on elevations in LVMI. Masked hypertension has been associated with 
increased LVH in pediatric populations [ 11 ,  24 ], as well as increased risk of 
progression to sustained  ambulatory   hypertension [ 25 ]. As with WCH, ABPM is 
considered the gold standard for the evaluation of masked hypertension.  

     Isolated Diastolic Hypertension      

 The 2014 AHA statement recognized that some children have isolated diastolic 
hypertension and incorporated DBP into their ambulatory BP classifi cation [ 2 ]. 
While the clinical signifi cance of this is not entirely clear, it appears that diastolic 

12 Ambulatory Blood Pressure Monitoring in Children and Adolescents



244

hypertension may be associated with underlying secondary causes of hypertension 
[ 26 ] and the presence of it may signal the need for further workup to determine the 
cause of the hypertension. As alluded to earlier, there are some diffi culties, however, 
in interpreting diastolic BPs using ABPM. Due to their ease of use, most ABPM 
machines used in pediatrics use the oscillometric technique, which has been shown 
to be less accurate measuring DBP than SBP [ 27 ]. However, as previously stated, it 
is thought that the normative data for DBP by Wühl et al. is high, and DBP readings 
above 95th percentile given from that data would certainly be considered hyperten-
sive by most practitioners, especially in younger children.  

    Nocturnal Hypertension and 3Nocturnal Dipping 

 Isolated  nocturnal hypertension   has signifi cant prognostic implications for patients 
with a variety of other medical conditions, which will be discussed in more detail 
later. In adults, it has been shown to be the single best BP parameter predictive of 
cardiovascular disease [ 28 ]. The clinical signifi cance in otherwise healthy pediatric 
patients is not known, but given the signifi cant effects in adults and in specifi c pedi-
atric populations, the authors of the 2014 AHA statement recommend that isolated 
nocturnal hypertension be treated as masked hypertension [ 2 ]. 

 Adequate  nocturnal dipping   is defi ned as a decrease from mean awake SBP and 
DBP of at least 10 % to sleep SBP and DBP. Inadequate nocturnal dipping is defi ned 
as decrease of less than 10 %. Much like with nocturnal hypertension, inadequate 
nocturnal dipping has been shown to have prognostic value for specifi c populations 
of pediatric patients, such as those with diabetes [ 29 ], although its clinical signifi -
cance in nondiabetic children is unclear. There have been racial disparities seen with 
nocturnal dipping, with African Americans having higher sleep BPs and less noc-
turnal dipping than White children [ 30 ]. Recent unpublished data from our center 
also suggests that obese children have a higher prevalence of inadequate nocturnal 
dipping than lean children.  

    Mean Arterial  Pressure      

 ABPM devices that use the oscillometric technique directly measure  MAP   and then 
back-calculate to generate the SBP and DBP values. These calculated values can vary 
signifi cantly when compared to BPs obtained by manual auscultation [ 31 ]. The algo-
rithms used to calculate SBP and DBP are specifi c to the manufacturer, and different 
devices therefore may give different results. In addition, MAP is a composite of both 
SBP and DBP, making it a simpler tool than using both. Because of this, some have 
questioned whether MAP may be more useful than SBP and DBP for diagnosing 
hypertension in pediatrics. One recent cross-sectional study compared diagnosis of 
hypertension using MAP as opposed to SBP and DBP [ 32 ]. Using a hypertension 
defi nition of ≥95th percentile for either MAP or SBP/DBP, the authors found that the 
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MAP criteria identifi ed 19 % more hypertensive patients than the SBP/DBP criteria. 
However, there are few published data evaluating the prognostic value of MAP in 
pediatrics. In the ESCAPE trial, therapeutic interventions based on MAP were shown 
to improve outcomes in pediatric patients with CKD [ 33 ]. There are currently  no   
other studies in  pediatric      populations evaluating clinical outcomes and MAP. More 
studies assessing intermediate and long-term clinical outcomes using MAP will need 
to be conducted before we can recommend using it instead of SBP and DBP.   

    Secondary Hypertension and Special Populations 

    Secondary Hypertension 

  Secondary hypertension   refers to hypertension that is caused by an identifi able, 
underlying cause such as renal artery stenosis. It is much more common in children 
than in adults and is therefore always a consideration when a child or teen is being 
evaluated for elevated BP. There are certain signs that are potentially suggestive of 
secondary hypertension such as hypertension detected in very young children, 
patients with stage 2 hypertension, or in patients with clinical signs that indicate 
systemic conditions [ 7 ]. 

 ABPM can also help differentiate between primary and secondary hypertension 
(see Fig.  12.1 ). Increased sleep SBP loads and increased awake and sleep DBP loads 

  Fig. 12.1    High DBP Loads  in   secondary hypertension. The patient was a hypertensive16-year-old 
boy with one small scarred kidney. The awake DBP load was 45 % and the sleep DBP load 
was 86 %       
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   Table 12.3    Conditions  in   which ABPM may be particularly helpful   

 Condition  Relevance of ABPM  Benefi t 

 Secondary 
hypertension 

 Elevated load, abnormal 
dipping variability 

 ABPM results may indicate higher 
likelihood for secondary causes 

 Diabetes mellitus 
(Types 1 and 2) 

 Elevated load, abnormal 
dipping variability 

 Tighter BP control may limit 
development of diabetic nephropathy, 
retinopathy 

 Chronic kidney disease  Prevalence of HTN, 
masked HTN 

 Tighter BP control may delay CKD 
progression 

 Dialysis  BP loads, Masked HTN  Better correlation with target organ 
damage than pre/post-dialysis BPs 

 Renal transplant  Masked HTN, abnormal 
circadian variation 

 Tighter BP control may delay graft loss 

 White coat and masked 
HTN 

 Can only be diagnosed on 
ABPM 

 Patient may not require extensive 
diagnostic testing 

 Treatment of patients 
with HTN 

 Response to interventions  Better BP control may improve outcome 

are highly specifi c for a secondary etiology of hypertension [ 26 ]. Decreased noctur-
nal dipping has also been associated with secondary hypertension in children [ 34 ]. 
As more data are generated, ABPM may become a more reliable tool for  identifying 
secondary hypertension and may help guide diagnostic workup. Conditions in which 
ABPM may be particularly helpful are summarized in Table  12.3 .

    While there are no BP targets devised specifi cally for the management of second-
ary hypertension, some experts recommend using the 90th percentile to define 
secondary hypertension in relevant patients as opposed to the 95th percentile. 
   The following section covers specifi c etiologies of secondary hypertension and the 
utility of ABPM in each condition.  

     Diabetes   

 The prevalence of hypertension in adolescent type 1 diabetics in the United States 
is estimated to be between 22 and 29 % [ 35 ,  36 ]. The 2014 ISPAD Clinical Practice 
Consensus Guideline states that hypertension is a major risk factor for both micro- 
and macro-vascular complications in adolescent type 1 diabetic patients and recog-
nizes the role that ABPM has in managing hypertension in the pediatric diabetic 
population [ 37 ]. It has been shown that early detection of diabetic nephropathy and 
hypertension in diabetics signifi cantly decreases the risk of progressing to end-stage 
renal failure [ 37 ]. While hypertension is known to increase cardiovascular disease 
in adults, there are currently few data in children on cardiovascular morbidity or 
mortality in relation to hypertension. One recent study, however, found that elevated 
BP loads detected on ABPM in children with type 1 diabetes were associated with 
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increased B-type natriuretic peptide and abnormal tissue Doppler echocardiography 
indices, indicating early-stage cardiac dysfunction [ 38 ]. In adolescents, nocturnal 
hypertension is especially associated with the development of diabetic nephropathy 
and other signs of end-organ damage such as increased carotid intimal thickness 
[ 29 ,  39 ]. These patients also have estimated prevalence of 10 % and 32 % for 
masked hypertension and white coat hypertension, respectively. It is also estimated 
that between 24 and 42 % of type 1 diabetic children have non-dipping status [ 36 ]. 

 Type 2 diabetes in youth has been consistently shown to run a greater risk of cardio-
vascular complications than type 1 diabetes including hypertension, microalbuminuria, 
diabetic nephropathy, and mortality [ 37 ,  40 ]. In fact, up to 50 % of children diagnosed 
with type 2 diabetes under the age of 18 will develop end-stage renal disease within 20 
years of their diagnosis. However, there is confl icting evidence regarding the role of 
hypertension in the progression of kidney disease. While it is well-documented that 
hypertension increases progression of CKD in adult type 2 diabetics, one large pediat-
ric study did not fi nd any association with risk of renal disease and hypertension, and 
in fact found that prescription of renin angiotensin aldosterone inhibitors was a major 
risk factor for renal failure [ 41 ]. The Improving Renal Complications  in   Adolescents 
with Type 2 Diabetes Through Research (iCARE) Cohort Study [ 42 ] is a large, pro-
spective cohort study that is currently examining a variety of risk factors for albumin-
uria and progression of CKD in adolescent type 2 diabetes patients, including 
hypertension diagnosed by ABPM, and hopefully will shed more light on the role of 
ABPM in the management of children with type 2 diabetes.  

    Chronic Kidney Disease 

 Hypertension in patients with chronic kidney disease ( CKD)        is recognized as a risk 
factor for worse cardiovascular outcomes as well as progression to end-stage renal 
disease. 24-h ABPM has proven to be superior to clinic BP measurements and at 
least equivalent to other home BP measurement methods for monitoring hyperten-
sion in children with CKD [ 43 ]. Increased BP variability in patients with CKD, 
thought to be due to sympathetic nervous system overactivity [ 44 ], has been shown 
to increase risk of end-organ damage and cardiovascular events. Recent evidence 
from the Chronic Kidney Disease in Children (CKiD) Study found that children 
with CKD and hypertension had signifi cantly increased BP variability and signifi -
cantly decreased heart rate variability compared to CKD patients without hyperten-
sion [ 45 ]. This is an important fi nding which suggests that treatment strategies to 
control sympathetic nervous system overactivity should be utilized in hypertensive 
children with CKD. 

 BP goals in children with CKD are still being evaluated. Citing data from the 
“Effect of Strict Blood Pressure Control and ACE Inhibition on the Progression of 
CRF in Pediatric Patients” (ESCAPE Trial) [ 46 ] from the European Society of 
Hypertension notes that strict BP control to 24-h MAP below the 50th percentile 
may increase 5-year renal survival [ 47 ]. Similar outcomes have been shown when 
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24-h BP mean by ABPM is kept below the 75th percentile, and renal survival is 
worse when 24-h ambulatory BP mean is greater than the 90th percentile. It should 
be noted, however, that ABPM may not be universally available, and clinicians may 
need to rely upon casual BP readings to make treatment decisions. The casual BP 
value that is equivalent to a 24-h MAP value is unknown, making it hard to translate 
the ESCAPE fi ndings into clinical practice.       Nonetheless, given the strength of the 
ESCAPE trial fi ndings, it is recommended that caregivers aim for stricter BP con-
trol, at least less than the 90th percentile, when treating patients with CKD.  

     End-Stage Renal Disease and Dialysis   

 It is estimated that 40 % of mortality in children on maintenance hemodialysis in the 
United States is secondary to cardiovascular causes [ 48 ]. Given this, it is essential 
that BPs are accurately assessed and hypertension aggressively treated in this patient 
population. Many children on dialysis have their BPs assessed by pre- or post- 
dialysis recordings. However, these BP measurements may be inaccurate and have 
poor test–retest reliability [ 49 ]. ABPM has proven more sensitive and specifi c 
method and provides a more comprehensive BP profi le than pre- and post-dialysis 
BPs for diagnosing hypertension and improves the predictability of BP as a risk fac-
tor for target organ damage [ 49 ]. Dialysis patients with elevated BP loads diagnosed 
by ABPM were more likely to have LVH and non-dipping status than patients with-
out elevated BP loads. It has been recommended that ABPM become the standard 
for monitoring BPs in patients on dialysis [ 49 ]. More recent data suggests that 48-h 
ABPM may be even more effective than 24-h ABPM  for   diagnosing daytime and 
nighttime hypertension, decreased dipping, and assessing risks for elevated LVMI 
in intermittent hemodialysis patients [ 50 ].  

     Kidney Transplant   

 ABPM is a critical tool for assessing BPs in pediatric patients after renal transplan-
tation (see Fig.  12.2 ). Ambulatory hypertension affects a signifi cant percentage 
(potentially a majority) of pediatric patients who receive kidney transplants, and 
abnormalities on ABPM in these patients are associated with LVH and other target 
organ damage [ 8 ]. In addition, there is increased incidence of masked hypertension 
and abnormal circadian variation in BP, including sleep hypertension and blunted 
and reversed BP dipping, which requires ABPM for diagnosis [ 8 ]. Optimal BP 
treatment guided by repeat ABPM decreases target organ damage [ 51 ], increases 
stable graft function compared to those that remain hypertensive [ 52 ], and decreases 
proteinuria (a marker of chronic allograft nephropathy).
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        Conclusion 

 ABPM has proven to be an effective method of measuring BP in the pediatric popu-
lation. It is better correlated with clinical outcomes such as left ventricular hypertro-
phy, eliminating observer bias and improper technique, and allowing for the 
diagnosis of white coat hypertension and masked hypertension. There are some 
shortcomings to using ABPM in children, such as generalizability of the available 
normative data, but as more data are gathered we expect that it will be an even more 
effective tool in the diagnosis and management  of   pediatric hypertension.     
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    Chapter 13   
 Ambulatory Blood Pressure Monitoring 
in Special Populations: During Pregnancy       

       Ramón     C.     Hermida       and     Diana     E.     Ayala    

            Introduction 

  Hypertensive complications   in pregnancy are associated with increased risk of both 
adverse fetal/neonatal outcomes, including preterm birth, intrauterine growth retar-
dation (IUGR), and perinatal death, as well as maternal outcomes, including acute 
renal or hepatic failure, antepartum and postpartum hemorrhage, and even death 
[ 1 – 3 ]. Hypertensive complications in pregnancy range from hypertension alone 
(gestational hypertension [GH]) through proteinuria and multiorgan dysfunction 
(preeclampsia [PE]) to seizures (eclampsia) [ 4 ]. Reported rates of GH and PE vary 
substantially, ranging from 4 to 15 % and 2 to 5 %, respectively [ 5 – 7 ]. However, 
these rates might well underestimate actual ones [ 8 ], since the rather large variation 
in reported prevalence is likely due to under-ascertainment and/or misclassifi cation 
of GH and PE [ 8 – 10 ]. Furthermore, since the majority of cases of GH and PE are 
typically diagnosed at term, the increasing trend of early elective delivery contrib-
utes to additional underestimation of their prevalence [ 11 ]. 

 Many of the  physiologic changes   of PE are essentially a reversal of those that 
accompany a healthy pregnancy, i.e., absence of normal increase in plasma volume, 
elevation of blood pressure (BP), increase of peripheral vascular resistance, and 
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decrease (insuffi ciency) of aldosterone concentration [ 12 ]. Even though the exact 
cause of PE is unknown, several  mechanisms   have been suggested, including 
enhanced sensitivity to vasopressors, abnormal maternal immunologic reaction, 
and imbalance of vasoactive prostaglandin (thromboxane A 2  and prostacyclin) con-
centrations, resulting in small arteries vasoconstriction, platelet activation, and 
uteroplacental insuffi ciency [ 12 – 15 ].  Maternal risk factors   for GH and PE include 
nulliparity, advanced age, multiple births, diabetes, chronic hypertension, obesity, 
previous or family history of PE, different father and/or ≥10 years since last preg-
nancy, renal disease, and circulating antiphospholipid antibodies [ 3 ,  5 ,  6 ,  16 – 18 ]. 
Decreased risk of GH and PE has been associated with placenta previa, summer 
births, daily low-dose aspirin (particularly when ingested daily at bedtime and com-
mencing early in pregnancy) and calcium supplementation, and BP-lowering and 
glucose-lowering medications to control, respectively, hypertension and diabetes 
[ 3 ,  16 ,  19 – 24 ]. 

 Several clinical, biochemical, and biophysical tests have been applied to pre-
dict development of GH or PE later in  pregnancy  , but with inconsistent and usu-
ally rather low specifi city and sensitivity [ 25 ]. Because an elevated BP after 
20-week gestation is common to the defi nition of both GH and PE [ 4 ,  26 ], sev-
eral studies [ 27 – 30 ] have assessed if these  complications   may be predicted on 
the basis of offi ce cuff BP measured during conventional antenatal visits. Clinic 
BP values, however, have several shortcomings: they are representative of only 
a very small fraction of the 24-h BP profi le, usually under circumstances that 
may have pressor effect, and the technique is fraught with potential errors, 
including instrument defects and poor examiner technique [ 31 ]. Not surprisingly, 
several investigators have found offi ce BP measurements to be neither diagnostic 
nor suffi ciently predictive of the development of hypertension in pregnancy 
[ 8 ,  9 ,  32 – 35 ], showing both disappointing sensitivity, as low as 9 % [ 36 ], and 
positive predictive value, as low as 8 % [ 29 ]. Nonetheless, the diagnosis of GH 
continues to rely on conventional clinic BP measurements that are interpreted 
relative to fi x threshold values, i.e., 140/90 mmHg for systolic (SBP)/diastolic 
BP (DBP) after 20-week gestation [ 4 ,  26 ]. These reference thresholds for clinic 
BP measurements, the same one used to diagnose essential hypertension in non-
gravid women [ 37 ], are applied independently of gestational age at the time of 
BP measurement. 

 Ambulatory BP monitoring ( ABPM  ) has been suggested as a  logical approach   to 
overcoming many of the shortcomings and uncertainties associated with clinical BP 
measurement in pregnancy [ 8 ,  9 ,  33 ,  34 ,  38 – 40 ]. Indeed, multiple studies have eval-
uated the potential prognostic value of ABPM for the early detection of GH and PE 
[ 40 – 53 ]. However, many ABPM-based studies evidence the same kind of method-
ological defi ciency as clinic BP-based ones: most investigators reporting on the 
potential prognostic value of ABPM failed to take into account gestational age at the 
time of measurement on their fi ndings [ 41 ,  42 ,  45 ,  49 ,  50 ], thus disregarding the 
predictable changes in BP level that occur throughout gestation.  
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    Predictable BP Trends during Gestation in Healthy 
and Complicated Pregnancies 

 Noninvasive around-the-clock ABPM  investigations   have documented predictable 
differences in ambulatory BP between clinically healthy and hypertensive pregnant 
women during the course of gestation [ 38 ,  54 ,  55 ]. Hermida et al. [ 55 ] conducted a 
prospective ABPM study on 403 (207 nullipara) untreated Spanish pregnant women. 
Among them, 235 remained normotensive, 128 developed GH, and 40 developed 
PE. The SBP and DBP of each pregnant woman were automatically assessed every 
20 min between 07:00 and 23:00 h and every 30 min during the night for 48 con-
secutive hours at the time of recruitment (usually within the fi rst trimester of preg-
nancy), and thereafter every 4 weeks until delivery. A 48-h, instead of the most 
common 24-h, monitoring was chosen to improve reproducibility of results, as pre-
viously demonstrated both in nonpregnant [ 56 ] and pregnant women [ 57 ]. 

 In normotensive pregnancies, ambulatory BP steadily decreases until the middle 
of gestation and then increases only slightly until  delivery   (Fig.  13.1 , top). In con-
trast, women who develop GH or PE exhibit a stable SBP and DBP during the fi rst 
half of pregnancy and thereafter a continuous linear and signifi cantly greater 
increase until delivery (Fig.  13.1 , bottom) [ 55 ]. According to these fi ndings, the 
ABPM-derived 48-h SBP/DBP means during the fi rst trimester of pregnancy 
already differ signifi cantly between women who will remain normotensive through-
out pregnancy and those who will later develop hypertensive complications. At the 
14th week of gestation, the 48-h SBP/DBP means of women who developed GH or 
PE were signifi cantly greater—115/67 mmHg—than of those who had a healthy 
normotensive pregnancy—103/60 mmHg. Differences in the 48-h SBP/DBP means 
between healthy and complicated pregnancies can be observed, therefore, quite 
before the actual clinical diagnosis of GH or PE is made, typically in the third tri-
mester of pregnancy. The results of this study on women systematically sampled by 
48-h ABPM throughout gestation not only confi rm the predictable gestation-stage- 
dependent BP variation, but provide proper information to establish both around- 
the- clock and gestational-age-dependent reference limits for SBP and DBP [ 58 ], 
essential for the  early   identifi cation of women at risk for developing hypertensive 
complications later in pregnancy [ 8 ,  9 ,  33 ,  34 ,  38 ,  59 ].

       Circadian BP Patterns in Normotensive and Hypertensive 
Pregnant Women 

 An  important   advantage   of around-the-clock ABPM is thorough description and 
quantifi cation of the mostly predictable 24-h BP variation that results from the inter-
relationship of various internal and external time-of-day infl uences: (1) rest/activity- 
associated changes in behavior (including activity routine and level, meal timings 
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and content, mental stress, and posture); (2) day–night divergence in ambient tem-
perature, humidity, and noise; and (3) circadian (~24 h) rhythms in neuroendocrine, 
endothelial, BP-modulating peptide, and hemodynamic parameters, e.g., plasma 
noradrenaline and adrenaline (autonomic nervous system), atrial natriuretic and 
calcitonin gene-related peptides, and renin, angiotensin, and aldosterone 

  Fig. 13.1     Variation   of the 48-h SBP mean throughout gestation in normotensive pregnancies ( top ; 
1408 ABPM profi les of 48-h duration obtained from 235 women) and women who developed 
either GH ( bottom ; 800 ABPM profi les from 128 women) or PE ( bottom ; 222 ABPM profi les from 
40 women). Updated from [ 55 ]       
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(renin- angiotensin- aldosterone system) [ 60 – 62 ]. Such 24-h BP variability also 
characterizes clinically healthy pregnant women and those who develop GH or PE 
[ 9 ,  36 ,  38 ,  63 – 66 ]. Many reports indicate alteration in the 24-h BP pattern during 
gestation can be used either to predict PE or to assess its severity [ 8 ,  9 ,  33 ,  34 ,  66 ]. 
However, few studies have reported on the normal 24-h BP pattern in uncompli-
cated pregnancies [ 47 ,  50 ,  67 ], most of them without comparison to complicated 
pregnancies, an issue only occasionally addressed [ 9 ,  36 ,  38 ,  49 ,  63 – 65 ]. By the use 
of ABPM, several authors have found reduced BP decline during sleep in women 
with PE [ 9 ,  38 ,  63 – 65 ], whereas others even reported a reversed circadian BP pat-
tern towards higher sleep-time than awake-time mean BP associated with PE [ 66 , 
 68 ,  69 ]. A major  limitation   of most of the latter studies is that they have usually been 
conducted during the last stages of pregnancy. Moreover, they were not specifi cally 
designed to assess if ABPM might, indeed, be used to predict GH and PE. 

 Normal 24-h BP values in  pregnancy   have been established by several ABPM 
trials, including one involving a primigravid population of 98 women sampled at 
fi ve different gestational ages [ 47 ], and a second one involving 235 normotensive 
pregnant women systematically sampled every 4 weeks from early in the fi rst tri-
mester of pregnancy until delivery, as described in the previous section, and that 
also provided comparison with the 24-h BP pattern of complicated pregnancies [ 38 , 
 58 ,  65 ]. Figure  13.2  presents   the 24-h pattern of SBP (left) and DBP (right) assessed 
by 48-h ABPM per trimester of pregnancy for clinically healthy normotensive 
women and those who developed GH or PE. BP data were pooled over an idealized 
single 24-h span to simplify graphic presentations.

   A statistically signifi cant increased 48-h SBP/DBP mean was documented in 
pregnancies complicated with GH or PE compared to uncomplicated pregnancies in 
all three trimesters ( p  always <0.001). Differences in the hourly BP means between 
normotensive and hypertensive women were also statistically signifi cant at all cir-
cadian times and in each trimester of gestation, even after correcting for  multiple 
testing   (Fig.  13.2 ). No differences ( p  > 0.108) were detected during the fi rst trimes-
ter of pregnancy in the 48-h SBP/DBP means between women who later developed 
GH versus PE. The 48-h SBP/DBP means of normotensive pregnant women were 
statistically  lower  in the second as compared to the fi rst trimester ( p  < 0.001) in 
keeping with the documented trends of BP variation with increasing gestational age 
(Fig.  13.1 ). In the second trimester, there was statistically signifi cant difference in 
the 48-h SBP/DBP means ( p  = 0.002/0.038) between the two groups  of   women who 
subsequently developed GH and PE [ 65 ]. Panel C of Fig.  13.2 , for women sampled 
by 48-h ABPM during their third trimester of pregnancy, shows larger between- 
groups differences than those documented for the fi rst and second trimesters of 
pregnancy (panels A and B of Fig.  13.2 , respectively). BP slightly increased from 
the second to the third trimester in normotensive pregnancies, up to values equiva-
lent to those obtained in the fi rst trimester for the same women. In women who 
developed GH or PE, BP increased greatly from the second to the third trimester, the 
increase in BP being greater for women who developed PE versus GH (Fig.  13.1 ). 
Accordingly, during the third trimester, the difference in 48-h SBP/DBP means 
between the GH and PE groups was statistically signifi cant ( p  < 0.001). 
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  Fig. 13.2    24-h pattern of  SBP   ( left ) and DBP ( right ) of normotensive pregnancies ( continuous 
line ) and women who developed GH or PE ( dashed line ) sampled by 48-h ABPM. Each graph 
shows hourly means and standard errors of data for each group of pregnant women.  Dark shading  
along  lower horizontal axis  of graphs denotes the average hours of nighttime sleep across the 
sample.  Panel A : Women evaluated during the fi rst trimester of pregnancy (<14 weeks gestation). 
 Panel B : Women evaluated during the second trimester of pregnancy (14–27 weeks gestation). 
 Panel C : Women evaluated during the third trimester of pregnancy (≥27 weeks gestation). Updated 
from [ 65 ]         

 

R.C. Hermida and D.E. Ayala



259

 The results depicted in Fig.  13.2  indicate statistically signifi cant differences in 
ambulatory BP between healthy and complicated  pregnancies   that are detectable as 
early as the fi rst trimester of pregnancy; nonetheless, at this stage of gestation, both 
SBP and DBP for women with a later diagnosis of GH and PE were still well within 
the currently accepted, but as discussed below, outdated, normal physiologic BP 
range [ 65 ]. Despite this available information, the diagnosis of hypertension in 
pregnancy based on ABPM [ 51 ] has  frequently   relied on the very same reference 
thresholds established for the diagnosis of essential hypertension, i.e., 130/80 
mmHg for the 24-h SBP/DBP means [ 37 ]. These reference thresholds have several 
shortcomings for use in pregnancy, as documented in the following section.  

    24-h BP Patterns in Men, Nonpregnant Women , 
and Pregnant Women  

 Apart  from      the predictable changes in BP with gestational age (Fig.  13.1 ), epide-
miologic studies report signifi cant sex differences in BP and heart rate [ 59 ,  70 – 73 ]. 
Typically, men exhibit lower heart rate and higher BP than women, the differences 
being larger for SBP than DBP [ 39 ,  71 ]. These differences become apparent during 
adolescence and remain signifi cant until 55–60 years of age [ 74 ]. Results from a 
recent large long-term prospective study on cardiovascular and cerebrovascular 
morbidity and mortality of subjects evaluated by periodic, at least annually, 48-h 
ABPM reveal the outcome-based 48 h SBP/DBP reference thresholds for the diag-
nosis of hypertension to be 10/5 mmHg lower for women than men [ 72 ]. 

Fig. 13.2 (continued)
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 The sex differences in BP  regulation   are illustrated in Fig.  13.3 , which presents, 
fi rst, the 24-h SBP pattern of 643 clinically healthy young-adult men and 504 non-
pregnant normotensive women, 18–40 years of age [ 71 ]. Data of these 1147 normo-
tensive subjects, matched by age, ethnicity, and, to the extent possible, body weight 
and height to the population of pregnant women that provided data for Figs.  13.1  
and  13.2 , were obtained using the same sampling scheme, i.e., ABPM performed 
every 20 min from 07:00 to 23:00 h and every 30 min during the night for 48 con-
secutive hours. Figure  13.3  also illustrates the 24-h BP pattern of normotensive 
pregnant women and those who developed GH or PE evaluated by 48-h ABPM 
during the second trimester of gestation. Figure  13.3  documents: (1) ambulatory 
SBP is signifi cantly higher in young-adult normotensive men than similarly aged 
nonpregnant normotensive women ( p  < 0.001); (2) as previously demonstrated [ 65 ], 

  Fig. 13.3    24-h  SBP   pattern of clinically healthy normotensive men (Group 1: 643 individuals) 
and normotensive nonpregnant women (Group 2: 504 individuals), normotensive pregnant women 
(Group 3: 546 ABPM profi les from 235 women), and women who developed GH or PE (Group 4: 
412 ABPM profi les from 168 women) sampled by 48-h ABPM during the second trimester of 
pregnancy (14–27 weeks gestation). Each graph shows hourly means and standard errors of data 
for each group of subjects.  Dark shading  along  lower horizontal  axis of graphs denotes the average 
hours of nighttime sleep across the subject sample. Updated from [ 38 ]       
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ambulatory SBP during the second trimester of gestation is signifi cantly diminished 
in women having normotensive pregnancies compared to ones later complicated 
with GH or PE ( p  < 0.001), although these differences between healthy and compli-
cated pregnancies can already be observed during the fi rst trimester of pregnancy 
(Fig.  13.2 , panel A); (3) ambulatory SBP is signifi cantly lower in normotensive 
pregnant women than in normotensive nonpregnant women ( p  < 0.001), as a conse-
quence of the diminished BP during the second trimester of gestation in healthy 
pregnancies (Figs.  13.1  and  13.2 ); (4) ambulatory SBP is signifi cantly higher in 
women  who      developed GH or PE evaluated during the second trimester of gestation 
than in normotensive women, either pregnant or nonpregnant ( p  < 0.001); and (5) 
ambulatory SBP is fully equivalent in clinically healthy normotensive men and in 
pregnant women who developed GH or PE when sampled during the second trimes-
ter of pregnancy ( p  = 0.187).

   Although Fig.  13.3 , as an example, presents data from pregnant women sampled 
during their second trimester of gestation, the conclusions are similar for the same 
women sampled by 48-h ABPM before 14 weeks gestation, i.e., during the fi rst 
trimester [ 36 ,  38 ,  64 ,  65 ]. These signifi cant differences in ambulatory BP that are 
expressed several months before the diagnosis of GH or PE cannot be established 
by clinic BP measurements until very late in pregnancy, well within the third trimes-
ter. Of additional signifi cant clinical relevance is the fi nding that the detected 48-h 
SBP/DBP means, which differ between healthy and complicated pregnancies by 
~12/7 mmHg, still fall below the threshold limits currently accepted for the diagno-
sis of hypertension in pregnancy [ 4 ,  26 ]. Until recently [ 39 ], knowledge of the 
diminished BP of nongravid women as compared to men plus the decrease in BP 
during the second half of gestation in normotensive pregnant women was not taken 
into account when establishing reference BP thresholds for the diagnosis of hyper-
tension in pregnancy, whether based either on unreliable clinic BP measurements 
[ 4 ,  26 ] or the more reproducible ambulatory ones [ 37 ]. The unfortunate conse-
quence of reliance upon the currently accepted thresholds established for clinic BP 
and ABPM measurements is high risk of misdiagnosis, i.e.,  gestational      normoten-
sion when, in actuality, it should be GH.  

    24-h BP Mean for Diagnosis of Hypertension in Pregnancy 

 In chronic essential  hypertension  , the correlation between BP level and target organ 
damage, cardiovascular disease risk, and long-term prognosis is greater for ABPM 
than clinic BP measurement [ 75 – 77 ].  Accordingl  y, several investigators have 
attempted to extrapolate these  advantages   of ABPM to the diagnosis of hyperten-
sion in pregnancy and prediction of pregnancy outcome. As in essential hyperten-
sion, the most common approach for diagnosing hypertension in pregnancy has 
been reliance on the ABPM-derived 24-h BP mean. However, previous studies have 
reported inconsistent 24-h BP mean threshold reference values for the diagnosis of 
GH that only occasionally have been tested prospectively [ 42 ,  78 ]. Moreover, there 
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is considerable controversy regarding the comparative prognostic value of the 
awake versus asleep BP means for the prediction of complications in pregnancy [ 43 , 
 44 ,  47 ,  49 ]. 

 A large number of studies have addressed the utility of the 24-h BP mean to pre-
dict GH and/or PE, often with signifi cant defi ciencies and limitations [ 38 ]. For 
example, Kyle et al. [ 49 ] investigated the usefulness of the second trimester 24-h 
BP mean as a screening test for predicting the  development   of hypertension later in 
pregnancy. They reported the awake SBP mean was elevated at 18 and 28 weeks 
gestation in women who subsequently developed “preeclampsia,” defi ned by them 
as women with an increase in clinic DBP of ≥25 mmHg during gestation or clinic 
DBP ≥90 mmHg, independent of SBP or proteinuria, which differs greatly from 
how it is currently defi ned [ 4 ,  26 ]. The fi rst criterion—a fi xed increase in clinic 
SBP/DBP throughout gestation—has been eliminated from the current defi nition of 
GH [ 26 ], and the second criterion, totally disregarding SBP and proteinuria for the 
proper defi nition of PE, is inaccurate and thus of very low prognostic value [ 8 ,  9 ,  33 , 
 40 ,  51 ]. Despite the signifi cant difference in BP detected between the compared 
groups, the best predictive BP parameter of the study by Kyle et al. [ 49 ] was mean 
arterial BP ≥85 mmHg at 28 weeks gestation, providing sensitivity of 65 %, speci-
fi city of 81 %, and positive predictive value of 31 % for the improperly defi ned 
“preeclampsia.” Daytime and nighttime BP means were of similar predictive value. 

 Penny et al. [ 51 ] used a  threshold value   of 135/85 mmHg for the 24-h SBP/DBP 
means to assess the ability of ABPM to predict development of severe hypertension 
(clinic SBP/DBP measurements ≥160/110 mmHg), proteinuria, birth weight < third 
percentile for gestational age, preterm delivery, and admission of the newborn to the 
neonatal intensive care unit. The authors justifi ed their conceptual approach on the 
invalid claim that the 135/85 mmHg thresholds for the 24-h SBP/DBP means, 
greater than the ones of 130/80 mmHg currently used for non-pregnant women [ 37 ], 
are comparable to the 140/90 mmHg thresholds commonly used for clinic SBP/
DBP. Moreover, as described above, such threshold values established independent 
of gestational age ignore the reported predictable BP changes that occur throughout 
pregnancy (Fig.  13.1 ). Despite all these major limitations, the authors concluded 
that a 24-h BP mean >135/85 mmHg in the second half of pregnancy is a signifi -
cantly better predictor than conventional offi ce BP values ≥140/90 mmHg for the 
development of cuff-substantiated severe hypertension. 

 Bellomo et al. [ 42 ] also evaluated the  prognostic value   of ABPM in pregnancy 
using reference thresholds of 125/74 mmHg, 128/78 mmHg, and 121/70 mmHg for 
the 24 h, awake, and asleep SBP/DBP means, respectively, in women sampled on 
just one occasion during their third trimester of pregnancy. These investigators 
reported that the 24-h BP mean is superior to clinic BP measurements obtained at 
the same time during the third trimester of gestation for prediction of pregnancy 
outcome. 

 Brown et al. [ 43 ] reported 70 % sensitivity to predict later detection of either GH 
or PE by clinic BP defi ned by the thresholds of ≥140/90 mmHg, when using a fi xed 
non-varying by gestational age cutoff value of 62 mmHg for the asleep DBP mean 
obtained from ABPM done between 18- and 30-week gestation. They also sug-
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gested fi xed threshold values of 115 mmHg for the 24-h SBP mean and 106 mmHg 
for the asleep SBP mean were predictive of later GH or PE, but again with relatively 
low sensitivities, 77 % and 54 %, respectively. In actuality, this research study 
describes the potential ability of the highly reproducible ABPM to predict the poorly 
reproducible clinic BP ≥140/90 mmHg threshold later in pregnancy. 

 Higgins et al. [ 48 ] applied the same questionable approach of investigating 
ABPM as a potential predictor of future clinic BP measurements in pregnancy. They 
studied 1048 women evaluated by 24-h ABPM at 18–24 weeks gestation. The best 
overall predictor for PE was the 24-h DBP mean, which when using a fi xed cutoff 
threshold value of 71 mmHg provided a test with sensitivity of only 22 % and posi-
tive predictive value of only 15%. 

 The illustrative examples presented above highlight the limitation of relying 
solely on the ABPM-derived 24-h or even awake or asleep SBP/DBP means deter-
mined early in pregnancy to predict later development of GH or PE defi ned exclu-
sively in terms of clinic BP and the thresholds of ≥140/90 mmHg. ABPM is 
unquestionably of higher prognostic value than conventional clinic BP measure-
ments. However, due to poor results from the diagnostic test based only on the basis 
of the 24-h BP mean—namely the identifi cation by ABPM of women who might or 
might not show elevated clinic BP later in pregnancy—the most extended, in our 
opinion wrong and unjustifi ed, conclusion in the obstetric fi eld so far is that ABPM 
is not a suitable tool for the early identifi cation of GH or PE, and therefore should 
not be used in pregnancy [ 48 ]. 

 The fi ndings of studies entailing a different approach of utilizing ABPM-derived 
data by Hermida & Ayala [ 32 ], in contrast, clearly substantiate the ability of ABPM 
to predict early in pregnancy the risk of GH and PE. They performed a study on 113 
pregnant women sampled for 48 h every 4 weeks from the fi rst obstetric examina-
tion until delivery, thus providing 759 ABPM profi les in total, to assess the  sensitiv-
ity and specifi city   of the 48-h BP mean per trimester of pregnancy in identifying 
hypertensive complications. This was accomplished by comparing distributions of 
the 48-h BP mean values of both healthy and complicated pregnancies, without 
assuming an a priori threshold for the diagnosis of GH based on mean BP [ 32 ]. 
Sensitivity ranged from 32 % for DBP in the second trimester to 84 % for SBP in 
the third trimester. Specifi city, however, was as low as 7 % for the fi rst trimester 
DBP. Results from this study revealed the threshold values for the 48-h SBP/DBP 
means that would eventually provide the highest combined sensitivity and specifi c-
ity in the  diagnosis   of hypertension in pregnancy are: 111/66 mmHg in the fi rst tri-
mester of pregnancy, 110/65 mmHg in the second trimester, and 114/69 mmHg in 
the third trimester (Table  13.1 ). The corresponding threshold values in each of the 
three trimesters of pregnancy for the awake SBP/DBP means were 115/70, 115/69, 
and 118/72 mmHg; and 99/58, 98/56, and 104/60 mmHg for the asleep SBP/DBP 
means, respectively (Table  13.1  [ 32 ]). These apparently low values, refl ecting the 
predictable changes in BP during gestation in normotensive pregnant women plus 
the expected diminished BP in pregnant as compared to nonpregnant women (Fig. 
 13.3 ), are fully equivalent to those proposed by other independent investigators to 
defi ne normal ABPM values in pregnancy [ 47 ,  79 ].
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   In the attempt to validate prospectively these results, Hermida & Ayala calculated 
the sensitivity and specifi city of the 48-h, awake, and asleep BP means for the early 
identifi cation of hypertension in pregnancy using the reference threshold values 
provided above (and also in Table  13.1 ) when analyzing data described in Figs.  13.1  
and  13.2  [ 78 ]. As an illustrative example,    Fig.  13.4  represents the  frequency histo-

  Fig. 13.4     Frequency distribution   of 48-h ( left  ), awake ( center  ), and asleep SBP mean ( right  ) 
from normotensive ( top ; 546 ABPM profi les from 235 women) and hypertensive pregnant women 
( bottom ; 412 ABPM profi les from 168 women) sampled by 48-h ABPM during the second trimes-
ter of pregnancy (14–27 weeks gestation). The tested reference thresholds of 110, 115, and 98 
mmHg for the 48-h, awake, and asleep SBP mean, respectively, are represented as  thick vertical 
lines  in each graph. Updated from [ 78 ]       

       Table 13.1     Diagnostic   SBP/DBP thresholds (mmHg) for diagnosis of GH and PE based on 
ABPM for pregnant women as a function of gestational age a    

 ABPM 
characteristic 

 First trimester (<14 
weeks gestation) 

 Second trimester (14–27 
weeks gestation) 

 Third trimester (≥27 
weeks gestation) 

 48 h mean 
  SBP    111  110  114 
 DBP  66  65  69 
 Awake mean 
 SBP  115  115  118 
 DBP  70  69  72 
 Asleep mean 
 SBP  99  98  104 
  DBP    58  56  60 

   a Data from [ 77 ,  78 ]. Alternatively, hypertension in pregnancy might be defi ned as a hyperbaric 
index (HBI) ≥15 mmHg × h independent of pregnancy stage (see text). The HBI is defi ned as total 
area during the entire 24-h period of any given subject’s BP above a time-varying threshold defi ned 
by a tolerance interval calculated as a function of gestational age [ 33 ,  34 ]  
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grams   with the distributions of the 48-h (left), awake (center), and asleep SBP 
means (right) calculated from the 958 ABPM profi les of 48 h duration obtained 
from the participating pregnant women in their second trimester of pregnancy. 
Comparison of the histograms of the normotensive (top) and hypertensive pregnan-
cies (bottom) does not reveal clear separation between the two populations for any 
of the three mean BP values investigated. However, testing prospectively the previ-
ously established second trimester thresholds (110, 115, and 98 mmHg for the 48-h, 
awake, and asleep SBP mean, respectively [ 32 ]) reveals relatively small overlap 
between healthy and complicated pregnant women. Only 40 out of the 546 (7.3 %) 
BP profi les representative of normotensive pregnant women in the second trimester 
of gestation have a 48-h SBP mean >110 mmHg, while 362 out of the 412 (87.9 %) 
profi les representative of those who later developed GH or PE show a 48-h SBP 
mean above this threshold. Results are similar for the awake SBP mean (Fig.  13.4 , 
center), although the overlap between the distributions of values of normotensive 
and hypertensive women is slightly higher for the asleep SBP mean (Fig.  13.4 , 
right). Results further indicate a slightly larger overlap of BP mean values between 
normotensive and hypertensive women during the fi rst trimester, and a slightly 
smaller overlap of the data sampled during the third trimester. Thus, the sensitivity 
and specifi city of the diagnosis of hypertension in pregnancy based on mean SBP 
values increase with gestational age. The sensitivity and specifi city of the DBP 
means according to the threshold values listed in Table  13.1  are consistently lower 
than they are for the SBP means at all stages of pregnancy [ 78 ].

   These fi ndings on the prospective evaluation per trimester of the prognostic 
value in pregnancy of the mean BP values derived from ABPM were additionally 
compared to those obtained from clinic BP measurements on the same women. For 
data obtained during the second trimester, the total overlap between  normotensive   
and hypertensive pregnancies was 97.7 and 98.2 % for clinic SBP and DBP, respec-
tively. Women who later developed GH or PE had during the second trimester of 
pregnancy clinic SBP values as low as 100 mmHg, with only 33 out of a total of 412 
SBP values (8 %) actually ≥140 mmHg. These fi ndings thus indicate very poor 
sensitivity at all stages of gestation, mainly for clinic DBP. Specifi city, on the con-
trary, was very high, as just a very small proportion of women in this study, includ-
ing those with PE, showed conventional clinic BP values ≥140/90 mmHg, even 
during most of their third trimester of pregnancy. 

 The results of this  prospective trial   [ 78 ] corroborate, fi rst, the advantages of 
ABPM over clinic BP values for the early identifi cation of hypertension in preg-
nancy. Relative to the 130/80 mmHg reference thresholds for 24-h SBP/DBP means 
proposed for the general population [ 37 ], the thresholds listed in Table  13.1  as a 
function of gestational age refl ect the previously documented [ 71 ] expected lower 
BP in women as compared to men, the expected further decrease in BP in gravid as 
compared to nongravid women [ 36 ,  38 ,  64 ,  65 ], and the predictable changes in BP 
as a function of gestational age [ 38 ,  54 ,  55 ]. Results presented in Fig.  13.4  corrobo-
rate prospectively that the diagnosis of hypertension in pregnancy based on mean 
BP values derived from ABPM should be established from thresholds much lower 
than those currently used in clinical practice [ 39 ]. Although the sensitivity and 
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specifi city in the diagnosis of hypertension can still be improved by the use of other 
indexes derived from ABPM (for example, by the tolerance-hyperbaric test subse-
quently discussed) [ 8 ,  9 ,  33 ,  34 ,  38 ], the results of rigorously conducted studies 
indicate the 48-h, awake, and asleep BP means (Fig.  13.4 ) provide a diagnostic test 
markedly superior to clinic BP measurements, rendering ABPM a more useful tool 
for the clinical evaluation and early identifi cation of complications in pregnancy.  

    Early Identifi cation of Hypertension in Pregnancy 
with the Tolerance-Hyperbaric Test 

 The differing 24-h BP  pattern      between healthy and complicated pregnancies at all 
gestational ages, as shown in Fig.  13.2  [ 36 ,  38 ,  63 – 65 ], suggests the diagnosis of 
hypertension in pregnancy might be improved without reliance only on 24-h SBP/
DBP mean values that disregard information on 24-h BP variability [ 32 ], and the 
use for diagnosis of a time-specifi ed reference limit [ 38 ,  58 ]. Once the time-varying 
threshold, given for instance by the upper limit of a time-qualifi ed tolerance interval 
derived per each hour of the activity and sleep spans [ 58 ], is available, the hyper-
baric index (HBI), as a determinant of entire 24-h BP excess, can be calculated as 
the total area of any given subject’s BP above the threshold [ 8 ,  9 ,  33 ,  34 ,  59 ,  80 ]. 
The HBI as well as the duration of BP excess (percentage time of excess, defi ned as 
the percentage time during the 24 h when the BP of the test subject exceeds the 
upper limit of the tolerance interval) can then be used as nonparametric endpoints 
for assessing hypertension in pregnancy. This so-called tolerance- hyperbaric test, 
by which the diagnosis of hypertension is based on the HBI calculated with refer-
ence to a time-specifi ed tolerance limit, has been shown to provide high sensitivity 
and specifi city for the early identifi cation of subsequent hypertension in pregnancy 
[ 33 ], thereby constituting a valuable approach for the prediction of pregnancy out-
come [ 8 ,  9 ]. Because the conventional assessment of GH relies on offi ce values 
≥140/90 mmHg for SBP/DBP [ 4 ,  26 ], results based on the determination of BP 
excess have been usually expressed as a function of the maximum HBI, defi ned as 
the maximum of the three values of HBI determined for SBP, mean arterial BP, and 
DBP, respectively, for any given individual [ 9 ,  33 ,  34 ,  59 ,  80 ]. The prospective 
evaluation of the reproducibility of this ABPM-based test for early identifi cation of 
complications in  pregnancy   was found to show a sensitivity of 93 % for women 
evaluated by ABPM during their fi rst trimester of gestation [ 34 ]. Sensitivity 
improved with gestational age, as BP also increases steadily during the second half 
of gestation in women who develop hypertension in pregnancy (Fig.  13.1 ). 

 Beyond the studies summarized above, several other authors have reported con-
sistent positive results when testing the ability of the HBI derived from ABPM to 
predict pregnancy outcome [ 81 – 84 ]. Benedetto et al. [ 81 ] performed 24-h ABPM at 
8–16 and 20–25 weeks gestation in 104 women at risk of GH or PE. Best sensitivity 
and specifi city were obtained between 20 and 25 weeks gestation with the 24-h 
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mean and the HBI of SBP using as cut-off values 103 mmHg (sensitivity: 88 %; 
specifi city: 75 %) and 10 mmHg × h (sensitivity: 70 %; specifi city: 92 %), respec-
tively. The authors concluded ABPM in pregnancy allows defi nition of objective 
cut-off values that can be particularly useful in routine clinical practice when the 
risk of developing GH or PE must  be      calculated for each individual woman. 
Shaginian [ 84 ] evaluated 34 apparently healthy pregnant women by 72-h ABPM 
fi nding elevated HBI for SBP in the fi rst trimester of pregnancy for the 17 women 
who developed GH or PE during the second half of gestation compared to the 17 
women who remained normotensive until delivery. On the contrary, Vollebregt et al. 
[ 85 ] reported limited accuracy of the HBI in predicting hypertension in pregnancy 
from a study of 101 women evaluated by 48-h ABPM only once in the fi rst trimester 
of gestation. Their approach, which we feel is invalid for many reasons [ 38 ], utilized 
a (highly reproducible [ 34 ]) fi rst trimester ABPM profi le to predict elevated (highly 
variable and poorly reproducible) clinic BP later in pregnancy. This approach, far 
from novel, has been used in the past by many other obstetricians [ 43 ,  48 ], as briefl y 
discussed above. When both clinic and ambulatory BP are available, ABPM, but not 
clinic BP, prevails for diagnosis. This is so because, by comparing clinic and ambu-
latory BP, one is able to distinguish groups of subjects with normotension, sustained 
hypertension, isolated clinic (white coat) hypertension, and masked hypertension, 
characterized by different cardiovascular risk [ 37 ,  39 ,  86 ]. The inappropriate 
approach of Vollebregt et al. [ 85 ] undoubtedly included women with masked hyper-
tension in their reference population as well as in the comparative group they mis-
takenly called “normotensive women,” making invalid all conclusions drawn from 
their study. Most important in terms of clinical relevance, the Vollebregt et al. study 
found perinatal outcome to be more favorable for women with GH than for the ones 
with normotension, which is just the opposite of what the literature in the fi eld leads 
anyone to expect. 

 Previous prospective studies have also documented the ability of the ABPM- 
derived HBI, but not clinic BP measurements, to differentiate as early as at 20-week 
gestation women who will develop PE from those who will just develop GH without 
proteinuria [ 8 ,  9 ]. Accordingly, GH was predicted on the basis of a maximum HBI 
value exceeding the relatively low specifi ed threshold of 15 mmHg × h, while PE 
was predicted by the higher HBI threshold  of      65 mmHg × h [ 8 ].  

    Clinic versus Ambulatory BP for Diagnosis of Complications 
in Pregnancy 

 Another prospective study [ 8 ,  9 ] compared the ABPM profi les and  pregnancy   out-
come between three groups of pregnant women evaluated by 48-h ABPM at the 
time of recruitment (<16 weeks gestation), and then every 4 weeks thereafter until 
delivery, namely: (1) “detected” GH, defi ned as clinic BP ≥140/90 mmHg after 
20-week gestation plus maximum HBI consistently above the threshold for 

13 Ambulatory Blood Pressure Monitoring in Special Populations: During Pregnancy



268

 diagnosing hypertension   in pregnancy provided above (therefore classifi ed as 
hypertensive by both independent criteria); (2) “undetected” GH (i.e., masked GH), 
defi ned as clinic BP <140/90 mmHg  but  HBI above the threshold for diagnosis in 
each and everyone of the monthly profi les of ABPM obtained after 20-week gesta-
tion (therefore considered “normotensive” according to current obstetric guidelines 
[ 4 ,  26 ], but in actuality considered to be hypertensive by the ABPM-derived HBI 
criterion); and (3) normotension, defi ned as clinic BP and maximum HBI both con-
sistently below their respective diagnostic thresholds at all evaluations after 20-week 
gestation. The  demographic and perinatal characteristics   of the investigated women 
are summarized in Table  13.2 .

   Comparison of the 24-h BP  characteristics   of “detected” and “undetected” 
(masked) GH for women sampled during the fi rst trimester of pregnancy revealed 

     Table 13.2     Demographic and perinatal characteristics of   women investigated   

  p  value for comparison of 

 Variable  NT  DGH  UGH 
 Three 
groups 

 DGH vs. 
UGH 

 Women,  n   234  62  59 
 ABPM profi les,  n   1404  401  370 
 Age, years  30.4 ± 5.5  30.0 ± 4.6  30.8 ± 5.1  0.385  0.726 

 Weight,  kg    63.1 ± 9.7  78.6 ± 17.4  69.6 ± 16.5  <0.001  0.002 
 Height, cm  161.8 ± 5.5  163.7 ± 7.0  162.3 ± 7.1  0.124  0.194 
 SBP at fi rst visit, mmHg a   119 ± 10  127 ± 10  122 ± 9  <0.001  0.012 
 DBP at fi rst visit, mmHg a   65 ± 7  71 ± 8  68 ± 8  <0.001  0.181 
 SBP at last visit, mmHg a   118 ± 9  142 ± 11  133 ± 7  <0.001  <0.001 
 DBP at last visit, mmHg a   66 ± 7  84 ± 7  79 ± 6  <0.001  <0.001 
 Gestational age at 
delivery, weeks 

 39.4 ± 1.1  38.7 ± 3.4  38.8 ± 3.5  0.044  0.814 

 Newborn weight, g  3334 ± 447  3088 ± 634  3062 ± 653  <0.001  0.918 
 Delivery by cesarean 
section, % 

 18.4  35.5  40.7  <0.001  0.715 

 Intrauterine growth 
retardation, %    

 5.1  16.1  17.0  <0.001  0.791 

 Preterm delivery (<37 
weeks), % 

 3.6  9.7  10.2  0.037  0.935 

 Newborn Apgar score b  at: 
 1 min  8.8 ± 1.0  8.8 ± 0.9  8.7 ± 1.0  0.894  0.682 
 5 min  9.9 ± 0.4  9.9 ± 0.4  9.8 ± 0.7  0.297  0.334 
 10 min  10 ± 0.2  10 ± 0.1  9.9 ± 0.2  0.492  0.312 

  Data from [ 8 ,  9 ]. Values are shown as mean ± SD.  NT  normotension,  DGH  “detected” GH,  UGH  
“undetected” GH 
  a Values correspond to the average of 3–6 clinic BP measurements obtained by a midwife nurse for 
each women at the time of their fi rst and last (before delivery) visits to the hospital 
  b The Apgar score is determined by evaluating the newborn with fi ve criteria on a scale from 0 to 2, 
i.e., appearance, pulse, grimace, activity, and respiration  
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only a small and nonsignifi cant ( p  = 0.056) greater 24-h SBP mean by 2.6 mmHg in 
“detected” than “undetected” GH (Fig.  13.5 , left  pane  l). Differences between groups 
in the 24-h DBP mean (not shown) only amounted to 0.2 mmHg ( p  = 0.682). The 
hourly means of SBP and DBP did not differ signifi cantly between “detected” and 
“undetected” GH at any circadian time, as corroborated by  t -tests adjusted for mul-
tiple testing. In the second trimester, comparisons between the groups of women 
with “detected” and “undetected” GH failed to reveal any signifi cant differences in 
the 24-h SBP/DBP means (Fig.  13.5 , central panel;  p  > 0.386). In the third trimester 
of pregnancy, differences in the 24-h SBP/DBP means between “detected” and 
“undetected” GH were even smaller (Fig.  13.5 , right panel). Additionally, at all 
stages of pregnancy, ambulatory BP was highly signifi cantly lower in normotensive 
pregnant women than in women with either “detected” or “undetected” GH 
( p  < .001). Moreover, average newborn weight, gestational age at delivery, plus inci-
dence of preterm delivery, IUGR, and delivery by cesarean section were similar 
between the two groups of women with “detected” and “undetected” GH (Table  13.2 ). 
There were, however, statistically signifi cant differences in all those perinatal out-
come variables between these two GH groups and normotensive pregnant women 
(Table  13.2 ). Results from this prospective study provide strong evidence to support 
ABPM as the proper “gold standard,” instead of unreliable clinic cuff BP 
 measurements, for the early identifi cation of true hypertension  in   pregnancy and 
associated maternal and perinatal complications [ 8 ,  9 ].

  Fig. 13.5    24-h SBP pattern of pregnant women sampled by 48-h ABPM at different  stages   of 
pregnancy. Women were divided for comparative purposes into three groups according to the val-
ues of clinic BP and maximum HBI at all evaluations after 20-week gestation: (1) normotensives 
( N  = 234), with both clinic BP and maximum HBI below diagnostic thresholds; (2) “detected” GH 
( N  = 62), with clinic BP ≥140/90 mmHg plus elevated HBI; “undetected” (masked) GH ( N  = 59), 
with clinic BP <140/90 mmHg  but  elevated HBI. Each graph shows hourly means and standard 
errors of data for each group of women.  Dark shading  along  lower horizontal  axis of graphs 
denotes the average hours of nighttime sleep across the sample. Updated from [ 9 ]       
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       Discussion 

 Although PE has generally received more attention than just hypertension in the 
absence of any other symptom or complication in pregnancy, the long-term follow-
 up of women with complicated pregnancies has indicated that  GH   is associated with 
highest incidence of subsequent chronic hypertension [ 87 ]. Thus, although PE is a 
more severe obstetric complication, GH may have more important long-term impli-
cations. Accordingly, following the common standard applied in most of the cited 
references in this review, we focused on the identifi cation of BP elevation in preg-
nancy, whether or not it could be later accompanied by proteinuria. As discussed 
earlier, clinical studies already substantiate the ability of the HBI to differentiate to 
some extent, at the end of the fi rst half of pregnancy, women who will develop PE 
from those who will develop GH [ 8 ]. 

 Common to the current defi nition of all hypertensive complications in pregnancy, 
independent of how PE might be defi ned, is the use of the fi xed reference threshold 
of 140/90 mmHg for conventional clinic SBP/DBP measurements obtained at the 
physician’s offi ce [ 4 ,  26 ,  37 ]. Previous results have consistently documented the 
poor prognostic value of clinic BP for the early identifi cation of hypertension in 
pregnancy and prediction of pregnancy outcome [ 8 ,  9 ]. The ideal predictive or 
 diagnostic test should be simple and easy to perform, reproducible, noninvasive, 
and with high sensitivity and positive predictive value. The tolerance-hyperbaric 
test described above is noninvasive since it relies on ABPM. Many results summa-
rized in this review are based on ABPM assessed for 48 consecutive hours as 
opposed to the most common 24 h [ 40 – 53 ]. As a compromise with practicability, 
monitoring over at least 48 h has been shown to present advantages in the analysis 
of BP variability, diagnosis of hypertension, and evaluation of patient response to 
treatment [ 33 ]. Moreover, accuracy in the derivation of ABPM characteristics 
(including mean BP values and HBI) depends markedly on the duration of ABPM 
[ 56 ,  57 ]. Indeed, sampling requirements for the tolerance-hyperbaric test are not 
very demanding. While results summarized in this review were obtained with BP 
series sampled at 20- or 30-min intervals, the HBI can be well-estimated from data 
sampled at ~2-h intervals with just marginal loss in sensitivity or specifi city [ 57 ]. 
Although 15-min sampling for ABPM evaluation in pregnancy has been unjustifi -
ably advocated [ 40 ], a longer sampling interval increases compliance and patient 
acceptability [ 88 ]. Additionally, the number of reference subjects needed for esti-
mating stable time-qualifi ed tolerance SBP and DBP intervals is also quite small, as 
previously documented [ 58 ,  89 ]. Finally, the tolerance-hyperbaric test provides both 
high sensitivity and positive predictive value as early as in the fi rst trimester of preg-
nancy [ 8 ,  9 ,  33 ,  34 ,  81 – 84 ]. 

 Perceived  limitations   of ABPM stem from the fact that most ambulatory devices, 
although advanced, are still expensive and most have not been properly validated 
for specifi c application in pregnancy. Cost, however, should always be evaluated in 
relation to potential benefi t. Results of the prospective ABPM evaluation studies 
summarized here indicate the cost–benefi t relationship for ABPM is more favorable 
than clinic BP measurements in pregnancy, simply because ABPM allows proper 
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identifi cation of women at high risk of complications, while clinic BP does not [ 8 , 
 9 ,  34 ]. Tolerability of ABPM has also been discussed as a possible limitation of its 
use in pregnancy. Although compliance is usually very high [ 9 ,  33 ,  34 ], reported 
patient acceptability tends to be lower [ 88 ]. Patient acceptability, a potential limita-
tion also discussed when criticizing the utilization of ABPM in general practice 
[ 37 ], is in part related to the ability of the physician to provide useful and convinc-
ing information to the patient on the potential advantages of ABPM [ 39 ]. 

 Unfortunately, despite the much higher prognostic value of ABPM than clinic 
BP measurements, the most extended conclusion so far, due to poor results from the 
diagnostic test when based on 24-h SBP/DBP means ≥130/80 mmHg irrespective 
of gestational stage, is that ABPM does not provide a proper approach for the early 
identifi cation of GH or PE, and it should not be used in pregnancy [ 48 ]. Thus, from 
this perspective, it is not surprising that the current obstetric guidelines recommend 
reliance only upon clinic BP ≥140/90 mmHg after 20-week gestation to establish 
the diagnosis of GH [ 4 ,  26 ]. However, it must be recognized that these guidelines 
are obsolete because they have not been updated to acknowledge the consensus 
recommendations of the European Societies of Hypertension and Cardiology, which 
specifi cally state 24-h BP has been shown to be superior to conventional measure-
ments in predicting proteinuria, risk of preterm delivery, infant weight at birth, and 
in general, outcome of pregnancy [ 37 ]. Studies summarized above claiming “poor 
results” of ABPM are based on the questionable approach to test the ability of the 
ABPM-derived 24-h mean to predict a diagnosis founded on unreliable clinic BP 
measurements obtained later in pregnancy. Most important, the signifi cantly lower 
ambulatory BP of nongravid women as compared to men, the added decrease in 
ambulatory BP during the second half of gestation in normotensive but not in hyper-
tensive pregnant women, and the 24-h pattern with large amplitude that character-
izes BP of healthy and complicated pregnant women at all gestational ages (Fig. 
 13.3 ) were not taken into account in studies providing negative results on the use of 
ABPM in pregnancy. The establishment of proper reference thresholds for the 24-h 
BP mean derived by taking all those considerations into account has been shown 
prospectively to markedly increase the sensitivity and specifi city of ABPM for the 
early identifi cation of complications in pregnancy (Fig.  13.4  [ 78 ]). Sensitivity and 
specifi city in the early identifi cation of hypertension in pregnancy based on mean 
BP values can be even further improved by the use of other indexes also derived 
from ABPM [ 8 ,  9 ,  33 ,  34 ]. In particular, the tolerance-hyperbaric test represents a 
reproducible, noninvasive, and highly sensitive test for the early identifi cation of 
subsequent hypertension in pregnancy, including PE. 

 ABPM during gestation, commencing preferably at the time of the fi rst obstetric 
check-up following positive confi rmation of pregnancy, thus provides sensitive end-
points for use in early risk assessment and as a guide for establishing prophylactic 
or therapeutic intervention [ 19 – 23 ]. Accordingly, ABPM-derived BP measurements 
have been recently recommended as substitute for the unreliable clinic ones as the 
“gold standard” for the diagnosis of hypertension in pregnancy and the screening of 
women at high risk for additional complications, including IUGR and preterm 
delivery [ 39 ].     
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    Chapter 14   
 Ambulatory Blood Pressure in Patients 
with Chronic Kidney Disease       

       William     S.     Asch      ,     Sergio     F.  F.     Santos      , and     Aldo     J.     Peixoto     

            Introduction 

 Chronic kidney disease (CKD) is a growing global healthcare problem. Recently 
compiled data from 18 countries worldwide indicate that the  prevalence   of CKD 
based on an estimated glomerular fi ltration rate (eGFR) less than 60 mL/min/1.73 m 2  
often exceeds 10 % [ 1 ], and it is conceivable that this prevalence will grow further 
as most of the cases of CKD occur in the setting of diabetes, hypertension, and 
aging, all conditions of increasing prevalence in modern societies. CKD patients 
have a signifi cant rate of morbidity and mortality resulting in high utilization of 
healthcare resources. 

  Hypertension   (HTN) is highly prevalent in CKD, where it is estimated that up 
to 80 % of patients have elevated blood pressure (BP) by the time they reach 
advanced stages of kidney disease (glomerular fi ltration rate <15 mL/min) and is 
the most important factor in the progression of most chronic renal diseases. 
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HTN is also highly prevalent in dialysis [ 2 ] and kidney transplant [ 3 ] patients. 
Furthermore, cardiovascular diseases are the major cause of death in any stage of 
renal impairment [ 4 ]. Therefore, HTN is a major cardiovascular risk factor during 
any stage of kidney disease. 

  Ambulatory blood pressure monitoring (ABPM)   is an important tool in hyper-
tension research and  clinical practice   in view of its better ability to detect target 
organ damage and to predict prognosis than offi ce blood pressure measurements, 
which has led some societies to recommend its use as an essential step to the diag-
nosis of hypertension [ 5 ]. Data in patients with kidney disease are still based on 
comparatively smaller studies, but the literature has grown substantially in the past 
decade. This chapter will review these relevant fi ndings applicable to patients 
throughout the spectrum of CKD.  

    ABPM and Home BP in Chronic Kidney Disease 
(Stages 1–4, “Pre-Dialysis”) 

 Chronic kidney disease and  hypertension   commonly coexist. Approximately 80 % 
of patients reaching stage 5 CKD (glomerular fi ltration rate <15 mL/min/1.73 m 2 ) 
have BP levels above 140/90 mmHg. CKD is currently classifi ed according to the 
degree of renal function based on estimates of glomerular fi ltration rate and the 
presence of albuminuria or structural renal abnormalities. If the eGFR is above 
60 mL/min/1.73 m 2 , CKD is only diagnosed if there is evidence of albuminuria or 
other evidence of renal parenchymal disease (e.g., polycystic kidney disease, hema-
turia, or renal origin). The 2012 KDIGO (Kidney Disease Improving Global 
Outcomes) guideline stages CKD according to eGFR as follows [ 6 ]:

   Category (stage) 1—eGFR ≥90 mL/min/1.73 m 2   
  Category (stage) 2—eGFR 60–89 mL/min/1.73 m 2   
  Category (stage) 3a—eGFR 45–59 mL/min/1.73 m 2   
  Category (stage) 3b—eGFR 30–44 mL/min/1.73 m 2   
  Category (stage) 4—eGFR 15–29 mL/min/1.73 m 2   
  Category (stage) 5—eGFR <15 mL/min/1.73 m 2  (kidney failure).    

 The following paragraphs refer to patients with stages 1–4 CKD. 
 One of the most consistent fi ndings in these patients is the prevalence of abnormal 

diurnal BP profi les, with blunting of the nocturnal BP dip [ 7 ]. In a landmark study, 
Baumgart et al. showed uniformly blunted circadian BP profi les in patients with 
various CKD not on dialysis, patients on hemodialysis, and patients with a kidney 
 transplant   compared with controls matched for age, sex, offi ce systolic BP, and 
presence/absence of antihypertensive drug therapy [ 8 ]. Average dipping during 
sleep (SBP%/DBP%) was 7 %/11 % in CKD patients (18 % vs. 24 % in controls), 
4 %/8 % in hemodialysis patients (14 % vs. 24 % in controls), and 5 %/9 % in trans-
plantation patients (13 % vs. 18 % in controls) [ 8 ]. Since then, many studies have 
confi rmed this trend. One of the most remarkable is the analysis of the African 
American Study of Kidney Disease (AASK), which included 617 African American 
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patients with hypertensive nephrosclerosis with an average iothalamate-measured 
GFR of 44 mL/min/1.73 m 2 . The investigators observed an 80 % combined preva-
lence of non-dipping (41 %) or reverse dipping (39 %) in this cohort [ 9 ]. Additionally, 
Mojon et al. demonstrated a 61 % prevalence of non-dipping among 3227 predomi-
nantly Caucasian patients from a cohort of less advanced impairment of eGFR 
(average 59 mL/min/1.73 m 2 ) [ 10 ]. The prevalence of non-dipping, and more impor-
tantly, reverse dipping, which is associated with the highest risk of cardiovascular 
events, increases as eGFR falls [ 11 ]. Figure  14.1  depicts the proportions  of   different 
circadian BP patterns according to the stage of kidney disease.

       Evaluation of Adverse Clinical Outcomes in CKD 1–4 

 Hypertension is a  major   risk factor for the progression of CKD of any etiology and 
is a major risk factor for cardiovascular events and death. Because out-of-offi ce BP 
is a better predictor of target organ damage than offi ce BP and diurnal BP changes 
may add to this prediction, it was hypothesized that ABPM could be a better predic-
tor of these major adverse events in CKD. This has been evaluated using both over-
all measures of 24-h BP control and circadian BP patterns. 

 In a prospective study on the course of events linking BP and albuminuria in type 
I diabetes, 75 young patients were followed for an average of 63 months and under-
went ABPM every two years [ 12 ]. There was an increase in nighttime BP in the 

  Fig. 14.1    Prevalence  of   dipping patterns according to stage of chronic kidney disease. 
Classifi cations defi ned in terms of the sleep-time relative SBP decline: ≥20 % (extreme-dipper), 
10–20 % (dipper), 0–10 % (non-dipper), <0 % (riser). From Hermida et al. [ 11 ], with permission       
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group who developed microalbuminuria, and this increase in BP preceded the 
identifi cation of albumin in the urine, raising a possible pathophysiologic link 
between increase nighttime BP and albuminuria. In a logistic regression model, a 
5 mmHg rise in nighttime systolic BP resulted in a 44 % increased risk of develop-
ment of albuminuria on subsequent examinations. Offi ce BP was unable to detect 
these differences, and daytime BP was less prominently changed [ 12 ]. These fi nd-
ings pointed to the importance of the pattern of nocturnal BP to the progression of 
renal abnormalities. Likewise, several small studies suggested that the rate of loss of 
renal function and/or increase in proteinuria was greater in non-dipping than dipping 
patients with different causes of CKD [ 13 ], diabetic nephropathy [ 14 ], and IgA 
nephropathy [ 15 ]. However, more recent, larger studies have failed to corroborate the 
independent importance of non-dipping in predicting CKD progression after adjust-
ments for average BP  and   other factors [ 16 ,  17 ], as discussed in detail below.  

    Target-Organ Dysfunction, Morbidity, and Mortality 
in CKD 1–4 

 As in essential HTN,    ambulatory BP is better than offi ce BP to predict left ventricular 
mass index in nondiabetic patients with CKD [ 18 ]. In  hypertensive   patients with 
IgA nephropathy, left ventricular mass was signifi cantly related to nighttime blood 
pressure and “diurnal index” (% BP decline at night), but there was no relationship 
with daytime BP [ 19 ]. In normotensive patients with autosomal dominant polycystic 
kidney disease with normal renal function, left ventricular mass was higher as com-
pared to health control subjects. The increase in left ventricular mass index was 
related to ambulatory BP. The nocturnal decrease in BP was also attenuated in poly-
cystic kidney disease patients, but it was not associated with the increased left 
 ventricular mass [ 20 ]. 

 In a cross-sectional analysis of a cohort of 617 African-American patients enrolled 
in AASK study, ABPM identifi ed patients with more extensive target- organ damage 
based on nighttime BP levels despite similar clinic and daytime BP [ 9 ]. When subjects 
were divided according to tertiles of nighttime SBP, those in the highest tertile (night-
time SBP >142 mmHg) had signifi cantly lower GFR (41 vs. 44 mL/min/1.73 m 2  com-
pared with lowest tertile), more proteinuria (0.55 vs. 0.17 g/g creatinine), and higher 
prevalence of LVH on echocardiography (81 % vs. 57 %) [ 9 ]. Such differences would 
not have been captured by clinic or daytime BP, thus making it also unlikely that home 
BP would have been distinctive. Another cross-sectional study of 232 male patients 
with CKD has corroborated the stronger association between ABPM with proteinuria 
than a  standardized      offi ce BP measurement [ 21 ]. 

 There has been progress in identifying the prognostic role of ABPM and home 
BP monitoring in patients with CKD. Agarwal and Andersen enrolled 217 male 
patients with CKD due to multiple etiologies, mostly diabetes and hypertension 
(baseline eGFR 45 mL/min/1.73 m 2 ), to evaluate the development of ESRD or death 
according to standardized offi ce BP or home BP [ 22 ]. After a median follow-up of 
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3.5 years, one standard deviation of home systolic BP (21 mmHg) was associated 
with 84 % increased risk (95 % CI = 1.46–2.32) of death or progression to ESRD 
after adjustments for demographic factors, offi ce BP, and baseline proteinuria and 
eGFR [ 22 ]. The point estimate of decreased risk for ESRD alone was similar (74 %, 
95 % CI = 1.04–2.93). In a companion paper published shortly thereafter, the same 
authors presented ABPM data for the same cohort showing that one standard devia-
tion increase in 24-h systolic BP (17 mmHg) resulted in a 62 % (95 % CI—1.21–
2.18) increase in risk of ESRD or death after adjustment for clinic BP [ 16 ]. However, 
this prognostic advantage did not remain signifi cant after adjustment for other clini-
cal factors (including age, diabetic status, and baseline proteinuria and eGFR). Of 
the individual components of ABPM, only nighttime systolic BP was a signifi cant 
predictor of death and ESRD risk after multiple adjustments (hazard ratio 1.79 for 
ESRD or death, 1.90 for death) [ 16 ]. 

 In a multicenter study,       Minutolo et al. enlisted 436 patients with CKD of varying 
etiologies, mostly hypertension, diabetes, and tubulointerstitial diseases (baseline 
eGFR 43 mL/min/1.73 m 2 ) [ 23 ]. After 4.2 years of follow-up, only ABPM values, 
not offi ce, were associated with cardiovascular events, progression to ESRD, or 
death.  As   noted in Fig.  14.2 , there was a progressive increase in the risk of cardio-

  Fig. 14.2    Risk  of   cardiovascular and renal events in patients with chronic kidney disease according 
to offi ce or ambulatory BP measurements.  CV  cardiovascular,  ESRD  end-stage renal disease,  SBP  
systolic blood pressure. BP categories for each type of measurement (based on quintiles of the 
distribution): Offi ce SBP (mmHg): <130 (reference), 130–139, 140–149, 150–159, >159. Daytime 
SBP (mmHg): <118, 118–125, 126–135 (reference), 136–146, >146. Nighttime SBP (mmHg): 
<106, 106–114 (reference), 115–124, 125–137, >137. Hazard ratios adjusted for age, gender, body 
mass index, diabetes, cardiovascular disease, hemoglobin, proteinuria, and baseline renal function. 
* p  < 0.05, ** p  < 0.01. Data compiled from Minutolo et al. [ 23 ]       
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renal outcomes with increasing levels of baseline daytime and nighttime ambulatory 
BP, but not offi ce BP. This group has recently published further data on outcomes 
based on the degree of BP control in the offi ce, on ABPM, both or neither [ 24 ]. 
They considered offi ce BP as being at goal is less than 140/90 mmHg, whereas 
ABPM was considered at goal if daytime BP was <135/85 mmHg and nighttime BP 
was <120/70 mmHg. Among the 489 study subjects, 17 % were controlled both at 
home and offi ce, 22 % were controlled only on ABPM (i.e., a white coat effect), 
15 % only in the offi ce (i.e., a masked effect), and 47 % on neither (“uncontrolled”). 
The group with a “white coat effect” had similar risk of cardiovascular events, dial-
ysis, and death as the referent group (controlled BP in both settings). Conversely, 
the “masked effect” and uncontrolled groups had 2.3–3.9-fold greater risk of all 
adverse outcomes than patients with controlled BP on adjusted analyses [ 24 ]. The 
authors also performed several sensitivity analyses using different BP cutoffs that 
provided relatively similar results.

   Finally, the 5-year longitudinal analysis of 617 patients with hypertensive nephro-
sclerosis enrolled in the AASK study found ABPM to be better than offi ce BP for 
prediction of loss of renal function and cardiovascular events [ 17 ]. Both daytime and 
nighttime BP remained signifi cant predictors of cardiovascular events despite adjust-
ments for offi ce BP and other covariates. On the other hand, ABPM values were only 
associated with the composite renal endpoint (doubling of serum  creatinine, ESRD 
or death) in patients with controlled offi ce BP (systolic BP <130 mmHg). The inves-
tigators postulated that because they used standardized offi ce BP measurements, this 
may have decreased the observed differences between ABPM and offi ce BP, and that 
these differences were only relevant in patients with a possible masked effect (i.e., 
those with controlled offi ce BP). As previously mentioned, dipping status was not an 
independent predictor on any outcomes in AASK [ 17 ]. 

 In summary, similar to the general population, out-of-offi ce BP measurements, 
both ABPM and home BP, are better predictors of renal and cardiovascular  outcomes 
in patients with CKD. The studies, however, are not as well-powered as studies in 
other hypertensive populations, and there are inconsistencies regarding the prognos-
tic value of  individual      ambulatory BP variables (i.e., daytime vs. nighttime vs. 24-h 
average vs. dipping status).  

    ABPM in Hemodialysis and Peritoneal Dialysis 

    Blood Pressure Profi le in Dialysis Patients 

 Hemodialysis (HD) provides a  unique   scenario of BP variability making ABPM a 
potentially valuable diagnostic tool.  Fluid gain   between  HD   sessions, represented 
by the increase in body weight, is removed by ultrafi ltration. This reduction in extra-
cellular volume is usually accompanied by a fall in BP [ 25 ,  26 ].  The   characteristic 
intermittence of HD  treatments   and  wide fl uctuations   of extracellular volume dur-
ing and between HD sessions produce a unique BP profile in HD patients. In 
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conventional, thrice weekly HD, 44-h interdialytic ABPM shows that both awake 
and sleep BP increase between HD sessions [ 27 ,  28 ] (Fig.  14.3 ), and that this is not 
infl uenced by HD shift assignment (morning or afternoon) [ 28 ]. Although interdia-
lytic fl uid retention plays a major role in BP increase [ 29 ], several studies failed to 
fi nd a correlation between interdialytic weight gain and interdialytic BP [ 28 ,  30 ]. 
Most of the ABPM descriptive studies showed that non-dipping pattern is very com-
mon in HD patients; more than two thirds of patients lack the normal diurnal BP 
rhythm [ 7 ]. Limited ABPM data are available in patients receiving more frequent 
(daily HD) or more prolonged (nocturnal HD) regimens that usually are associated 
with a better clinic BP control [ 31 ].

   ABPM has been used to  determine   reasonable clinic BP references in HD 
patients, i.e., those BPs taken before (pre-HD BP) and after (post-HD BP) HD ses-
sions that best predict interdialytic BP [ 32 – 35 ]. In a  systematic review and meta- 
analysis     which included 18 studies where in-center BP and interdialytic ABPM 
were available, Agarwal et al. showed that pre-dialysis BP overestimated interdia-
lytic ABPM, while on the other hand post-dialysis underestimated ABPM [ 33 ]. 
Although this meta-analysis raises signifi cant concerns about the use of peri- dialysis 
BP levels in clinical practice, these are still the only measurements available to most 
physicians caring for HD patients. Recognizing this, we believe that pre-, post- and 
intradialytic dialysis BP can be used in a qualitative manner to diagnose interdia-
lytic HTN. Agarwal and Lewis [ 33 ] have  published   clinic BP thresholds that have 
an accuracy rate of about 80 % to predict a diagnosis of HTN on ABPM (“hyperten-
sion” defi ned as 44-h interdialytic BP >135/85 mmHg). The best sensitivity and 
specifi city are observed using pre-HD BP averages between 140 and 150/80 and 
85 mmHg and post-HD BP averages between 130 and 140/70 and 80 mmHg [ 33 ]. 
Data from our group [ 32 ] and others [ 34 ] indicate that the best estimate of interdia-
lytic BP lies around the average of pre-HD  and   post-HD BP levels. Indeed, Agarwal 
et al. [ 36 ] validated different indices of peri and intra-dialysis BP measurements and 
showed that a median of all intradialytic BP measurements including  pre and post- 
dialysis     BP was better reproducible and had the best accuracy and precision and the 
least bias compared to interdialytic ABPM.    They also proposed a median intradia-
lytic SBP of ≥140 mmHg (80 % sensitivity and 80 % specifi city) and a median 
intradialytic DBP of ≥80 mmHg (75 % sensitivity and 75 % specifi city) as thresh-
olds for diagnosing interdialytic HTN. 

 Out-of-offi ce BP (ABPM and home BP) is a useful tool to evaluate the effi cacy 
of HTN treatment and to explore the association between BP and  interdialytic 
symptoms  . ABPM has been used to monitor dosing periods of antihypertensive 
drugs and home BP is superior to clinic BP for the titration of antihypertensive 
therapy in HD patients [ 37 – 39 ]. Moreover, because HD  patients   often have abnor-
mal intradialytic BP changes, both hypo and hypertension [ 40 ], their BP control 
may be better assessed by interdialytic BP [ 41 ]. In an important paper, Battle et al. 
showed that a substantial portion of HD patients have a delayed BP nadir occurring 
4–6 h following HD [ 41 ]. Van Buren et al. assessed the interdialytic BP profi le of 
patients with intradialytic HTN (systolic BP increase >10 mmHg from pre- to 
post- hemodialysis in at least four of six treatments) and compared it with control 
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  Fig. 14.3    Ambulatory blood  pressure   values on each interdialytic day during 44-h interdialytic 
monitoring in hemodialysis patients.  SBP  systolic BP,  DBP  diastolic BP,  PP  pulse pressure, 
* p  < 0.05. From: Santos, S.F.F. et al. (2003) Am. J. Nephrol. 23, 96-105, with permission from 
S. Karger AG, Basel       
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individuals who had an intradialytic BP fall. Patients with intradialytic HTN had 
higher mean ambulatory SBP (both daytime and nighttime). Patients with intradia-
lytic HTN had a slight decrease in SBP in the fi rst nocturnal period, while BP 
increased in  the   control group. Thereafter, BP increased in both groups [ 42 ]. 
Agarwal and Light used ABPM to evaluate the role of volume overload in intradia-
lytic HTN. They analyzed the intradialytic BP slope at baseline and after probing 
dry weight [ 43 ]. Patients who lost more weight were  characterized   by an intradia-
lytic rise in BP at baseline. After effective lowering of dry weight, the slope changed 
to a net BP fall during HD. This observation suggests that lack of BP decline during 
HD is a sign of covert volume overload. 

 Decisions about  dialysis   prescription and timing of  antihypertensive drug   admin-
istration can thereby be made more effectively after understanding the duration of 
BP control (or even low BP) after each dialysis session. Home BP monitoring is a 
valuable adjunct in this assessment [ 44 ], and we often use it in our practice. 

  Fluid removal   in peritoneal dialysis methods is continuous, and patients do not 
have large fl uctuations in BP related to extracellular volume changes. Therefore, 
standard methods can be used to assess BP in PD subjects, who are usually seen 
monthly in the ambulatory setting. ABPM descriptive studies showed  a   blunted 
decline in nighttime BP in peritoneal dialysis patients that is very similar to the 
profi le of  HD   patients [ 45 ,  46 ]. Different PD modalities (conventional ambulatory, 
cycler assisted) seem to have the same diurnal BP profi les [ 45 ,  47 ]. Differences in 
BP profi le according to peritoneal transport characteristics were explored [ 48 ]. 
While there was substantial difference in the prevalence of HTN and average BP 
levels (elevated in high and high-average transporters),  there   were no differences in 
the  diurnal   BP profi le among groups.   

    ABPM and Home BP and Target-Organ Dysfunction, 
Morbidity, and Mortality in Dialysis Patients 

 The relationship  between   HTN and outcomes in  dialysis patients   is complex. While 
high BP is associated with adverse outcomes, low BP has an even stronger associa-
tion with  mortality  , and the optimal levels of BP control are still uncertain for 
patients on HD or peritoneal dialysis [ 2 ]. Despite this uncertainty, HTN remains a 
central concern in the care of dialysis patients, and ambulatory BP measurements 
have added substantially to the understanding of the relationships between BP and 
outcomes in these patients. 

 Several  cross-sectional studies   have studied the relationships between offi ce BP, 
ambulatory BP, and LVH in dialysis patients. Two studies, both in patients undergo-
ing long, slow HD, showed no signifi cant correlation between BP levels, offi ce or 
ambulatory, and LVH [ 49 ,  50 ]. Others have shown higher correlation coeffi cients 
between  ambulatory   BP and LVH than those linking offi ce BP and LVH in conven-
tional HD patients [ 26 ,  27 ,  51 – 54 ], though others have not confi rmed this observa-
tion [ 55 ]. Understanding these differences is not straightforward. Study design, 
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echocardiographic methods, and ABPM techniques were relatively similar among 
studies. It is possible that the use of a composite of many  peri-dialysis   readings (or 
home BP readings for that matter) improves the consistency of the results in such a 
way that the correlations between LVH and offi ce BPs become indistinguishable 
from the more consistent and reproducible ABPM values [ 55 ,  56 ]. Furthermore, 
because dipping is blunted, average casual and ambulatory BPs tend to be more 
similar, and differences in prediction may be minimized. One last possible factor is 
that echocardiographic determination of left ventricular mass (LVM) depends on 
assumptions of cardiac symmetry that are not always present in HD and is depen-
dent on the state of hydration of the patient, which inevitably fl uctuates in HD 
subjects. Echocardiograms underestimate LVM at low LVM values and overesti-
mate it at higher LVM values, a bias that is amplifi ed in patients with higher 
end-diastolic volumes (a possible indicator of latent volume overload) [ 57 ]. 

 Another question that  has   been addressed by some investigators is whether the 
circadian BP rhythm matters in the evaluation of LVH in dialysis. Amar et al. did 
not observe any relationship between dipping status and echocardiographic LVH 
[ 58 ], whereas other investigators have found that the degree of dipping correlates 
with LVM on univariate, but not multivariate analysis [ 50 ], and that nocturnal sys-
tolic BP is the strongest predictor of posterior LV wall thickness, though not of other 
indices of LVH [ 52 ]. Wang et al. showed that nocturnal systolic BP load >30 % 
(% of readings above 125/80 during the night) was the only signifi cant predictor of 
LVH in a group of peritoneal dialysis patients [ 47 ]. In the only available longitudi-
nal study in dialysis, Covic et al. followed echocardiographic and ABPM changes 
over 12 months and established that patients with a blunted circadian BP rhythm 
had progressive LV dilatation but no other markers of LV dysfunction on follow-up 
[ 59 ]. Overall, it remains uncertain whether ABPM adds to the evaluation of LVH or 
if these observations bear any prognostic value to dialysis patients. 

 Arterial stiffness is a  strong      predictor of mortality in ESRD [ 60 ]. The relation-
ship between ABPM and pulse wave velocity (a marker of arterial stiffness) was 
studied by Amar et al. in 42 hemodialysis patients [ 58 ]. Casual and ambulatory BP 
had similar correlations with pulse wave velocity. However, non-dipper patients  had 
  signifi cantly higher pulse wave velocity than patients with preserved diurnal rhythm 
(14.1 m/s vs. 11.5 m/s,  p  = 0.03). Karpetas et al. [ 61 ] performed concomitant 48-h 
ABPM and pulse wave velocity measurements in a cohort of HD patients. They 
observed a small increase in pulse wave velocity in the second interdialytic day. 
Older age and higher ambulatory mean BP were the factors independently associ-
ated with higher pulse wave velocity [ 61 ]. Agarwal and Light [ 29 ] found that arte-
rial stiffness was associated with an overall increase in BP during the interdialytic 
period, while interdialytic weight gain, which is a predictor of mortality in HD, was 
associated with interdialytic increase in BP. 

 ABPM has been evaluated as a predictor  of   cardiovascular events among dialysis 
patients [ 62 – 65 ]. In one of the larger studies, Tripepi et al. followed 168 nondiabetic 
hemodialysis patients who had not sustained a previous cardiovascular event, 49 of 
whom died during an average follow-up of 38 months. Patients in the highest tertile 
of the night/day ratio (>1.01, i.e., reverse dippers) had an adjusted hazard ratio of 
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2.5 for total mortality and 4.3  for   cardiovascular mortality [ 64 ]. Of relevance, blood 
pressure (either daytime or nighttime) was not associated with increased mortality 
risk. In the largest available study to date, Agarwal investigated a prospective cohort 
of 326 HD patients followed for up to 6 years (median 29 months). Dialysis unit BP 
(average of 2 weeks), home BP (thrice daily for 1 week), and 44-h ABPM were 
analyzed as predictors of all-cause mortality. ABPM and home blood pressure were 
similar predictors of  mortality   (adjusted hazard ratios for increasing quartiles of 
ABPM: 2.51, 3.43, 2.62; home BP: 2.15, 1.7, 1.44), and both were better than dialy-
sis unit BP (likelihood ratio test  p  = 0.009). Only SBP was predictive of mortality 
and mortality was lowest when home SBP was between 120 and 130 mmHg and 
ABPM was between 110 and 120 mmHg [ 65 ]. 

 In summary, ABPM and  home   BP are better predictors of adverse outcomes  in 
  dialysis patients as compared to clinic BP.  

    Technical Issues Specifi c to Dialysis Patients 

  Dialysis patients  , and more specifi cally those on  hemodialysis  , have several features 
that may make BP measurement and ABPM diffi cult. These include the presence of 
arteriovenous grafts or fi stulas, which alter blood fl ow in the extremities, the fre-
quent changes in volume status represented by each dialysis session, and the BP 
fl uctuation in BP throughout the period of 48–72 h separating one dialysis session 
and the next. Because of these shortcomings, particular concern exists to have 
devices formally validated in these patients. 

 In one relevant study, Fagugli et al. monitored 44 patients during the  interdialytic 
period   with an ABPM device that is capable of simultaneous oscillometric and aus-
cultatory measurements (A&D Takeda Tm 2 421) to evaluate the relative accuracy of 
each technique in hemodialysis patients [ 66 ]. The  oscillometric component   of the 
device performed better based on several measures: standard deviations of all BP’s 
were lower (18.7 mmHg vs. 20.4 mmHg for systolic, 10.9 mmHg vs. 12.6 mmHg 
for diastolic, both  p  < 0.01); coeffi cients of variation were also lower (14.6 % vs. 
16.1 % for systolic, 14.6 % vs. 17.7 % for diastolic, both  p  < 0.01); and percentages 
of valid BP readings were higher (94 % vs. 72 %,  p  = 0.001). The authors concluded 
that the oscillometric method was preferable in this group of patients. No other 
study has compared these two methods, but we have validated an oscillometric 
device in hemodialysis patients (SpaceLabs 90207) with acceptable results [ 67 ]. 

 The effects of arteriovenous fi stulas or grafts have not been systematically 
assessed. Nonetheless, in a validation protocol, we demonstrated that an oscil-
lometric device performed equally well in patients with an arteriovenous graft/
fi stula as in patients with intact arms undergoing hemodialysis via a tunneled 
venous catheter [ 67 ]. 

  Fluctuations   in volume status raise issues about the reproducibility of ABPM in 
hemodialysis patients. To address this question, we evaluated the reproducibility of 
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ABPM compared with dialysis clinic BP in 21 hemodialysis patients evaluated on 
average 68 days apart [ 68 ]. This study confi rmed the wide BP variability in these 
patients. However, despite this shortcoming, ABPM had lower coeffi cients of varia-
tion and tighter limits of agreement than isolated clinic readings or a composite of 
readings from the week surrounding the monitoring period. We concluded that 
ABPM provides more reproducible BP values in hemodialysis patients. When 
unavailable,  a   composite of clinic readings are a suitable alternative (investigators 
have used averages of 1–4 weeks), whereas isolated readings should not be used to 
make any management decisions [ 69 ]. 

 A last but important issue is the need to evaluate the entire  interdialytic period   
and attendant BP fl uctuations. This need is compromised by the fact that, in our 
experience, up to a third of patients are unable to complete a full 2-day monitoring 
period. As mentioned before, home BP monitoring is a very informative and inex-
pensive technique, which has the  ability   to provide comparable information on BP 
profi le and prognosis.  

    ABPM in Adult Kidney Transplant Recipients 

  Cardiovascular disease   is the  leading   cause of morbidity and mortality follow-
ing successful kidney transplantation [ 70 ]. Furthermore, cardiovascular disease 
is a signifi cant cause of death with a functioning allograft [ 70 – 74 ]. Estimates 
indicate that fatal and nonfatal cardiovascular events are approximately 50-fold 
more likely in transplant recipients compared with the general population [ 75 ]. 
As poorly controlled hypertension is a well-established risk factor for cardio-
vascular disease, optimal blood pressure management in the kidney transplant 
recipient is crucial. Confi rming a benefi cial effect from management, hyperten-
sion control is associated with prolonged allograft survival, even after censoring 
allograft loss for patient death [ 76 ,  77 ]. As hypertension is a modifi able risk 
factor, optimal control of blood pressure is essential following kidney 
transplantation. 

  Hypertension   is present in the majority of kidney transplant recipients [ 78 ]. 
A recent study found only 16 % of recipients to be normotensive without the need 
for antihypertensive therapy [ 79 ]. Consistent with the general population, this study 
also showed insuffi cient control of hypertension in 44 %, while 10 % had WCH and 
18 % had masked hypertension. Notably, only 16 % of the recipients studied had a 
normal nocturnal dipping blood pressure pattern. This increased incidence of hyper-
tension is in part a consequence of the immunosuppression regimen. In particular, 
corticosteroids and the calcineurin inhibitors (cyclosporine more so than tacroli-
mus) are associated with hypertension [ 80 ]. Furthermore,  and   consistent with native 
kidney disease, hypertension can be both a cause and a consequence of allograft 
renal insuffi ciency. 

 The  RETENAL Study   compared assessments of blood pressure control in a 
cohort of 868 kidney transplant recipients in Spain by ABPM and clinic-based 
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blood pressure measurement [ 78 ]. The study found 34 % of participants to have 
controlled ambulatory blood pressure. Circadian BP patterns showed a high propor-
tion of risers (48 %) in addition to 34 % non-dippers, and only a small proportion 
(14 %) were dippers [ 78 ]. 

 Azancot et al. recently studied the effect of transplantation on hypertension 
using offi ce BP and ABPM [ 81 ]. They hypothesized that the immunosuppressants 
would lead to a greater degree of hypertension compared to patients with CKD 
and similar levels of renal insuffi ciency. The study design required both groups of 
patients to have moderate impairment in kidney function defi ned as an eGFR less 
than 60 mL/min. The offi ce-based blood pressure assessments were comparable 
between the two groups. Using ABPM, however, a signifi cant difference in both 
awake and asleep blood pressures was found between the groups, and transplant 
recipients were less likely to exhibit a normal diurnal blood pressure rhythm 
(21 % were dippers, compared with 34 % of the patients with CKD) [ 81 ]. In sum-
mary, nocturnal hypertension and non-dipping,    both higher cardiovascular risk 
blood pressure patterns, were more signifi cant and prevalent in transplant recipi-
ents, respectively. 

 Home Blood Pressure Monitoring ( HBPM  )    has also been investigated following 
kidney transplantation. Consistent with data from the general population [ 82 ], 
 HBPM   in kidney transplant recipients more closely correlated with ABPM data 
than did offi ce-based recordings (72 % concordance vs. 54 %) [ 83 ]. Moreover, com-
pared with ABPM reference data, HBPM was both more sensitive and specifi c at 
 detecting   hypertension than offi ce-based BP measurements for the recipients 
studied. 

 Limited data are available to compare  prognostic accuracy   of offi ce and ambula-
tory BP in renal transplant recipients. As in other groups of patients, ABPM is a 
better correlate of left ventricular hypertrophy than offi ce BP in renal transplant 
patients [ 84 ,  85 ]. In a small prospective study of 46 renal transplant recipients 
undergoing ABPM at 6 and 18 months post-transplantation, ABPM values, but not 
offi ce BP, were positively correlated with serum creatinine [ 86 ]. In a study of 119 
transplant recipients, Wadei et al. used ABPM to assess loss of GFR and histologi-
cal evidence of vascular injury in the allograft 12 months post-transplantation [ 87 ]. 
The analysis focused on circadian BP variability and they did not report on differ-
ences in outcomes according to offi ce or average ABPM. As it pertains to circadian 
variability, they observed that the absence of nocturnal SBP reduction was strongly 
associated with lower GFR and greater vascular injury in the allograft [ 87 ], although 
this was not observed by another group of investigators using serum creatinine as 
the outcome variable [ 88 ]. 

 The only long-term study evaluating  graft failure and cardiovascular events   in 
renal transplant patients included 126 patients followed for 46 months [ 89 ]. All 
patients underwent ABPM at 3 months post-transplantation. In this small study, the 
presence of a reverse dipper pattern on ABPM was associated with a 3.6-fold 
increase in risk of  loss   of allograft or cardiovascular event during follow-up 
( p  = 0.02). Neither offi ce BP nor other measures derived from ABPM were associ-
ated with the outcomes in question [ 89 ].  
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    ABPM in Donor Nephrectomy Candidates 

 At the present time,  there   are over 100,000 registrants on the kidney transplant wait-
ing list in the United States. This number signifi cantly eclipses the number of 
deceased donor transplants performed annually, resulting in a signifi cant donor 
organ shortage. Programs have adapted to this organ shortage through improved 
utilization of non-standard criteria donor organs, use of organs from deceased 
donors with cardiac death, and increased efforts to encourage recipients to seek a 
living donor. Indeed, most programs have a growing experience with allowing 
donor candidates with well-controlled hypertension to proceed with donor nephrec-
tomy. In addition, there has been a signifi cant upward shift in the average age of 
kidney transplant recipients, and with it an increase in the rate of transplantation 
from spouse to spouse. As a consequence, more donor candidates in middle and 
later life are presenting for evaluation. Many will already have a history of hyper-
tension or  prehypertension  . Even more will have an elevated offi ce blood pressure 
measured during their donor exam, raising concern for undiagnosed hypertension 
vs. white coat effect. 

 Multiple studies indicate that donor candidates with hypertension are at risk for 
worsened BP control following  kidney donation   [ 90 – 92 ]. Furthermore, one study cor-
related the degree of renal function decline associated with kidney donation with the 
donor’s BP prior to the nephrectomy, showing a greater decline in the donors with the 
higher preoperative BP measurements [ 92 ]. Given these fi ndings and concerns, most 
transplant centers as part of their evaluation will obtain an ABPM study on donor 
candidates with high blood pressure detected in the offi ce. Ommen et al. reported their 
experience using ABPM to determine the rates of hypertension, masked hypertension, 
and white coat hypertension in their single center cohort of potential donors [ 93 ]. A 
diagnosis of WCH was made in 62 % of the donor candidates and masked HTN in 
17 %. By screening all of their donor candidates with ABPM, the author’s concluded 
that they had more accurately assessed the medical risk of the donor candidate while 
at the same time reducing their disqualifi cation rate. 

 This markedly high incidence of WCH (signifi cantly higher than the expected 
incidence of WCH for individuals presumed to be in overall good health) in donor 
nephrectomy candidates has been independently confi rmed [ 94 ]. Interestingly, the 
white  coat effect   was largely absent when donors (who had WCH prior to organ 
donation) were restudied 6 months postnephrectomy by ABPM [ 94 ]. This is consis-
tent with the belief that the anxiety associated with consideration of a surgical pro-
cedure that one does not require for their own health results in this signifi cantly 
increased incidence of donor candidates with WCH. To our knowledge, the pres-
ence  and   magnitude of the white coat effect has not been correlated with the strength 
of the relationship between the donor candidate and their intended recipient. 

 It is recognized that the absence of  nocturnal dipping   is associated with increased 
target organ injury and cardiovascular disease risk in the general population [ 95 ]. 
With studies confi rming that the development of end stage renal disease is a rare, 
albeit increased risk, event in former donors [ 96 ,  97 ], there is continued concern 
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regarding the long-term impact donor nephrectomy has on future cardiovascular 
disease. Indeed, a group from Norway reported a statistically signifi cant increase in 
cardiovascular mortality (adjusted hazard ratio 1.40) in their former donors [ 96 ]. 

 Prasad et al. studied the impact of donor nephrectomy on BP dipping status 12 
months following donation [ 98 ]. Fifty one donors were studied; 35 were dippers 
and 16 were non-dippers predonation. Based on 12-month follow-up data, they 
reached the conclusion that predonation non-dipping is not associated with adverse 
consequences. Interestingly, 8 of the predonation dippers studied subsequently 
became non-dippers, but did so without a statistically signifi cant increase in 24-h 
blood pressure compared to those who remained dippers.  The   durability of this 
change in dipping status, as well as the long-term cardiovascular consequences, 
remains to be determined.  

    Mechanistic Considerations on the Blunted Diurnal 
Rhythm in Renal Disease 

 As discussed above,    non-dipping is the prevailing BP profi le in patients with all 
stages of CKD. The mechanisms responsible for abnormal circadian BP rhythms 
in CKD patients remain unclear. The key elements appear to be salt-sensitivity 
(and volume overload), sleep disordered breathing, and sympathetic overactivity 
[ 99 ,  100 ]. Other possible mechanisms include decreased physical activity [ 101 , 
 102 ] and abnormalities in several hormonal and neuroendocrine mediators (cate-
cholamines, renin, aldosterone, insulin, atrial natriuretic peptide, asymmetric 
dimethylarginine, parathormone), although the strength of these relationships is 
weak at best [ 7 ,  30 ]. 

 Sodium sensitivity and volume overload appear to be particularly important fac-
tors. In patients with essential HTN, a change from a high to a low sodium diet 
corrects non-dipping in salt-sensitive subjects [ 103 ,  104 ]. In addition, hydrochloro-
thiazide restores dipping in non-dipper, but not in dipper hypertensive subjects 
[ 105 ]. Thus, it is possible that salt-balance and salt-sensitivity mediate dipping in 
hypertensive patients without renal disease. However, it is probable that this is not 
the case in advanced CKD, where multiple studies attempts to correlate interdialytic 
weight gain with degree of dipping have failed to show any signifi cant correlation 
[ 30 ,  32 ]. Furthermore, even patients on long-slow hemodialysis, who are character-
ized by excellent BP control [ 50 ,  106 ] and less marked expansion of extracellular 
volume than patients on conventional hemodialysis [ 107 ], are non-dippers in 
50–75 % of cases [ 108 ]. Likewise, the transition from standard hemodialysis to 
short-daily hemodialysis leads to better BP  control   and decreased extracellular 
water, but no change in nocturnal dipping [ 109 ]. 

 Proteinuria and low GFR seem to interact in the mediation of blunted circa-
dian rhythms. In a study of 336 elderly men, 55 % of whom had CKD (low eGFR 
or proteinuria) and 45 % did not, patients with low eGFR (<60 mL/min/1.73 m 2 ) 
had only 33 % of the circadian variability in systolic BP compared with patients 
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without CKD, while those proteinuria (protein/creatinine ratio >0.22) had only 
24 % of the control amplitude [ 110 ]. There was further blunting when both low 
eGFR and proteinuria were present. These results can be interpreted within the 
context of salt sensitivity and volume excess, as there is growing data on the role 
of proteinuria mediating sodium avidity through activation of the epithelial 
sodium channel [ 111 ]. 

 Sleep-disordered breathing is a particular problem, especially in advanced CKD, 
as it is diagnosed in up to 70 % of patients with ESRD [ 112 ]. Zoccali et al. showed 
that HD patients without episodes of nocturnal desaturation had a small decline in 
sleep BP (by 2.5 %), whereas those with two or more desaturation episodes per hour 
had a reversal of the BP rhythm (sleep systolic BP increased by 3.9 %) [ 113 ]. These 
observations are relevant because sleep-disordered breathing is associated with left 
ventricular hypertrophy in dialysis patients [ 113 ,  114 ]. While it is known that inten-
sive dialysis or transplantation can correct the sleep disorder [ 112 ,  115 ], we are not 
aware of data-linking correction of sleep apnea and normalization of the BP profi le 
in CKD, as has been demonstrated in patients without renal disease. In earlier stages 
of CKD, this has been assessed in an indirect fashion; one study demonstrated that 
patients  with   fragmented sleep patterns due to nocturia have less nocturnal BP 
decline as compared to the intensity of sleep fragmentation [ 116 ].  

    Chronotherapy in CKD 

 A possible translation  of      ABPM to the care of hypertensive patients is the use of 
chronotherapy, where dosing schedules and/or drug delivery systems are manipu-
lated to mimic the normal circadian BP changes and to minimize the early morn-
ing BP rise. In essential hypertension, there is growing evidence of the possible 
value of shifting medication administration from the morning to night to improve 
surrogate outcomes [ 99 ,  100 ], and one randomized open-label trial has shown a 
marked decrease in cardiovascular events [ 117 ], though these fi ndings still war-
rant corroboration. 

 In CKD patients, non-dipping can be improved or corrected by this chronophar-
macologic dosing approach [ 118 – 120 ], although this has not been observed in all 
studies, as reported among patients with CKD due to hypertensive nephrosclerosis 
[ 121 ]. In some studies, this approach has resulted in potentially relevant results. In 
a study of 32 non-dipping CKD patients, shifting the administration of one antihy-
pertensive medication from morning to evening resulted in a decrease in the systolic 
BP night/day ratio from 0.98 to 0.89 ( p  < 0.001) and correction of the non-dipping 
pattern in most (28 of 32) patients [ 120 ]. Moreover, the greater the fall in the night/
day ratio induced by the dosing change, the greater the fall in proteinuria during this 
8-week study ( r  = 0.26,  p  < 0.01) [ 120 ]. Finally, the impact of dose shifting on car-
diovascular outcomes was evaluated in 661 patients with early CKD (average eGFR 
65 mL/min/1.73 m 2 ) [ 119 ]. Patients were randomized to either receiving all medica-
tions upon awakening or to receiving at least one drug at bedtime. Bedtime agents 
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were converting enzyme inhibitors, angiotensin receptor blockers, or calcium chan-
nel blockers. After 5.4 years of follow-up, non-dipping frequency was decreased in 
the bedtime group (from 65 to 41 %), but not in the awakening group. The primary 
endpoint (a composite of death, myocardial infarction, angina pectoris, revascular-
ization, heart failure, arterial occlusion of lower extremities, occlusion of the retinal 
artery, and stroke) was decreased by 69 % in the bedtime group (adjusted hazard 
ratio 0.31; 95 % CI 0.21–0.46), with signifi cant reductions of most individual 
c omponents of the composite.  These   results were impressive and encouraging; if 
corroborated,       the practice of bedtime medication dosing may become the standard.  

    Conclusions 

 ABPM and home BP allow better understanding of BP behavior, are more repro-
ducible than offi ce BP, and appear to be a better marker of renal and cardiovascular 
prognosis in CKD. Further work is necessary to determine which out-of-offi ce mea-
sure is most practical in CKD, how often it should be obtained, and for better delin-
eation of reimbursement options remain essential prior to generalization of their 
use, in particular in the United States.     
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    Chapter 15   
 Ambulatory Blood Pressure Monitoring 
in Coronary Artery Disease and Heart Failure       

       Fahad     Javed      and     Patrick     T.     Campbell     

         Ambulatory blood pressure monitoring (ABPM) is capable of evaluating multiple 
aspects of blood pressure including 24-h blood pressure, nocturnal blood pressures, 
dipping patterns, morning surge blood pressures, postprandial hypotension, and BP 
variability. ABPM has been shown to be highly effective for the diagnosis and man-
agement of hypertension. ABPM and specifi cally nocturnal blood pressure has 
demonstrated superior predictive and prognostic value for target organ dysfunction 
and cardiovascular events. While there is an abundance of data on ABPM in hyper-
tension, stroke, diabetes, and chronic kidney disease, there is relatively little data on 
ABPM in  coronary artery disease (CAD)   or heart failure (HF). 

 In this chapter, we summarize much of the available data, discuss the diagnostic 
and therapeutic benefi ts offered by ABPM, and will suggest future avenues for 
research. 

     Hypertension in   Heart Failure 

  Hypertension (HTN)   has long been recognized as one of the most prevalent modifi -
able risk factors for the development of both heart failure with preserved ejection 
fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF). In the 
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Framingham Heart Study, the presence of elevated blood pressure (BP) was associ-
ated with twice the risk of developing HF compared with normotension [ 1 ]. 

 The  prevalence   of hypertension in the U.S. is approximately 30 % of people 
over the age of 18 and current statistics demonstrate that less than 50 % are achiev-
ing adequate control. This is a staggering 95 million Americans at risk for the 
development of heart failure from hypertension. Patients with hypertension are 
considered to be Stage A heart failure by current guidelines, at risk for heart fail-
ure without structural disease or symptoms, and aggressive management of risk 
factors is recommended by the current guidelines [ 2 ]. Patients with evidence of 
structural heart disease, including Left Ventricular Hypertrophy (LVH), Left Atrial 
Enlargement (LAE), reduced systolic function, diastolic dysfunction, valvular dis-
ease, and  coronary artery disease (CAD)  , even without symptoms, are classifi ed as 
being Stage B heart failure and require additional therapies beyond BP control; 
however, anti- hypertensive therapies remain an integral component of their man-
agement. For patients with Stage C Heart Failure (structural heart disease and 
current or history of HF symptoms), maximally titrated guideline-directed therapy 
is the mainstay of treatment [ 2 ]. In those who  have   progressed to refractory heart 
failure (Stage D), specialized therapies are required and the benefi t of ABPM may 
be limited as patients are often on inotropic support or have mechanical circula-
tory support. 

 Hypertensive heart disease is associated with both HFrEF and HFpEF. The exact 
mechanisms and triggers that precipitate the progression from LVH to heart failure 
remain poorly understood. Hypertension can result in either concentric LVH 
(increased wall thickness) or eccentric LVH (dilation of the LV cavity). Traditional 
teachings hold that LVH progresses from concentric LVH to dilated LV cavity and 
subsequent reduced LV function; however, more recent data suggests that while 
patients can progress down the classical pathway to HF, the majority of patients 
develop either concentric LVH or eccentric LVH with little crossover [ 3 ]. The rea-
sons for the dichotomy remain unclear, but are likely related to a multitude of simul-
taneously interacting factors including: patient characteristics, concomitant disease 
processes, variable neurohormonal milieu, variability of pressure and volume load, 
and currently unrecognized genetic factors. Concentric LVH is associated with 
higher systolic blood pressures (SBP), peripheral vascular resistance (PVR), and 
elevated renin levels, while  eccentric   LVH may be more related to volume loads [ 4 ,  5 ]. 
Concentric LVH and HFpEF have been correlated with abnormal changes in the 
extracellular matrix driven by mineralocorticoid receptor activation and increased 
collagen deposition from dysregulation of matrix metaloproteinases [ 3 ]. In patients 
with eccentric LVH and HFrEF, an initial insult to the myocardium (infection, MI, 
toxin, hypertension) results in a decline in LV function. This decline activates the 
sympathetic nervous system (SNS) and the renin-angiotensin-aldosterone system 
(RAAS) that cause salt and water retention, vasoconstriction, increased afterload, 
and increased contractility of healthy myocardium. The compensatory mechanisms 
ultimately lead to deleterious LV remodeling with LVH, LV chamber dilation, and 
myocardial fi brosis. The remodeling results in reduced effi ciency and further decline 
in LVH function [ 6 ] (Fig.  15.1 ).
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    Arterial hypertension   is the most common risk factor present prior to the 
development of heart failure. In the Framingham Heart Study, the vast majority 
(90 %) of patients diagnosed with heart failure had antecedent hypertension [ 6 ]. 
The same risk was seen in patients with asymptomatic LV dysfunction with 
65 % of patients having a prior history of hypertension [ 7 ]. In the original 
Framingham cohort, the presence of hypertension doubled the risk of develop-
ing clinical heart failure. 

 The silver-lining  to   these bleak statistics comes from data demonstrating that the 
treatment and control of hypertension reduces the risk of developing heart failure by 
50 % [ 8 ,  9 ], reduce the incidence of LVH by EKG, and slows the progression from 
Stage A / B to Stage C heart failure [ 10 ,  11 ]. In the SHEP Trial [ 10 ], the treatment 
of HTN resulted in a 50 % reduction in the incidence of HF with even greater benefi t 
(80 % reduction) seen in patients with a history of myocardial infarction (MI). 
While this benefi t has been seen most dramatically in the elderly, modifi cation of 
risk is of the utmost importance to reduce the incidence of heart failure in the entire 
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  Fig. 15.1    Pathophysiology of hypertension and heart failure. Schematic of the progression from 
hypertension to LVH to the clinical syndrome of heart failure. ( a ) The exact mechanisms that 
determine LV geometry are unclear; however, there are a variety of factors that may play a role in 
the progression to eccentric or concentric hypertrophy. ( b ) While the transition from concentric to 
eccentric hypertrophy can occur, most commonly the transition requires an interceding ischemic 
event. C: The subsequent maladaptive neurohormonal responses result in progression from LVH to 
overt heart failure symptoms.  SBP  systolic blood pressure,  PVR  peripheral vascular resistance,  LV  
left ventricle,  RAAS  renin angiotensin aldosterone system,  SNS  sympathetic nervous system,  LVH  
left ventricular hypertrophy       
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population. The benefi t of BP control is seen irrespective of the anti-hypertensive 
strategy used, with the exception of alpha-blockers. The treatment of HTN with 
diuretics, angiotensin-converting enzyme [ACE] inhibitors, angiotensin II receptor 
blockers [ARBs], diuretics, Calcium Chanel Blockers [CCBs], β-blockers all reduce 
the incidence of heart failure. However, current data demonstrates that ACEIs and 
ARBs are most effective at improving the detrimental LV remodeling and improv-
ing outcomes in patients with reduced LV function [ 12 ], followed by beta-blockers 
to a lesser extent.  

    The Basics of  ABPM   in Heart Failure 

 The application of ABPM to congestive heart failure has been limited to date, with 
much of the data having been gathered prior to the current era of guideline-directed 
medical therapy (GDMT). The data that has been published has focused mainly on 
describing the 24-h, nocturnal blood pressure and blood pressure variability in heart 
failure; there is almost no data regarding the management and outcomes of patients 
treated by ABPM. There remains little basic data comparing the variation in BP 
readings between offi ce, ambulatory and home blood pressure monitoring in heart 
failure, or the prevalence of white coat hypertension and masked hypertension. 
These basic analyses are required to aid in the application of ABPM to heart failure. 
Guidelines for ABPM have established lower defi nitions for hypertension and treat-
ment goals compared to offi ce and home blood pressure measurements. To date, 
there has been no similar studies to defi ne appropriate blood pressure levels in heart 
failure by ABPM. Some limited data has described the prognostic benefi ts of ABPM 
in evaluating heart failure patients. The studies are small and limited in scope. The 
potential advantages  of   ABPM compared to traditional offi ce blood pressure moni-
toring in congestive heart failure include: identifi cation of White Coat Hypertension, 
Masked hypertension, nocturnal hypertension, describing dipping profi les, evalua-
tion of possible orthostatic hypotension, monitoring of heart failure medication 
effectiveness, and titration of GDMT. Some small studies have suggested that 
ABPM, specifi cally nocturnal blood pressures, may be superior to offi ce blood pres-
sure measurements in predicting hospitalization for heart failure; large scale studies 
are needed to confi rm these fi ndings [ 13 ]. 

 As with many chronic diseases, early identifi cation and prevention are keys to 
reducing the incidence and decreasing the negative impact of the disease on society. 
The use of ABPM to assess patients at risk for heart failure may identify individuals 
that could potentially benefi t from intensifi ed therapy and life-style modifi cations to 
reduce their risk. ABPM correlates more strongly with LVH than offi ce BP mea-
surements [ 14 ] and has been inversely related to diastolic dysfunction [ 15 ]. LV 
afterload pressures, which can be detected during ambulatory blood pressure read-
ings, may play a signifi cant role in the development of LV dysfunction. 24-h ambu-
latory blood pressures have been strongly correlated to early left ventricular fi lling 
parameters [ 16 ], which can identify patients that may benefi t from tighter blood 

F. Javed and P.T. Campbell



303

pressure control and afterload reduction. In fact, the reduction in average BP 
recorded by ABPM has been shown to correlate with regression of LVH [ 17 ], 
 demonstrating that early intervention may decrease the risk for developing heart 
failure. However, the limitation of much of this data is that long-term evaluation of 
heart failure outcomes has not been studied. While data has shown that ABPM may 
help identify patients with greater risk and that treatment has decreased surrogate 
markers (structural abnormalities) that may be precursors to heart failure, there are 
no studies that have shown a direct correlation between treatment and outcomes 
based on ABPM. While the use of GDMT has demonstrated signifi cant benefi t in 
the progression of heart failure and development of heart failure in patients at risk, 
the application of ABPM may provide further insight into therapeutic strategies and 
targets in the future. 

 One of  the   earliest signs of progression of heart failure is hypotension and the 
inability to tolerate GDMT. The need to withdraw or reduce heart failure medica-
tions portends poor prognosis in patients. In several small clinical trials, patients 
with higher blood pressure [ 18 ] had better outcomes and patients with NYHA Class 
IV heart failure with higher mean 24-h, awake and sleeping blood pressures had 
better prognosis compared to those with lower blood pressures [ 19 ]. Furthermore 
many heart failure symptoms, fatigue, dizziness, lightheadedness, and decreased 
exercise tolerance, can also be symptoms of hypotension. The presence of persistent 
or prolonged periods of hypotension, which may result from heart failure therapies, 
may predispose patients to increased risk of target organ dysfunction. The combina-
tion of low cardiac output and signifi cant hypotension may increase the risk of renal 
dysfunction, pre-syncope, syncope, and altered mental status. The application of 
ABPM could possibly aid in determining optimal dosing and timing of GDMT to 
reduce potential side-effects and maintain optimal therapies. Currently, there 
remains a paucity of large randomized data, demonstrating the potential benefi ts of 
utilizing ABPM to optimize treatment in heart failure.  

     Circadian Variation   in Heart Failure 

 The importance of circadian variations in blood pressure was fi rst described almost 
four decades ago and the literature supporting prognostic impact of ABPM in car-
diovascular disease continues to grow. In healthy subjects, BP is highest in the early 
morning hours and declines to its lowest levels at night. Normal circadian rhythms 
are dictated by various mechanisms including the sympathetic nervous system, pos-
tural position, barorefl exes, physical activity, tobacco use, sodium intake, alcohol 
use, and neurohormones. Over the ensuing decades, the superiority of circadian 
blood pressures, specifi cally nocturnal BPs, has been repeatedly demonstrated for 
cardiovascular outcomes in many disease states including hypertension, diabetes, 
stroke, and kidney disease. 

 The two most infl uential circadian patterns for cardiovascular disease are early 
morning surge BP and the nocturnal dipping profi le. As with the majority of ABPM 
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data, there is a relative paucity of information regarding the risk and benefi ts of 
ambulatory circadian variation in heart failure, and much of the data that exists were 
obtained prior to the current era of GDMT. Current guidelines do not discuss the 
potential role of circadian variation in heart failure management [ 20 ]. 

 Early studies that assessed the circadian variation in heart failure have demon-
strated a correlation between circadian BP and left ventricular dysfunction; how-
ever, the risk or outcomes attributed to ambulatory readings were not assessed [ 21 ]. 
The  c  urrent literature suggests that heart failure patients have depressed circadian 
variation compared to normal controls (Fig.  15.2 ). In heart failure up-regulated neu-
rohormones, increased sympathetic activity, salt and water retention, and impaired 
baroreceptors may impact the normal circadian rhythm. Heart failure pharmaco-
logic therapies that modulate the neurohormonal milieu, such as beta-blockers and 
ACEI, may also play a role in the  altered circadian rhythms  . The fi ndings regarding 
average 24-h blood pressure in heart failure patients have been confl icted, which 
impacts the assessment of ambulatory circadian variation. Several small studies 
have demonstrated different average daytime blood pressures ranging from 
108/72 mmHg [ 19 ] to 131/77 mmHg [ 22 ]. The data obtained by Borne et al. [ 21 ] 
demonstrated even lower ambulatory daytime and nocturnal blood pressures in 
NYHA Class III-IV patients. These confl icting data highlight the need for large 
studies to assess the circadian blood pressure patterns in the heart failure popula-
tion, especially in the current era of GDMT. The effects of neurohormonal activity, 
LV function, gender, etiology of cardiomyopathy, functional class, and medication 
need to be better understood to appropriately apply ABPM data in heart failure. 
While much is still poorly understood, some data exists as a starting point, demon-
strating that neurohormonal activity was indirectly related to circadian variations 
while ventricular function was directly associated with greater variability [ 22 ]. 
Furthermore, the severity of HF has been linked to decreased circadian variation, as 
heart failure progresses the degree of circadian variation in BP also declines.
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  Fig. 15.2    24-h Blood pressure curve in normal controls compared to heart Failure. An illustration 
of the blunted circadian variation in both systolic and diastolic blood pressure in patients with 
Heart Failure compared to normotensive controls.  SBP  systolic blood pressure,  DBP  diastolic 
blood pressure,  HF  heart failure       
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        Dipping Profi le      in Heart Failure 

 In healthy controls, the normal circadian pattern is one of nocturnal dipping or a 
decline in BP from ambulatory daytime BPs. Typically, this decline is approxi-
mately 20 % compared with awake readings; however, the general consensus is 
that a decline or a “dip” of <10 % from day to night BP readings is considered 
abnormal and is associated with poor CV outcomes [ 20 ]. Current literature clas-
sifi es patients based on their nocturnal dipping profi le: (1) Dippers, a normal 
decline in BP from day to night, (2) Non-Dippers, a 0–10 % decline in nocturnal 
BP, (3) Extreme dippers, those with >20 % decline in BP, and (4) Risers, an 
increase in nighttime BP from daytime readings. Dippers and extreme dippers 
have the lowest cardiovascular risk, while non-dippers and risers have the high-
est, incrementally. 

 While  these   defi nitions  have   been applied to heart failure patients, there is no 
consensus on what constitutes a normal dipping profi le in heart failure. In a large 
cohort of NYHA Class II–III heart failure patients, the majority had an abnormal 
dipping profi le using the standard defi nitions. In the same cohort, the presence of 
an abnormal dipping profi le was an independent predictor HF outcomes. Non-
dippers and risers had a 1.6 and 2.7 times increased risk of death or hospitaliza-
tion compared to dippers, respectively [ 13 ]. Interestingly, in this cohort the 
majority of patients were on GDMT, which included metoprolol as a beta-blocker. 
If up- regulation of the sympathetic nervous system indeed plays a role in the 
altered circadian rhythm in heart failure, the use of alpha-adrenergic blockade 
along with beta-blockade (such as carvedilol) may help to normalize the dipping 
profi le in these patients. There is, however, no data demonstrating benefi t in res-
toration of a normal dipping pattern in HF. In fact, there is some data that suggests 
a normal dipping profi le may be detrimental in heart failure. Canesin MF et al. 
[ 19 ] studied the effect of dipping profi le on survival in 38 NYHA Class IV HF 
patients. Patients who had ≤6 mmHg decline in mean nighttime BP or nocturnal 
systolic BP had better prognosis at 6 months. More importantly, patients with a 
sleep SBP <105 mmHg were almost eight times more likely to die. While these 
fi ndings cannot be extrapolated to patients with less severe heart failure (NYHA 
Class I–III), they do raise considerable questions regarding the normal dipping 
profi le in HF patients. Large- scale assessment of dipping profi les in HF patients 
with varying severity is required. Establishing values to defi ne dippers and non-
dippers in HF is essential; it is possible that a dip of <10 % is benefi cial in 
HF. Establishing these defi nitions are important in ultimately determining if phar-
macotherapy can be used to normalize the dipping profi le and improve outcome. 
Chronotherapy may play a signifi cant role in the future of heart failure manage-
ment. The administration of ACEI at bedtime has been shown to normalize dip-
ping profi les in refractory hypertensives, and while it has become widely accepted 
to dose ACEI twice daily in heart failure therapy, adjusting the dosing between 
morning and evening doses may provide further benefi t in the dipping profi le in 
this population.  
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    Morning Surge BP  and      Heart Failure 

 After a normal decline in blood pressure during the quiescence of sleep, a physi-
ologic increase in BP upon wakening should occur. The physiologic increase in 
neurohormones, cortisol, and heart rate are likely triggers for the increase in BP. An 
increase in cardiovascular events, including stroke and MI, has been associated with 
this rise in morning blood pressure. Morning surge BP is an exaggerated rise in 
morning blood pressures to levels signifi cantly higher than mean daytime values 
and may add incremental risk beyond the normal morning rise. There is limited 
recommendation on the application of morning surge BP in clinical practice. 

 The prevalence and degree  of   morning surge BP is undefi ned in heart failure. The 
use of GDMT that inhibit the SNS and regulate neurohormonal activity may blunt 
the morning rise; however, the altered baroreceptor refl ex and chronic adrenergic 
up-regulation may result in signifi cantly higher morning BP elevations. 

 In a sub-study of the PRAISE trial [ 23 ], the authors  evaluated   the timing of 
sudden cardiac death (SCD) in NYHA Class III–IV patients. The analysis of the 
data revealed a non-uniform distribution of SCD with a peak occurring in the eve-
ning not in the early morning. The evening peak was seen only in those with an 
ischemic etiology. The data suggests that the chronically elevated neurohormones 
resulted in a more uniform distribution. The study did not assess for heart failure 
admissions or cardiovascular mortality. The presence of an early morning surge 
may suggest suboptimal neurohormonal blockade and the spike in catecholamines 
may result in more rapid progression of heart failure. 

 Studies evaluating the impact of early morning BP surge on heart failure out-
comes and long-term progression of the disease process may provide important 
clinical information and offer a potential target for future therapies. Chronotherapy 
aimed at reducing the morning surge may prove benefi cial in the management of 
chronic heart failure.  

    White Coat Hypertension and White Coat Effect 

  White coat hypertension (WCH)   is the presence of elevated BPs during contact with 
medical professionals, with otherwise normotensive BPs on ABPM in patients not 
currently on anti-hypertensive therapies. While it remains controversial, the general 
consensus is that white coat hypertension places patients at increased cardiovascu-
lar risk compared to the general population. Given that the majority of heart failure 
patients, including Stage A HF, are likely to be on some anti-hypertensive therapy, 
establishing guidelines  for   WCH in heart failure may be limited. However, in the 
rare patient with risk factors not actively on therapy, the presence of WHC may 
prompt closer monitoring of blood pressure and reemphasis on the importance of 
life-style modifi cations for preventing progression of the disease. Current data do 
not support treating WCH with pharmacologic therapies. 

F. Javed and P.T. Campbell



307

  White coat effect (WCE)   is the presence of higher BPs during clinic visits with 
lower, although still elevated, BPs on ambulatory readings in patients on therapy. 
Current consensus is that WCE >20 mmHg systolic and >10 mmHg diastolic are 
clinically relevant [ 20 ]. To the authors knowledge, there is no evidence demonstrat-
ing the presence of WCE in heart failure patients, nor demonstrating any increased 
risk from its presence. The lack of evidence highlights the gaps in knowledge 
regarding ABPM and HF. The importance of identifying patients with WCE would 
be to prevent unnecessary titration of medications, which may place patients at 
increased risk for adverse events. Patients identifi ed to have WCE may require 
closer monitoring of BPs with more frequent home BP monitoring or repeat 
ABPM. In the treatment of Stage C heart failure, current guidelines recommend 
titrating GDMT to maximum tolerated doses, which should be performed regard-
less of the presence or absence of WCE. Therefore, defi ning WCE may be of lim-
ited benefi t in these patients.  

    Masked Hypertension 

  Masked hypertension (MH)   is traditionally defi ned as having normal offi ce blood 
pressure (<140/90 mmHg) in the presence of elevated daytime ambulatory BPs 
(>135/85 mmHg) [ 20 ]. While current hypertension guidelines have recommended 
values for the diagnosis of MH in the general population, there are no data specifi -
cally in heart failure patients. Patients with heart failure, diabetes, LVH, obesity, and 
other comorbid conditions are more likely to have MH; the exact prevalence of MH 
in the heart failure population requires defi ning. 

 This defi nition is traditionally applied to those not currently receiving therapy, as 
HTN clearly cannot be defi ned as “masked” if indeed it is being treated. However, 
in the heart failure population using the term “masked” hypertension, or some deri-
vation thereof,    may play an important role. If patients with Stage A or B heart fail-
ure only have blood pressure readings in the offi ce, the presence of elevated 
ambulatory BPs may result in undertreatment of an important risk factor for the 
progression of the disease. The use of ambulatory monitoring may identify those 
patients who would benefi t from intensifi ed pharmacologic and life-style therapies. 
In patients with Stage C HF, the guidelines clearly recommend forced titration of 
GDMT to maximum tolerable doses [ 2 ]; however, clinicians may not be comfort-
able pushing the doses of many of the medications if offi ce BP readings are con-
trolled. Elevated daytime ambulatory BPs in the presence of controlled offi ce 
readings would reassure the clinician that continued dose titration will be tolerated 
and repeated ABPM could demonstrate appropriate response to the therapies. 
Without data demonstrating the presence of “masked” hypertension or the benefi t of 
treatment on heart failure outcomes, recommendations cannot be made. Future 
investigations should establish the prevalence of MH, the incremental risk  associated 
with MH, and determine if normalization of ABPM readings in the presence of 
lower offi ce BPs would confer benefi t.  
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     Ambulatory Hypotension   

 ABPM can provide important information regarding the presence of daytime ambu-
latory hypotension. While short/intermittent episodes of hypotension or orthostatic 
changes may not be captured during ambulatory monitoring, the identifi cation of 
patients with prolonged periods of hypotension is possible. Heart failure is common 
in the elderly who are at risk for hypotension due to baroreceptor and autonomic 
dysfunction. The symptoms of hypotension, lightheadedness or presyncope from 
decreased cerebral perfusion and decreased exercise tolerance, may also be symp-
toms of worsening heart failure. Identifi cation of patients with ambulatory hypoten-
sion could aid in the titration of GDMT and prevent target organ dysfunction. 

  Postprandial hypotension   is the decline in systolic blood pressure within 90 min 
of ingesting a meal. The current literature does not specify a clear clinical defi nition of 
Postprandial hypotension, yet in certain populations it is more common than ortho-
static hypotension. It has been associated with syncope, falls and cardiovascular 
events. Postprandial hypotension is common in the elderly, with one study demon-
strating it in nearly 70 % of a geriatric population [ 24 ]; its prevalence in the heart 
failure population in unclear. In healthy subjects, cardiac output can increase by as 
much as 20 % after a meal; in patients with impaired ventricular function and 
reduced cardiac reserve, cardiac output may not be able to increase suffi ciently. 
Typically, in heart failure this manifests as early satiety and decreased appetite; 
however, it may also result in postprandial hypotension. The prevalence and effect 
of postprandial hypotension should be evaluated in the heart failure population. 
Recommendations such as smaller more frequent meals may reduce the incidence 
and decrease the risk of adverse events. 

 GDMT may  precipitate   prolonged periods of hypotension which may not be 
recognized in the clinic depending on timing of the medications. Many patients take 
all of their medications in the morning and the onset of action of multiple anti- 
hypertensive medications may result in periods of hypotension. If discovered during 
ambulatory monitoring, the clinician could adjust the timing of medications to avoid 
unnecessary periods of low blood pressure while maintaining appropriate 
GDMT. Volume depletion from diuretic therapies could also increase the risk of 
ambulatory hypotension, which could prompt adjustment of the timing or dose of 
diuretic therapies. Little data exist regarding ambulatory hypotension in the heart 
failure population and studies should focus on defi ning the prevalence and risk asso-
ciated with daytime hypotension.  

    Hypertension and Ischemic Heart Disease 

    Ischemic Heart Disease:  Morbidity and Mortality   

 Ischemic heart disease (IHD) remains one of the most common chronic fatal ill-
nesses with death rates of nearly 530,000 per year in United States of America [ 25 ]. 
According to National Hospital Ambulatory Medical care Survey, about 11,883,000 
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people visited a physician’s offi ce for ischemic heart disease in the US 2001. IHD 
is an all-too-common initial step on a pathway that leads to various detrimental 
cardiovascular outcomes that negatively impact both the longevity and quality of 
life. IHD, or  coronary artery disease (CAD)  , is a condition which results from ath-
erosclerosis and resultant plaque build-up in the coronary arteries. This plaque nar-
rows the arteries with time and reduces coronary blood fl ow which presents as chest 
pain, resulting from myocardial ischemia. Eventually, an area of plaque can rupture 
causing thrombosis formation which itself can block local coronary blood fl ow or 
can dislodge to distant coronary artery resulting in embolic obstruction, with resul-
tant myocardial infarction.  

     Risk Factors   of IHD 

 There are several modifi able and some non-modifi able risk factors that predispose 
to the development of ischemic heart disease. Important risk factors include, but are 
not limited to, age, serum cholesterol, hypertension, tobacco use, sedentary life- 
style, diabetes mellitus, stress, obesity, family history, left ventricular hypertrophy, 
and various genetic factors [ 26 – 29 ]. These predisposing factors are advantageous in 
identifying people who are at increased risk of ischemic heart disease and who 
should be targeted for specifi c life-style and pharmacologic interventions aimed at 
prevention and treatment to reduce the incidence of IHD. The non-modifi able risk 
factors are age, gender, and family history of IHD. Among many, one of the most 
well-documented and important modifi able risk factors is arterial hypertension [ 30 ]. 
There are several epidemiological studies that have documented the strong correla-
tion between hypertension and ischemic heart disease [ 31 – 33 ].  

    Impact of  Hypertension   

 Hypertension is one of the most common causes of premature death worldwide and 
the problem continues to grow; in 2025, an estimated 1.56 billion adults will be liv-
ing with hypertension [ 34 ]. The trend towards increasing obesity, sedentary life- 
styles, and an aging population contribute to the increased incidence of arterial 
hypertension. The overall prevalence of hypertension is similar in women and men 
based on recent NHANES data, though the prevalence varies by age [ 35 ]. Over 65 
million Americans age 20 or older have hypertension, which translates into one in 
every three adults [ 36 ]. The prevalence of hypertension also varies with ethnicity 
and is several fold higher in the African American population [ 37 ]. In recently pub-
lished US population data, the prevalence of hypertension after age 60 years is 60 % 
in Caucasians and 70 % in African Americans. According to the Framingham study 
on risk stratifi cation, hypertension was the most signifi cant risk factor leading to 
40 % of coronary events in men and 68 % in women [ 38 ]. The relationship between 
hypertension and risk of cardiovascular events is continuous, consistent, and 
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independent of other risk factors [ 46 ]. The higher the blood pressure, the greater the 
chance of ischemic heart disease,  heart   failure, and stroke. High blood pressure was 
a primary or contributing cause of death for more than 360,000 Americans in 
2013—which is nearly 1000 deaths each day [ 36 ]. Of greater concern is the overall 
poor awareness and control of hypertension; recent data from a large multinational 
study consisting of 142,042 participants demonstrated that 46.5 % of the partici-
pants with hypertension were aware of the diagnosis, but only 32.5 % of those were 
being treated [ 39 ]. In U.S. only, about half (52 %) of  people   with high blood pres-
sure have their condition under control [ 40 ]. These fi ndings suggest substantial 
room for improvement in hypertension diagnosis and treatment. Hypertension, 
often referred to as the “silent killer,” results in progressive and unrecognized vas-
cular damage increasing the risk of cardiovascular morbidity and mortality. 
Consistent and regular monitoring of blood pressure in patients with risk factors for 
CV disease allows for early identifi cation of patients who may benefi t from life- 
style modifi cation and pharmacologic therapy that may prevent the development of 
chronic morbidity and mortality.  

    Correlation of IHD with Systolic and Diastolic Blood  Pressures   

 Population-based observational data has consistently demonstrated a strong correla-
tion between increased  systolic blood pressure (SBP)   and  diastolic blood pressure 
(DBP)   with ischemic heart disease [ 41 ,  42 ]. Data from the Framingham Heart Study 
[ 43 ] supported by more recent data [ 44 ,  45 ] indicates that SBP increases continu-
ously across all age groups, whereas DBP increases until age 60 years and then 
begins to decrease steadily. We know that coronary arteries are perfused predomi-
nantly during diastole and signifi cant variations in DBP affect coronary circulation 
directly. During systole, the contracting LV myocardium compresses intra- 
myocardial vessels and obstructs its own blood fl ow. There is suffi cient data dem-
onstrating a J-curve relationship between IHD and mortality when DBP was either 
too high or too low [ 46 ]. This simply extrapolates to an increased mortality from 
myocardial infarctions in patient on either side of range of optimum DBP [ 47 ]. As 
the prevalence of hypertension increases with age, adequate control of both SBP 
and pulse pressure rather than DBP in the elderly has become the dominant public 
health imperative. A large study including 902 patients with moderate to severe 
HTN reported the nadir of the J-Curve in DBP to be 85–90 mmHg, while no such 
J-curve relationship has been found between SBP and IHD; the risk of IHD increases 
steeply with  increasing   SBP [ 47 ]. In the Chicago Heart Association Detection 
Project in Industry, men 18 to 39 years of age at baseline with a BP of 130–139/85–
89 mmHg or with stage 1 hypertension (SBP 140–159/ 90 = 99 mmHg) accounted 
for nearly 60 % of all excess IHD, overall cardiovascular disease, or all-cause mor-
tality [ 33 ]. Effective control of both systolic and diastolic blood pressure with the 
use of life-style modifi cation and antihypertensive therapies has resulted in major 
reductions in cardiovascular morbidity and mortality over the past 50 years [ 48 ]. 

F. Javed and P.T. Campbell



311

Randomized trials have shown that lowering BP results in rapid reductions in 
cardiovascular risks [ 49 ]. As an illustration, a 10-mmHg–lower usual SBP (or a 
5-mmHg–lower usual DBP) would predict a 50–60 % lower risk of fatal stroke and 
an approximately 40–50 % lower risk of death due to ischemic heart disease or other 
vascular causes at middle age [ 50 ].   

     Pathophysiology   of IHD: Role of Hypertension 

 Pathophysiology relating to the development of ischemic heart disease in hyperten-
sion involves increased myocardial oxygen demand and decreased coronary blood 
fl ow. When SBP is elevated, there is an increase in both LV output impedance and 
intra-myocardial wall tension, which increases LV pressure load and cardiac work—
leading to LV hypertrophy (Fig.  15.3 ). Arterial hypertension exerts strain on the 

Hypertension

Increaesed vascular wall 
tension

Decreased compliance of 
vessels

LV output impdedence

Pressure related cardiac 
pathology: LV Hypertrophy

Increase myocardial 
oxygen demand

Ishemic Heart Diseasse

  Fig. 15.3    The 
pathophysiology of 
hypertension induced 
ischemic heart disease       

 

15 Ambulatory Blood Pressure Monitoring in Coronary Artery Disease and Heart…



312

arterial wall leading to fragmentation, thinning, and fracture of elastin fi bers, as well 
as increased collagen deposition in arteries, which results in decreased compliance 
of these vessels and overtime development of atherosclerosis [ 51 ,  52 ]. Atherosclerosis 
leads to diminished coronary blood fl ow or, at least, a diminished coronary fl ow 
reserve. In addition to these structural abnormalities, endothelial dysfunction, which 
develops over time as a consequence of both aging and hypertension, contributes 
functionally to increased rigidity of arterial wall [ 53 ]. Many of the mechanisms of 
the initiation and maintenance of hypertension are also those that mediate damage 
to target organs, including the coronary vessels and the myocardium. These mecha-
nisms include increased sympathetic nervous system and renin-angiotensin- 
aldosterone system (RAAS) activity; defi ciencies in release and/or activity of 
vasodilators, for example, nitric oxide, prostacyclin, and the natriuretic peptides; 
structural and functional abnormalities in conductance and resistance arteries, par-
ticularly endothelial dysfunction; and increased expression of growth factors  and 
  infl ammatory cytokines in the arterial tree [ 54 ]. All of these factors either increase 
myocardial demand or decrease oxygen supply to myocardium, leading to chronic 
stable angina at one end of the spectrum and acute myocardial infarction at the other 
end depending on the time lapse for which myocardium is deprived of oxygen.

      Role of  ABPM   in IHD 

 The identifi cation and management of hypertension is of prime importance for both 
primary as well as the secondary prevention of IHD. As such, the accurate measure-
ment of blood pressure is of paramount importance for determination of overall 
24-h control, effi cacy of therapies, and the identifi cation of those at increased risk 
of IHD [ 55 – 57 ]. Various errors in measurement of offi ce blood pressure have been 
reported including errors due to manometer, cuff size, observer’s error, or even 
errors due to the patient [ 55 ]. Studies that have compared offi ce, self-measured, and 
ambulatory blood pressures have documented substantial, but nonsystematic, differ-
ences between these measurements [ 55 ]. Over the last 50 years, it has become 
increasingly recognized that isolated clinic blood pressure measurements may not 
be adequately representative of the daily blood pressure load away from the medical 
environment [ 56 ]. Ambulatory blood pressure monitoring (ABPM) has evolved as 
one of the most reliable noninvasive assessment of a person’s average blood pres-
sure (BP) in modern era [ 57 ]. Because ABPM provides large numbers of measure-
ments, researchers have sought to analyze data beyond just the average of BP values 
during 24 h or even over more restricted periods such as the day, night, or morning. 
Discrepancies between offi ce and out-of-offi ce blood pressure have resulted in the 
description of four clinically important blood pressure profi les: normotension, sus-
tained hypertension, white coat hypertension, and masked hypertension. 

 There is growing evidence to suggest that target-organ-damage is more closely 
associated with 24-h ABPM than with offi ce blood pressure, especially in the 
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prediction of IHD [ 58 – 60 ] (Fig.  15.4 ). Various studies have pointed out that not 
only mean ambulatory blood pressure levels but also degree of blood pressure vari-
ability, or circadian variations, may have an independent and signifi cant relationship 
with IHD [ 61 ]. Multiple components of the ABPM have been shown to be involved 
in the complex interplay of IHD, including BP  increases   induced by stress at work 
[ 62 ], rate of BP rise during early morning [ 63 ,  64 ], Daytime BP variations [ 65 ], 
Night time BP fall (dipping) [ 66 ,  67 ], or no change (non-dipping) [ 68 ].

        Circadian BP Variations   in Sustained Hypertension and IHD 

 ABPM has shown that the circadian BP is variable and not uniform in patients with 
hypertension. Blood pressure values tend to peak during the daytime hours and then 
fall to a nadir after midnight. BP normally decreases (“dips”) during sleep, and 
people whose BP dips ≤10 % from their daytime baseline BP have been referred to 
as “nondippers.” Nighttime blood pressure (BP) dipping can further be quantifi ed as 
the ratio of mean nighttime (sleep) BP to mean daytime (awake) BP. During last 
decade, four dipping categories have been described, based on the night–day blood 
pressure ratio from 24-h ambulatory blood pressure recordings: extreme dippers 
(night–day blood pressure ratio < or = 0.8), dippers (0.8 < ratio < or = 0.9), nondip-
pers (0.9 < ratio < or = 1.0), and reverse dippers (ratio > 1.0). 
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     Early Morning BP Surge    and   IHD 

 In the early morning hours with awakening and resuming activities, blood pressure 
rises sharply, with daytime levels being reached within a relatively short period. The 
circadian pattern of numerous cardiovascular events (myocardial infarction, sudden 
cardiac death, stroke) reveals a peak in the early hours of the morning, which may 
well be explained by early morning higher BP. This circadian rhythm BP peaking in 
the morning has also been shown to trigger so-called silent myocardial ischemia, 
which occurs in more than 20 % of patients with arterial hypertension and can only 
be regularly detected by ABPM [ 69 ].  

     Nocturnal Dipping      and IHD 

 It has been observed that degree of nocturnal dipping, which also contributes to the 
magnitude of overall 24-h blood pressure variability, is inversely related to severity 
of end organ damage of hypertension especially IHD. In patients with hyperten-
sion, non-dipping is associated with target organ damage and higher cardiovascu-
lar events independent of the overall BP [ 70 ]. Non-dipping may  be   a risk factor for 
cardiovascular disease even when the 24-h BP average is not elevated. In a small 
study of men with angiographically proven coronary artery  disease  , 72 % exhibited 
a non-dipping BP pattern compared with 46 % of matched controls without known 
coronary artery disease [ 71 ]. Another study showed that levels of von Willebrand 
factor,  D -dimer, fi brinogen, and P-selectin were signifi cantly higher among patients 
with documented coronary artery disease who were non-dippers [ 72 ]. This clearly 
extrapolates that high ABP or non-dipping pattern of circadian BP per se is an 
important pathophysiologic factor that may infl uence cardiovascular risk by alter-
ing hemostasis or endothelial function [ 56 ] as discussed earlier in Fig.  15.1 . 
Furthermore, non-dippers experience a greater “BP load” over 24 h than dippers 
with the same daytime BP and, hence, may be more likely to develop target organ 
damage in the form of IHD.   

    White Coat  Hypertension      and IHD 

 White coat hypertension is a phenomenon in which patients exhibit elevated blood 
pressure in a clinical setting. It is believed that this is due to the anxiety and stress 
some people experience during a clinic visit [ 73 ]. The diagnosis of white coat 
hypertension (also called isolated clinic or offi ce hypertension) is applied to patients 
with offi ce readings that average more than 140/90 mmHg and reliable out-of-offi ce 
readings that average less than 140/90 mmHg. The effect of isolated white coat 
hypertension on cardiovascular risk has been controversial. White coat hyperten-
sion is found to be associated with more advanced cardiovascular target organ dam-
age as compared to people who are normotensive [ 74 ], but certain studies have 

F. Javed and P.T. Campbell



315

denied this association [ 75 ]. The effect of isolated white coat hypertension on 
 cardiovascular risk still needs further investigation to determine the necessity of 
treating it with anti-hypertensives. Therefore, patients with white coat hypertension 
should be identifi ed to prevent unnecessary medication implementation. One of the 
most important indications for ABPM is to exclude white coat hypertension [ 76 ] as 
the use of ABPM has added a new source of information about out-of-offi ce  blood 
  pressure to end the debate and confl icting ideas which revolve around whether or 
not it would be feasible to treat white coat hypertension [ 77 ].  

    Masked Hypertension and  IHD   

 Over the last decade, masked hypertension ( MH  ) has gained interest in its relation 
to increase risk of ischemic heart disease. According to international guidelines, 
MH is defi ned as elevated daytime ambulatory BP (at least 135 or at least 85 mmHg) 
in the face of normal offi ce BP (less than 140 and less than 90 mmHg) [ 78 ]. It is 
believed that clinical blood pressure of the patient with masked hypertension would 
underestimate the risk of cardiovascular disease [ 79 ]. Studies have reported that 
associations between MH and cardiovascular diseases are as strong as those found 
for sustained hypertension [ 80 ]. MH has also been hypothesized to be a transient 
status which progresses to sustained (and detectable) hypertension when a suffi cient 
time lapse has occurred [ 80 ]. A recent study showed that out of all the patients seen 
in hypertensive clinic, about one third of those had masked hypertension, and over 
a 5-year follow-up period, their relative risk of cardiovascular events was 2.28 as 
compared with the patients whose blood pressure was adequately controlled [ 81 ]. 
ABPM provides a useful tool to identify patients with MH whose offi ce BP mea-
surement systematically fail to identify them and who should be treated as hyperten-
sive to avoid progression to develop IHD [ 82 ].  

    Role of ABPM in  Anti-Hypertensive Drug Therapy   

 IHD can be prevented or reversed when aggressive targets are achieved for major 
cardiovascular disease risk factors [ 31 ]. The distinction between primary and sec-
ondary prevention is arbitrary, because the major therapeutic objective in any indi-
vidual is to delay or reverse the underlying atherosclerotic disease process of which 
hypertension is a major contributor. Furthermore, existing therapies are the same for 
both primary or secondary cardiac protection. The effectiveness of any therapy is 
judged by the degree of reduction in the surrogate BP and the ability of the chosen 
regimen to reduce ischemic events [ 83 ]. 

 As mentioned above, several  studies   have persistently shown an association 
between nocturnal BP decline (non-dipper BP pattern) and escalating incidence of 
fatal and nonfatal CVD events. These fi ndings documenting the risk of CVD events 
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are infl uenced not only by ambulatory BP elevation, but also by blunted nocturnal 
BP decline, even within the normotensive range, thereby supporting ABPM as a 
necessity for appropriate and opportune assessment of CVD risk in the general pop-
ulation. However, myocardial ischemic events are less frequent during the night 
than they are during the day; nevertheless studies suggest that there is increased 
frequency of cardiovascular ischemic events in hypertensive patients with nocturnal 
blood pressure variation [ 84 ]. And these were especially true for non-dippers, prob-
ably because persistently raised BP during the night favored myocardial ischemia 
by increasing oxygen demand. 

 Keeping in mind these variations, it may be benefi cial to implement chrono-
therapy as a method of adjusting treatment accordingly based on blood pressure 
variability and dipping-profi le. Though currently little data supports improved out-
comes by utilizing chronotherapy based on dipping profi le, it remains possible that 
non-dippers may benefi t from a subtly different dosing regimen compared to 
extreme-dippers and that adjusting the timing of medications could reduce the risk 
of CV events. In one study that assessed BP control between a once-daily evening 
dose in comparison with a single morning dose, ingestion of angiotensin receptor 
blockers and angiotensin-converting enzyme inhibitors results in greater therapeutic 
effect on asleep BP, without impacting overall 24-h control, independently of the 
terminal half-life of each individual medication [ 85 ]. Thus, the impact of hyperten-
sion treatment-time on sleep-time BP regulation might be clinically relevant. The 
previously reported results of the randomized part of the MAPEC study indicate 
that treatment with one medication at bedtime was signifi cantly associated with 
greater asleep BP reduction and signifi cantly lower CVD risk than treatment with 
all hypertension medications upon awakening [ 86 ].  

    ABPM: A Useful Tool for Both  Primary and Secondary 
Prevention of IHD   

 In nutshell, ABPM is extremely benefi cial in enabling the clinician to monitor 
multiple aspects of the blood pressure profi le, including 24-h average BP, circa-
dian variation, early morning surge and dipping profi le, and in patients with 
hypertension and aids assessing the risk of IHD and even ACS. Furthermore, 
ambulatory blood pressure monitoring allows the clinician to assess the response 
to anti-hypertensive medication and possibly suggesting a benefi t of chronother-
apy such as switching to an evening dose of ACEI to improve dipping profi le or 
adding an additional agent that will prevent early morning surge of BP. Lack of 
adequate BP control is a major clinical issue which predicts a high risk of future 
cardiovascular events; therefore, ABPM is a helpful tool in keeping record and 
analyzing the changes in blood pressure throughout 24-h and adjusting the doses 
of anti-hypertensive agents accordingly, thereby enabling more effective control 
of arterial hypertension.      
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    Chapter 16   
 Ambulatory Blood Pressure Monitoring 
in Special Populations: Masked Hypertension       

       Anthony     J.     Viera     

            Introduction 

 The pairing of the average of blood pressure (BP) measurements derived from out- 
of- offi ce BP monitoring with offi ce BP measurements yields four possible diagnos-
tic categories (Table  16.1 ). White coat hypertension refers to elevated offi ce 
measurements with non-elevated out-of-offi ce measurements and is familiar to 
most clinicians. The opposite phenomenon, “masked hypertension,” is more recently 
described, and the best strategy for detecting and addressing it has not been estab-
lished. This chapter will review the defi nition, prevalence, and outcomes associated 
with masked hypertension as well as possible diagnostic strategies.

        Defi nition   

 The term “masked hypertension” refers to elevated average ambulatory BP coincid-
ing with a non-elevated offi ce BP [ 1 ]. The defi nition originally applied to people 
with the described BP measurements who were not taking antihypertensive therapy. 
However, patients on antihypertensive therapy may also exhibit the same BP mea-
surement pattern. The term “masked uncontrolled hypertension” is now suggested 
to describe patients on BP-lowering treatment who exhibit non-elevated offi ce but 
elevated ambulatory BP [ 2 ]. 

 For either group (masked hypertension  and   masked uncontrolled hypertension), 
non-elevated offi ce BP is typically defi ned as <140/90 mmHg, usually by an  average 
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of repeated measurements [ 3 ]. The threshold for defi ning elevated ambulatory BP 
varies somewhat in the literature [ 4 ,  5 ], but the most widely used threshold has been 
a mean awake ambulatory BP ≥135/85 mmHg [ 6 ,  7 ]. If the 24-h BP average is used, 
the threshold is typically an average of ≥130/80 mmHg [ 3 ]. 

 The nighttime BP average has also been incorporated into the defi nition of 
masked hypertension. According to the European Society of Hypertension, elevated 
nighttime BP is defi ned as ≥120/70 mmHg [ 2 ]. Thus, individuals with non-elevated 
offi ce BP with elevated mean awake ambulatory BP and/or elevated mean 24-h 
ambulatory BP, and/or elevated mean nighttime ambulatory BP are said to exhibit 
masked hypertension.  

     Prevalence   of Masked Hypertension 

 Masked hypertension is present in approximately 10 % of the general adult 
population [ 4 ,  6 ,  8 ,  9 ]. Among the general adult population of those with non-
elevated offi ce BP, it is present in approximately 15–30 % [ 10 ]. The fi rst cross-
sectional study of masked hypertension in the general population was conducted 
in Ohasama, a small community in Japan [ 11 ]. Among 969 adults (some under 
treatment for hypertension), 13 % of those with normal offi ce BPs had masked 
hypertension detected by ambulatory BP monitoring (ABPM). A second study 
conducted in Italy examined 3200 adults and found a 9 % prevalence of masked 
hypertension by ABPM (Sega et al. [ 12 ]). A third study ( N  = 1400) conducted in 
Spain used home BP monitoring for the out-of-offi ce BP measurements and also 
found a 9 % prevalence of masked hypertension [ 13 ]. Other studies have exam-
ined the prevalence in certain subpopulations. In a worksite study of 267 men, 
14 % had masked hypertension by ABPM [ 14 ]. In a study of 319 healthy adult 
volunteers with normal offi ce BP, 23 % had masked hypertension detected by 
ABPM [ 15 ]. Among 578 Swedish men 70-years  of   age, 14 % had masked hyper-
tension [ 8 ]. In national and international databases, the prevalence of masked 
hypertension among people with normal offi ce BP ranges from 9 to 54.5 % [ 16 ]. 
The variability in prevalence estimates is due to the heterogeneous defi nition of 
masked hypertension as well as differences in the sample characteristics across 
studies. 

   Table 16.1    Four diagnostic categories pairing offi ce with Out-of-Offi ce BP   

 Offi ce BP average 

  Not elevated above 
threshold  

  Elevated above 
threshold  

  Out-of-offi ce BP 
average  

  Not elevated above 
threshold  

 Sustained (“true”) 
normotension 

 White coat 
hypertension 

  Elevated above 
threshold  

 Masked hypertension  Sustained hypertension 

  Note that classifi cation is based on either systolic, diastolic, or both  
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 Among certain clinical subgroups, masked hypertension may be even more com-
mon. Diabetics have a higher prevalence of masked hypertension [ 17 – 19 ]. In the 
 International Database of Ambulatory Blood Pressure in Relation to Cardiovascular 
Outcomes (IDACO)  , among the 7826 participants not taking BP-lowering medica-
tions, the prevalence of masked hypertension (clinic BP < 140/90 mmHg and day-
time ambulatory BP average ≥135/85 mmHg) was higher in the clinic normotensive 
participants with diabetes (29 %) than in those without diabetes (19 %) [ 17 ]. 

 Masked hypertension also appears more common among patients with chronic 
kidney disease (CKD)   . One Spanish study of 5693 hypertensive patients with CKD 
showed that the proportion of individuals with masked hypertension was 7 % among 
all the patients and 32 % among patients with clinic normotension [ 20 ]. In a cross- 
sectional study of 617 treated hypertensive African Americans with CKD, the prev-
alence of masked uncontrolled hypertension was 70 % among individuals with 
controlled clinic BP [ 21 ]. 

  Obstructive sleep apnea (OSA)   may also be associated with masked hyperten-
sion. In one study of 133 newly diagnosed OSA patients taking no medications, 30 
% exhibited masked hypertension using mean 24-h ambulatory pressures [ 22 ]. In 
another study of 61 otherwise healthy men with normal clinic BP, obstructive sleep 
apnea was associated with masked hypertension even using mean awake ambula-
tory BP, suggesting that OSA adversely affects ambulatory BP beyond the sleep 
period [ 23 ].  

     Target Organ Damage and Outcomes   

 Several studies have examined target organ damage and outcomes associated with 
masked hypertension, fi nding that the risk associated with masked hypertension 
approaches that of sustained hypertension. In a study published in 1999,  left ven-
tricular mass index (LVMI)   and carotid plaque were measured among people with 
masked hypertension and compared to those with true normotension and those with 
sustained hypertension [ 24 ]. The LVMI was 73 g/m 2  in the true normotensives, 86 
g/m 2  in the masked hypertensives, and 90 g/m 2  in the sustained hypertensives. 
Carotid plaque was present in 15 % of true normotensives and in 28 % of both the 
masked and sustained hypertensives. In another study, LVMI in people with masked 
hypertension was 91 g/m 2  compared to 79 g/m 2  in true normotensives and 94 g/m 2  
in people with sustained hypertension [ 12 ]. The association with carotid atheroscle-
rosis was also confi rmed in a 2007 study [ 25 ]. Thus, masked hypertension is associ-
ated with target organ damage on an order of magnitude approaching that associated 
with sustained hypertension. 

 More importantly, there is also evidence of increased  cardiovascular disease 
(CVD)   events (stroke, myocardial infarction, cardiovascular mortality) occurring in 
people with masked hypertension. A meta-analysis of seven studies including a 
total of 11,502 subjects followed over a mean of 8 years showed a twofold higher 
incidence of CVD events (HR 2.00; 95 % CI 1.58–2.52) in people with masked 
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hypertension compared to those with true normotension [ 26 ]. This risk approaches 
the risk conferred by sustained hypertension (HR 2.28; 95 % CI 1.87–2.78). Table 
 16.2  summarizes the target organ damage associations and cardiovascular event 
rates in true normotension, masked hypertension, and sustained hypertension.

   In another analysis, individual-level data from the IDACO was used to examine 
differences in CVD risk among 7030 people comparing white coat hypertension, 
masked hypertension, and sustained hypertension. At a median follow-up of 9.5 
years (64,958 person years), compared to people with sustained normotension, the 
adjusted hazard ratios for CVD events were 1.22 (95 % CI 0.96–1.53) for those with 
white coat hypertension, 1.62 (95 % CI 1.35–1.96) for those with masked hyperten-
sion, and 1.80 (95 % CI 1.59–2.03) for those with sustained hypertension [ 27 ]. 
Notably, the hazard ratios between masked hypertension and sustained hyperten-
sion were not signifi cantly different ( p  = 0.14).  

     Diagnosis   of Masked Hypertension 

 Missing from the current literature is any evidence that identifi cation and treatment 
of masked hypertension reduces CVD events or mortality. In order to conduct such 
studies, a practical approach to detecting masked hypertension is needed. At the 
very least, identifi cation of people with masked hypertension may allow earlier, 
more aggressive lifestyle modifi cations and closer monitoring for progression to 
overt (sustained) hypertension. However, there is limited evidence on how best to 
identify people with masked hypertension. One approach would be to perform 
ABPM on all adults, perhaps over a certain age, with non-elevated offi ce BP. Given 
the relatively new recommendations that ABPM ought to be performed in adults 
before diagnosing hypertension (in order to exclude white coat hypertension) [ 28 , 
 29 ], an approach that also uses ABPM among people with “normal” offi ce BP 
would in effect mean everyone would be getting ABPM. Such an approach is not 
practical. 

 An alternative detection strategy would be to target ABPM to people who are at 
high risk for having masked hypertension. While some factors associated with 
masked hypertension have been observed, they are not consistent, and no validated 
risk assessment tool has yet been developed. The most reliable risk factor may  simply 

   Table 16.2    Target organ damage and cardiovascular events [ 12 ,  24 ,  26 ]   

 True 
normotension 

 Masked 
hypertension 

 Sustained 
hypertension 

 Left ventricular mass index (g/
m 2 ) 

 73–79  86–91  90–94 

 Carotid plaque (%)  15  28  28 
 Cardiovascular events hazard 
ratio (95 % CI) 

 1.0  2.00 (1.58–2.52)  2.28 (1.87–2.78) 
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be the offi ce BP level. Recent evidence suggests that the BP cutoff that may have the 
most reasonable tradeoff between sensitivity and specifi city is approximately 126 
mmHg systolic [ 30 ]. Similarly, other studies have shown that offi ce BP in the upper 
prehypertensive range predicts masked hypertension [ 31 ]. Another study examined 
the diagnostic overlap between masked hypertension and prehypertension (systolic 
BP 120–139 mmHg or diastolic BP 80–89 mmHg) [ 7 ]. Among 813 participants not 
on antihypertensive medications, 769 participants had non-elevated clinic BP. The 
overall prevalence of masked hypertension in the participants with non-elevated 
clinic BP was 15 % using a cutoff of 135/85 mmHg for mean awake ambulatory 
BP. The prevalence of masked hypertension was only 4 % in participants with offi ce 
BP <120/80 mmHg. In the subgroup of participants with prehypertension, the prev-
alence of masked hypertension increased to 34 % and reached 52 % in  the   upper 
prehypertensive range (systolic BP 130–139 mmHg or diastolic BP 80–89 mmHg). 
Other studies have shown a similarly high prevalence of masked hypertension 
among patients with borderline prehypertensive offi ce BP levels [ 32 ,  33 ]. 

 Thus, one diagnostic approach may be to assess individuals for masked hyper-
tension if their offi ce BP is in the prehypertensive range (Fig.  16.1 ). If offi ce BP is 
<120/80 mmHg, there may be no need to do ABPM since the likelihood of masked 
hypertension, especially of any clinical signifi cance, is low. Another potential 
approach would be to perform targeted testing among subgroups who exhibit a 
higher prevalence of masked hypertension, including those with diabetes, OSA, and 
possibly CKD.

   Another potential strategy for detecting masked hypertension would be to use 
home BP monitoring (HBPM). Like ABPM, measurements from HBPM correlate 
better with CVD prognosis. HBPM has also been used in a number of studies to 
defi ne masked hypertension [ 34 – 37 ] However, it is not clear that HBPM and ABPM 
are interchangeable for identifying masked hypertension. In one study, the congru-
ence of the diagnosis of masked hypertension comparing awake ABPM to HBPM 
among 420 adults 30 years and older was 72 % ( k  = 0.36) [ 33 ]. In the PAMELA 
study, home BP was elevated (defi ned as ≥135/83 mmHg) in only half of the patients 
diagnosed with masked hypertension by mean 24-h ambulatory BP (defi ned as 
≥125/79 mmHg), again suggesting limited agreement between ABPM and HBPM 
in diagnosing masked hypertension [ 4 ]. Finally, HBPM may not be an ideal 
 methodology for identifying masked hypertension due to its inability to determine 
nighttime (sleep) BP [ 4 ].  

Office BP

Recheck office BP 
in 1-2 years

>120/80 
mmHg

<120/80 
mmHg

Consider ABPM to rule 
out masked hypertension

  Fig. 16.1    A possible strategy for detecting masked hypertension       
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    Conclusions 

 Masked hypertension is associated with an increased risk of cardiovascular target 
organ damage, CVD events, and mortality compared to sustained normotension. It 
appears that 15–30 % of adults have masked hypertension, yet the condition goes 
undetected because the offi ce BP is “normal.” The paradigm for detecting hyperten-
sion may need to be changed. Already, enough evidence has accumulated such that 
guideline groups recommend ABPM to confi rm hypertension in patients with ele-
vated offi ce BP [ 28 ,  29 ]. The evidence is growing such that in time, it may also be 
commonplace to use ABPM—at least for some groups—to ensure that masked 
hypertension is not present.     
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    Chapter 17   
 White Coat Hypertension       

       Lawrence     R.     Krakoff     

            Introduction 

 Arterial pressure varies, from heart beat to heart beat, from minute to minute, hour 
to hour, and day to day. This fundamental property of systolic and diastolic pressure 
has been recognized since the work of Harvey who fi rst measured blood pressure in 
equine arteries [ 1 ]. During the nineteenth century, astute physicians (Bright, 
Mahomet) observed high pressures in patients with chronic kidney disease and then 
in a fraction of the population without kidney disease, but destined to die of stroke 
or heart disease. (They assessed pressure by feeling the pulse or use of primitive 
devices for semi-quantitative measurements [ 2 ]. 

 Development of the Riva-Rocci device and use of the stethoscope to hear 
Korotkof sounds markedly expanded approximation of the arterial pressure in the 
clinic leading to the more general recognition that higher arterial pressure, i.e., 
hypertension, was highly prevalent in the population at large and clearly associated 
with cardiovascular and renal diseases. These studies were based on measurement 
in the clinic. While variation in arterial pressure from visit to visit may have been 
recognized, its signifi cance for clinical diagnosis implied the need for measurement 
not only in the clinic but in “real life” where 99 % of any patient’s life is spent, at 
home, work, or other locations and activities. 

 Ayman and Goldshine made the initial observation that clinic or offi ce blood 
pressures were often much higher than pressures measured at home. Their patients 
were trained to take their own pressure using the stethoscope and mercury  manometer 
[ 3 ]. There was no effective treatment at that time. These authors suggested that 
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those with lower home pressures might be less at risk to develop target organ 
 pathology or die prematurely compared with those with high pressures in both 
 environments. Ayman and Goldshine’s report, published in 1940, had little apparent 
impact at the time, most likely due to the world’s attention to the onset of World War 
II and, in the United States, the extraordinary Presidential election (Roosevelt  versus 
Wilkie) with Roosevelt seeking an unprecedented third term. 

 The development of a portable recording device (Remmler) for measuring blood 
pressure throughout the day was a major step forward for evaluating blood pressure 
during ordinary activities, but required manual infl ation of the cuff [ 4 ]. Perlow and 
Sokolow used the Remmler to collect daytime ambulatory blood  pressure  s for 
nearly 1000 participants with clinic hypertension and followed this cohort for many 
years to characterize patterns of subsequent cardiovascular disease. Those with 
ambulatory pressures greater than clinic pressures in this prospective cohort study 
had a higher incidence of cardiovascular events, compared with those whose 
 ambulatory pressures were lower than their clinic pressure [ 5 ]. Since then, several 
large prospective surveys have amply confi rmed the importance of ambulatory 
blood pressure monitoring for superior prognostic accuracy in predicting 
 cardiovascular disease in [ 6 – 8 ]. 

 The presence of a physician can increase blood pressure and intra-arterial blood 
pressure in the clinic or a medical intensive care unit [ 9 ,  10 ]. Pickering and 
 colleagues studied a large number of hypertensive patients and compared clinic and 
24-h ambulatory pressures. They found that many of their participants with clinic 
hypertension had much lower pressures during the day and night at work or home 
as revealed by  ambulatory blood pressure   monitoring. They coined the “White Coat 
Hypertension” as a useful diagnosis for those with high clinic pressures and normal 
out-of-offi ce pressures [ 11 ]. From 1988 until the present time, recognition of White 
Coat Hypertension has grown progressively with more than 1000 publications in 
English listed in PubMed. “White Coat Hypertension” (WCH) is now widely 
 recognized as a distinct diagnostic entity (ICD 9 code 796.2) that is highly useful for 
assessment of patients initially thought to be hypertensive on the basis of screening 
programs or limited clinic assessment. The “White Coat Effect” in treated patients 
describes those with pressures above goal in the clinic, but below the goal for 
 treatment when out-of-the- offi ce. 

 Does WCH indicate that future cardiovascular risk is the same as that of 
those with normal clinic pressures? When WCH is present, is anti-hypertensive 
drug therapy warranted or can it be withheld and for how long? For treated 
patients, when a White Coat Effect (WCE) is present, which pressure is best 
related to prognosis; should treatment be based on the clinic pressure or the 
 out-offi ce-pressure? Few of these questions have been put to rest, despite the 
 progress that has been made in diagnosis and treatment of hypertension since 
initial recognition of White Coat Hypertension, 30 years ago. This review will 
summarize current knowledge of White Coat Hypertension and the White Coat 
Effect. Our goal is to enhance awareness and usefulness of these diagnoses for 
better management of hypertension.  
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     Defi nin     g White Coat Hypertension and the White Coat Effect 

 Table  17.1  summarizes the defi nition of these terms as refl ected in recent guidelines 
and reports from consensus groups. Alternate terms have sometimes been used. 
“ Isolated offi ce hypertension  ” and “ Isolated ambulatory hypertension  ” convey the 
same meaning as WCH or Masked Hypertension, respectively.

    Most   hypertensive patients have slightly higher offi ce pressures compared to 
either daytime ABPM or HBPM explaining the differences between threshold pres-
sures in Table  17.2 . Occasionally, these differences are large with offi ce systolic 
pressures higher by >20 mmHg than out-of-offi ce daytime pressures. Normal par-
ticipants and many hypertensive patients have 10–20 % lower nighttime pressures 
(dipper pattern) that account for the lower threshold pressures for 24 h ABPM com-
pared to either daytime ABPM or Home pressures.

   For those patients >60 years of age, some recent guidelines, for clinic pressures, 
have accepted systolic pressures of 145–150 mmHg as thresholds for both diagnosis 
and on-treatment goal pressure [ 12 ,  13 ]. It is not yet established whether or not there 
should be changes in current thresholds for arterial pressure when measured out-of- 
the offi ce by ABPM or HBPM. 

   Table 17.1    Arterial pressure categories based on relation between Clinic and Out-of-Offi ce 
measurement for  untreated  patients [ 16 ,  17 ]   

 Classifi cation  Normal 
 White coat 
hypertension a  

 Sustained 
hypertension 

 Location 
 Clinic Pressures  Normal  High  High 

 <140/90 mmHg  ≥140/90 mmHg  ≥140/90 mmHg 
 Daytime ABPM or 
Home BP 

 Normal  Normal  High 
 <135/85 mmHg  <135/85 mmHg  ≥135/85 mmHg 

 24 h ABPM  <130/80 mmHg  <130/80 mmHg  ≥130/80 

   a  Alternate-isolated offi ce hypertension    

   Table 17.2    Arterial pressure categories based on relation between Clinic and Out-of-Offi ce 
measurement for  treated  patients [ 17 ,  18 ]   

 Classifi cation  Normal-controlled  White coat effect  Sustained hypertension a  

 Location 
 Clinic pressures  Normal  High  High 

 <140/90 mmHg  ≥140/90 mmHg  ≥140/90 mmHg 
 Daytime ABPM or 
Home BP 

 Normal  Normal b   High c  
 <135/85 mmHg  <135/85 mmHg  ≥135/85 mmHg 

 24 h ABPM  <130/80 mmHg  <130/80 mmHg  ≥130/80 

   a Alternate-Isolated offi ce hypertension 
  b Pseudo-resistant hypertension, if taking multiple medications at usual therapeutic doses 
  c Resistant hypertension if patients are prescribed with three or more drugs at usual therapeutic 
doses [ 19 ]  
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  Defi nition  s for WCH or WCE are currently based only on the level or blood 
 pressure observed in clinic and out-of-the offi ce. The degree of difference is not 
included. Thus, a 55-year-old patient with an offi ce pressure of 160/100 mmHg and 
a home pressure average of 138/84 is still considered to be hypertensive despite the 
substantially lower pressure outside the offi ce. The presence or absence of 
the  normal nocturnal dip in blood pressure is, likewise, not presently considered in 
the criteria for WCH or WCE despite its signifi cance for prognosis [ 14 ,  15 ].  

     Causes      of WCH or WCE 

 Anxiety in anticipation of or during the clinic visit has been linked to WCH or the 
WCE during treatment, especially when the doctor measures the pressure. While 
some patients have a generalized anxiety syndrome or panic disorder, a sudden 
increase in pressure in the offi ce may be, in part, a conditioned refl ex [ 20 ]. Older 
patients may be more likely to have anxiety-related White Coat response, but in 
those with dementia the response is less prominent [ 21 ].  

    WCH/WCE Methods 

    Clinic Pressures Measured by Providers (Assistants, Nurses, 
Physicians Using Auscultation) 

 The  diagnosis   of White Coat Hypertension or the White Coat effect for treated patients 
depends on comparing the clinic pressures and out-of-offi ce pressures. For a valid 
comparison, pressures measured in both settings should be accurate, but representative 
of each setting. Only one or two pressures are taken at a usual clinic visit by varying 
personnel (medical assistant, nurse, or physician) on either arm and in the sitting posi-
tion. The limitations for clinic pressure have been amply documented [ 22 ] and include 
inaccurate devices, incorrect cuff size, lack of training and observer bias if auscultation 
is used rather than a device [ 23 ]. Since the virtual disappearance of mercury column 
sphygmomanometers due to concern about contamination, many clinics now use either 
an aneroid sphygmomanometer with auscultation or a device that infl ates the cuff has 
a sensor in the cuff and displays pressure. In general, pressures measured by the physician 
are higher than those measured by trained nurses, resulting in a greater likelihood of 
WCH or WCE when out-of-offi ce measurements are obtained for comparison [ 22 ].  

    Use of Devices in the Clinic/ Offi ce   

 Measuring more blood pressures with an accurate device at the clinic visit can 
reduce the chance of a false positive diagnosis of WCH or WCE. Bias is eliminated. 
Several approaches have been explored. Patients referred to the Mayo Clinic have 
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been evaluated by a 6-h recording using the SpaceLabs ambulatory blood pressure 
monitor. There was excellent correlation with measurements made by trained nurses 
for systolic pressure. Diastolic pressures were about 7 mmHg higher for 6 h average 
compared to nurse measurements. Results were not compared with either out-
of- offi ce measurement by ABPM or HBPM [ 24 ]. 

 Extensive studies have been reported for use of the BpTru device for clinic  pressures. 
The BpTru consists of a cuff with pressure detector by oscillometry, infl ation pump, 
and recording software that uses a programmed sequence of pressure measurements, 
then calculates the average pressures. The fi rst measurement is discarded. Average 
pressures are then calculated from the following fi ve measurements, usually taken at 
1–2 min intervals [ 25 ]. In a series of 400 patients evaluated by both daytime ABPM 
and in clinic by BpTru, average systolic and diastolic pressures were very similar and 
highly correlated: systolic pressure  r  = 0.640 and diastolic pressure  r  = 0.693 for 
 comparison between daytime ABPM and BpTru using 1 min intervals. However, the 
absolute differences for individuals were often >5 mmHg for systolic or diastolic 
 pressure and nearly 20 % had differences of >10 mmHg. The widely available Omron 
device has been compared to the BpTru for clinic assessment. Both devices give very 
similar systolic and diastolic pressure measurements when taken at 1-min intervals. 
When taken at 2-min intervals, systolic pressures were similar, but the average  diastolic 
pressures were higher for the BpTru device [ 26 ].  

     Out-of-Offi ce ABPM      or HBPM 

 The generally accepted “gold standard” for measuring out-of-offi ce pressure is 
 non- invasive 24-h  ambulatory blood pressure   monitoring. Several accurate and 
well- validated devices for this purpose are now available. Protocols for use of 
ABPM have been described in guidelines and recommend measurements every 
15–20 min during the day and every 30 min during the night. Use of ABPM requires 
well- trained staff, patient education to minimize errors (i.e., exercise), and  computers 
for programing the monitors, collecting stored results and preparing reports. In 
 general, patients go to a practice or station for placement of monitors and return the 
devices after a day of monitoring. This results in some degree of inconvenience in 
requiring two visits per ABPM determination. The costs for resources and  personnel 
to maintain and ABPM program are small, by Western standards, but steep for 
developing nations. At present, US Medicare and other insurance providers pay for 
ambulatory blood pressure monitoring when the diagnosis of WCH is suspected. 

  Home blood pressure monitoring (HBPM)    is   most accurate and reliable when 
automated devices are used (i.e., Omron et al.). There is very good correlation 
between HBPM and daytime ABPM. Devices must be checked for accuracy. 
Patients need to be trained for use of the devices, recording of results (if devices 
don’t have memory), and transmission of results as data sheets or by telemetry (an 
increasing trend). Feedback and counseling can be done by phone or e-mail  (security 
necessary) so that there is less need for clinic visits. An average of 10–20 home 
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measurements is needed for comparison with clinic pressures to determine presence 
or absence of WCH/WCE [ 27 ]. Most insurance providers don’t support purchase of 
HBPM devices. Prices are in the range of $70–100 for devices with automatic 
 infl ation and memory for storing results. Devices are widely available in pharmacies 
and medical supply stores. Combining HBPM with transmission of results directly 
to the provider by telemetry is now available in some programs. One advantage for 
HBPM with telemetry for treated patients is that patients can evaluate the effect of 
treatment and even participate in drug titration during follow-up care, reducing 
unnecessary medication that might be prescribed if only offi ce pressures were 
 available [ 28 – 31 ].   

    WCH/WCE  Epidemiology      

 WCH occurs in about 30 % of untreated patients suspected of being hypertensive on 
the basis of offi ce/clinic measurements. Those most likely to have WCH are women, 
younger patients with recent onset of offi ce hypertension [ 32 ], and older patients with 
varying systolic pressure [ 33 ]. The WCE in treated hypertensive patients may occur 
less often; recent meta-analyses suggest prevalence rates of 15–20 % [ 34 – 36 ]. 

    WCH and WCE  in African-American Hypertensives      

 African-Americans have not been extensively studied for prevalence of WCH or 
WCE. However, in those with chronic kidney disease, the AASK trial found that 33 % 
of those treated had WCE based on comparison of daytime ambulatory pressure with 
clinic pressure. However, only 23 % had WCE when nighttime pressures were 
 considered the basis for controlling hypertension [ 37 ]. A study of young (average age 
30) White and African-American participants found that sustained hypertension, 
WCH, and Masked hypertension all occurred in <5 % of either group without 
 signifi cant differences between the groups [ 38 ]. However, average nighttime systolic 
and diastolic pressures were signifi cantly higher in African-Americans compared to 
Whites and nighttime dipping in pressure was signifi cantly less for  African-Americans. 
There is a pressing need for more studies of ABPM and HBPM to assess WCH and 
WCE in African-American and other less well-studied adult populations.  

    WCH and WCE  in Diabetes      

 Presence of WCH is associated with greater risk of pre-diabetes and adult (type-2) 
diabetes compared to normal participants in prospective observational studies [ 39 ].  
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    WCH  in Pregnancy   

 Pregnant women who are hypertensive based on offi ce measurements may have either 
pregnancy-induced hypertension or hypertension that was present prior to pregnancy 
(chronic hypertension). Either condition requires close monitoring of blood pressure 
by offi ce and either ABPM or HBPM for optimal management [ 40 ]. Detection of 
WCH by ABPM early in pregnancy of women initially considered to have chronic 
hypertension may help to select those who might not need anti- hypertensive  medication 
during pregnancy. Those with WCH in early pregnancy have fewer  complications 
 during their pregnancies than those with sustained hypertension [ 41 ,  42 ]. However, it 
is recommended that ABPM in early pregnancy is not accurate enough to predict 
either pregnancy-induced hypertension or incidence of pre-eclampsia, so that HBPM 
is required for close follow-up. HBPM combined with telemetry is a very promising 
strategy for monitoring blood pressure during pregnancy and  detecting WCH, but also 
for early detection of true hypertension [ 43 ].  

    WCH/WCE  in Chronic Renal Disease   

 Hypertension occurs often  in chronic renal disease (CRD)  , irrespective of the 
 specifi c cause of the nephropathy. Uncontrolled or resistant hypertension  contributes 
to disease progression resulting in the need for renal replacement therapy or 
 cardiovascular pathology. Nearly all patients with CRD are treated for hypertension. 
The prevalence of WCE in CRD is in the range of 20–30 % and conveys a better 
prognosis when compared to sustained hypertension [ 44 ].  

     Progression to Sustained Hypertension   

 WCH may persist without progression to sustained hypertension for many years 
[ 45 ]. However, in prospective surveys, baseline presence of WCH is associated with 
a nearly twofold increased incidence of sustained hypertension during an 8–10 year 
follow-up, compared to those with normal pressure [ 46 – 48 ]. Annual re-evaluation 
for those with WCH by HBPM is an effective strategy to detect the transition to 
sustained hypertension [ 47 ]. 

 Progression to sustained hypertension from WCE while on anti-hypertensive 
drug treatment has not been well-studied, but might be due to reduced adherence to 
medication [ 49 ] or to genuine resistance to current treatment [ 50 ].   

    WCH/WCE  Prognosis for CVD and Mortality      

 Perloff reported, in 1983, that out-of-offi ce daytime blood pressures were superior 
to offi ce pressures for predicting cardiovascular outcomes in hypertensive patients 
[ 5 ]. In 1994, Verdecchia et al. published results of a prospective survey using 24-h 
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ABPM comparing normals to those with WCH (19 %) and two groups with 
 sustained hypertension. Those with sustained hypertension had either a normal fall 
in pressure at night during sleep (Dipper pattern) or a lack of nocturnal (Non-
dippers). During the 7.5 year follow-up period, incidence of CVD in WCH was 
almost identical to that of the normals [ 6 ]. Since then a number of individual  surveys 
and several meta-analyses have supported the conclusion that WCH, at baseline, is 
associated with less future CVD and mortality compared to sustained hypertension 
[ 18 ,  34 ,  35 ]. It is less certain whether or not WCH confers a greater risk for CVD 
than normal blood pressure. Figure  17.1  displays hazard ratios and p values for risk 
ratios for pooled results from two recent meta-analyses [ 34 ,  35 ]. Hazard ratios for 
WCH tend to be slightly higher than for normal blood pressure, but statistical 
 signifi cance is not always met.

   Not all those classifi ed as WCH are the same, with respect to all available 
 pressures. In subgroup analyses, a large cohort with “true WCH” (normal home and 
24- h ABPM pressures) were compared to “partial WCH” (normal 24-h ABPM, and 
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  Fig. 17.1    Hazard ratios for cardiovascular events during follow-up from two recent meta-analyses 
are shown. ( a ,  b ) Data from Stergiou et al. [ 35 ] show hazard ratios for WCH or WCE versus N 
(normal) or sustained hypertension. ( c ,  d ) show hazard ratios from Franklin et al. [ 34 ] for WCH or 
WCE.  P  values for comparison of WCH or WCE with normal states are shown. ( a ,  c )  N  untreated, 
normal pressure,  WCH  white coat hypertension,  S  sustained hypertension. ( b ,  d )  NC  normal, con-
trolled on treatment,  WCE  white coat effect on treatment,  SH - R  sustained resistant hypertension on 
treatment       
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high home pressures). Those with “true” WCH had hazard ratios for CVD and 
 mortality similar to normals, whereas hazard ratios for “partial WCH” were 
 signifi cantly above that of the normal group but lower than for sustained  hypertension 
[ 48 ]. The results are best explained by differences in pressures; all available 
 pressures tend to be higher in “partial WCH” compared to “true WCH.” The 
 prognosis is then best related to average out-of-offi ce pressures rather than the less 
precise label, “WCH” [ 8 ]. 

    WCE  in Treated Patients   

 In treated patients, prognosis for mortality and morbidity in those with normal 
 pressures (well-controlled) is similar to those with normal out-of-offi ce pressures and 
far better than for sustained-treated hypertension [ 7 ,  18 ,  34 ,  35 ]. However, the risk of 
future CVD or mortality for those with normal pressure on treatment remains signifi -
cantly above that for those with normal pressure without need for drug treatment.   

    Treatment of WCH or WCE  in Treated Patients   

 It is reasonable to recommend life-style improvement, for those with WCH and to 
evaluate these patients for other cardiovascular risk factors. Other risk factors may 
be found in a substantial fraction of those with WCH, especially older patients [ 51 ]. 
A study of placebo administration during a clinical trial reported that women with a 
large WCE at entry had a signifi cant fall in offi ce pressure on follow-up without a 
change in ABPM, whereas men had a much smaller fall in offi ce pressure [ 52 ]. It is 
uncertain whether anti-hypertensive medications reduce cardiovascular risk in 
WCH, but some have advocated drug treatment despite lack of trial evidence [ 53 ]. 
Patients with WCH or WCE on treatment and prominent anxiety or panic symptoms 
might benefi t from strategies to reduce symptoms, some form of behavior modifi ca-
tion with appropriate anti-anxiety medication.  

    WCH  and Cost-Effectiveness   

 Testing for WCH or the WCE (during treatment) has costs, but these are relatively low 
compared to cost of diagnostic tests and medication for control of hypertension. 
Economic forecasts indicate that use of 24-h ABPM for detection of WCH is cost- 
effective [ 54 ]. This strategy may be valuable even when ABPM is repeated annually for 
those with WCH to evaluate these patients for transition to sustained  hypertension [ 55 ]. 
Home Blood pressure monitoring may be even more effective and cost- effective both 
for initial diagnosis and annual follow-up for transition to sustained  hypertension [ 56 ].  
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    Conclusions–Recommendations 

 Offi ce blood pressure measurement may be misleading. WCH or isolated  offi ce 
hypertension   should be detected to avoid overdiagnosis of hypertension as a false 
positive classifi cation.  Ambulatory blood pressure   monitoring has become the 
 standard of care for detection of WCH. British and US guidelines for management 
of hypertension now recognize this conclusion [ 57 ,  58 ]. Future risk for  cardiovascular 
disease in those with WCH is minimally above that of those with normal pressure. 
It is not known whether or not drug treatment alters the prognosis of WCH or 
 intensifi cation of drug treatment alters prognosis for WCE with normal pressures. 
However, WCH is more likely to progress to sustained hypertension, so that annual 
re-evaluation is needed using either ambulatory blood pressure monitoring or home 
blood pressure monitoring.     
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    Chapter 18   
 Gender and Circadian Rhythms 
in Cardiovascular Function       

       Björn     Lemmer     

            Introduction 

 Progress has been made in studying gender-specifi c differences in the symptoms 
and treatment of cardiovascular diseases. There is also increasing evidence that 
mechanisms of regulation of cardiovascular functions are sex-dependent both in 
animal and in man. However, the data published are still not suffi cient to draw fi nal 
conclusions on whether drug treatment should consider  gender-dependency   and 
whether pre- and postmenopausal women should be treated differently.  

     Clinical Observations   

 Hypertension, myocardial infarction, and stroke are well-known risk factors infl u-
encing the life span of an individual. Ambulatory blood pressure measurements 
greatly helped not only to better understand mechanisms of  blood pressure (BP)   and 
heart rate (HR) regulation, but also gave more insight into the way of antihyperten-
sive treatment. The dipping or non-dipping BP profi le greatly determines the choice 
and the circadian timing of a drug and its application in order not only to reduce 
elevated BP, but also to normalize a pathological BP profi le (see [ 1 – 5 ]). However, 
there are no data convincingly demonstrating that the 24-h BP pattern is different 
between male and female persons, in contrast to rats (see below). Conversely, there 
is overwhelming evidence that BP increases and severity of cardiovascular disease 
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are higher in women after menopause than in age-matched men [ 6 – 8 ]. After meno-
pause, women catch up with the higher cardiovascular risk observed in men 
 indicating the important role of sex hormones on vascular functions. The 
Framingham study has shown that  cardiovascular risk factors   are increased after 
menopause when compared to premenopausal women [ 6 ]. 

 Importantly however, hormone replacement therapy does not reduce BP in 
most cases of postmenopausal women [ 9 ]. On one hand, this indicates that other 
factors than the loss of estrogens are involved in higher BP development [ 9 ]. On the 
other hand, an important chronobiological point which has not been challenged 
by a clinical study to the best of my knowledge: Estrogens are administered to 
postmenopausal women as  slow release  (e.g.,  retard ) formulations, which is not 
the physiological way these hormones are secreted in premenopausal women; all 
sex hormones are secreted in a rhythmic fashion, both in a circadian and monthly 
pattern. It is well-known that the physiological function of a hormone/transmitter 
can be abolished when these compounds are applied in zero order kinetics and not 
in their rhythmic pattern. Hence, it would be worthwhile to address such an issue 
in a clinical study. 

 It is now well-documented that the vasodilator  nitric oxide (NO)   plays an impor-
tant role in regulating the vascular bed. Nitric oxide production occurs in a circa-
dian phase-dependent fashion with peak values in the early afternoon. In healthy 
men, NO marker molecules such as urinary nitrate and cGMP secretion increase in 
the morning concomitantly with the morning increase in BP and show peak values 
in the early afternoon, indicating that NO may buffer the BP increase [ 10 ]. In patients 
with peripheral arterial occlusive disease and in hypertensive patients, these rhythms 
are abolished and this disturbed rhythmic NO production may contribute to the BP 
increases [ 10 ]. 

 We recently studied in 10 healthy male and female subjects at an age of 21–23 years 
simultaneously the 24-h BP and HR profi les by ambulatory BP monitoring (ABPM) 
together with circadian pattern in plasma catecholamines and the nitrate/nitrite (NOx) 
excretion in urine [ 11 ]. The subjects exhibited a normal 24-h profi le and there was no 
 gender-dependent differences   in the normal BP and HR data [ 11 ] (Fig.  18.1 ).

   Concerning the plasma norepinephrine concentrations, however, there was a 
clear sex-dependent difference, the early morning rise in norepinephrine was sig-
nifi cantly steeper in males than in females though both groups were normotensive 
(Fig.  18.2 ). In males, this observation could be an early sign of a genetically set 
greater early morning drive in sympathetic tone, which is often found in white coat 
hypertensive patients [ 12 ].

   The sex-dependent difference was even greater for the NOx concentration deter-
mined in 6-h portions in the urine over 24 h in male and female subjects (Fig.  18.3 ). 
In both groups, NOx concentration displayed a 24-h rhythm with a peak value in the 
activity phase, similar to the rhythm in nitrate and cGMP secretion described by 
Bode-Boger et al. [ 10 ].

   These data clearly demonstrate that at an early age and under normotensive 
conditions, the important co-regulator of the vascular bed, NO, displays 
 sex-dependent variations with higher values in female subjects, possibly allowing 
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  Fig. 18.1    24-h patterns in heart rate (HR) and systolic and diastolic BP (upper/lower BP curve) in 
ten male ( closed ) and ten female ( open ) healthy volunteers of an age of 21–23 years, motility was 
registered to control sleep activity. Data from [ 11 ] with permission       

  Fig. 18.2    24-h values in plasma norepinephrine and epinephrine concentrations and motility in 
healthy young (21–23 years) subjects. Figure from [ 11 ] with permission       
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a better buffering capacity for BP changes for females than for males. This obser-
vation could contribute to the increasing data that show that the setting of the 
cardiovascular system is different between males and females. Though the thera-
peutic consequences are not clear at the moment, future clinical research must 
concentrate on cardiovascular factors associated with gender in more detail than 
has been the case in the past.  

     Data from Animal Experiments   

 Basic research in the cardiovascular system of experimental animals has been 
greatly improved by the availability of telemetric blood pressure monitoring 
devices. They are regarded as the gold standard today allowing in vivo experimen-
tation in freely moving unrestrained animals [ 13 – 16 ], which is not the case for the 
tail-cuff method [ 17 ,  18 ]. Radiotelemetry also allows a closer look on the rhythmic 
organization of the cardiovascular system. These clinical experiments in small ani-
mals mainly used males. Thus, the data on cardiovascular effects and mechanisms 
in female rats are sparce. By 1993, we could demonstrate specifi c circadian rhythms 
in BP and HR in four different strains of rats, both normotensive and hypertensive 
[ 15 ]. In this study, there was evidence that in a transgenic rat strain (TGR), 

  Fig. 18.3    Amount of NOx 
(nitrate/nitrite) in 6-h 
portions of urine in 10 
female ( fi lled ) and 11 male 
( open ) healthy volunteers. 
Note: NOx is signifi cantly 
higher in females than 
males ( p  < 0.05). Figure 
from [ 11 ] with permission       
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a dissociation occurred between BP and HR; whereas HR peaked in the activity 
phase of the animals at night, BP showed peak values in the resting phase during 
daytime [ 15 ], exhibiting a BP pattern known as non-dippers in humans. Thus, this 
rat strain displayed an internal desychronization concerning BP and HR. 

 Maris et al. studied by radiotelemerty BP and HR in normotensive Wistar-Kyoto 
(WKY) and spontaneous hypertensive (SHR) rats [ 19 ]. In both strains and in males 
and females, they show signifi cant daily variations, HR was higher in female WKY 
than in all other groups, and male SHR had higher systolic BP than the females 
[ 19 ]. Very similar to these fi ndings, we describe that under control conditions of 
12:12 h of light and darkness, the HR was higher in pro-estrous females than in 
age-mached male SHRs, whereas BP was inversely higher in males than in females 
[ 20 ] (Fig.  18.4 ). Urinary NO excretion was about threefold higher in female than 
in male SHR with peak value in the dark span [ 20 ]. Additionally, eNOS  expression 
  in the aortae of females was signifi cantly higher than in males (relative expression 
42.9 ± 7.3 vs. 25.2 ± 1.0,  p  < 0.05), indicating that elevated NOx excretion in females 
in comparison to males is linked to higher eNOS expression [ 20 ]. The beta-receptor 
blocking drug metoprolol was also more effective in decreasing HR and BP in 
females than in males. These animal data greatly support the notion that sex- 
dependent variations have to be taken into account as they contribute to the 
 regulation and drug effectiveness within the cardiovascular system, both in animal 
and in humans.

  Fig. 18.4    Heart rate, systolic and diastolic BP after intraperitoneal application of 30 mg/kg MET 
at 19.00 h to female ( n  = 7) and male SHR ( n  = 13). Shown are mean values ±95 % confi dence 
intervals. The dark period is highlighted. Data from [ 20 ] with permission       
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       Conclusion 

 There is increasing evidence that cardiovascular factors are associated with sex and 
sex-related modifi cations within circadian systems. Unfortunately, both in clinical 
studies and in basic research, mainly male subjects and animals have been studied 
in the past. In light of recent data that women and female animals use different 
mechanisms of regulation in the cardiovascular system and may differ in drug 
sensitivity and drug effectiveness [ 6 ,  21 – 23 ], future research should focus more on 
females in clinical research.     
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    Chapter 19   
 Home (Self) Monitoring of Blood Pressure 
in Clinical Trials       

       George     S.     Stergiou       and     Angeliki     Ntineri    

            Introduction 

 Although the conventional measurement of blood pressure by the doctor in the 
offi ce remains the cornerstone for the diagnosis and management of hypertension 
worldwide, it is recognized that this method can be misleading and evaluation of 
blood pressure out of the offi ce using 24-h ambulatory or self-home monitoring by 
patients is often necessary for optimal decision making. The limitations of conven-
tional offi ce blood pressure measurement have a strong impact on the precision of 
hypertension clinical trials, which can be considerably improved by the application 
of out-of-offi ce blood pressure monitoring. This chapter presents the features of 
self-home blood pressure monitoring (HBPM) that are important for the design of 
clinical trials and how they can be applied in hypertension research (Table  19.1 ).

        Advantages of   Self-Home Blood Pressure Monitoring 

 HBPM has the unique advantage of providing multiple readings obtained over 
several days, weeks, or months, in the individual’s usual environment. On the 
contrary, offi ce or clinic blood pressure measurement provides only few readings 
taken in an artifi cial and potentially stressful setting. Twenty-four hour  ambula-
tory blood pressure monitoring (ABPM)   also provides multiple measurements 
away from the offi ce, yet these are crowded during a single day and cannot be 
frequently repeated. Because of these features, HBPM, as well as ABPM, are 
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devoid of several major defi ciencies of the conventional offi ce measurements, 
including white coat effect (WCE), masked hypertension effect, the  placebo 
effect  , and observer prejudice and bias (when using automated electronic devices 
for home monitoring) [ 1 ,  2 ]. 

 Because of the above mentioned advantages, HBPM has superior diagnostic 
accuracy and reproducibility than offi ce measurements, with the standard devia-
tion of the mean difference between two measurements being much lower than 
that achieved with casual offi ce measurements (Fig.  19.1 ) [ 3 ]. More importantly, 

   Table 19.1    Advantages of home blood pressure compared to offi ce and ambulatory blood pressure 
in clinical trial design   

 HBP  OBP  ABP 

 Reproducibility, study power, and sample 
size 

 +++  +  +++ 

 Exclusion of white coat hypertension  +++  −  +++ 
 Observer bias elimination  +++ (automated devices 

or tele-monitoring) 
 +  +++ 

 Placebo effect elimination  +++  −  +++ 
 Assessment of magnitude of BP changes  +++  +  +++ 
 Assessment of duration of antihypertensive 
drug action 

 ++  +  +++ 

 Time-course of BP lowering effect (days)  ++  +  − 
 Assessment of homogeneity of 
antihypertensive drug action (smoothness 
index) 

 −  −  +++ 

 Assessment of morning hypertension  +++  +  +++ 
 Assessment of nocturnal hypertension—
detection of non-dippers 

 ++ (devices which 
monitor asleep BP) 

 −  +++ 

 Identifi cation of masked uncontrolled 
hypertension 

 +++  −  +++ 

 Diagnosis of true resistant hypertension  ++  +  +++ 
 Assessment of short-term variability  −  −  ++ 
 Assessment of mid-term variability  ++  −  − 
 Assessment of long-term variability  ++  ++  + 
 Association with preclinical organ damage  +++  +  +++ 
 Assessment of arterial stiffness  −  −  ++ (AASI) 
 Assessment of treatment-induced changes in 
organ damage 

 ++  +  +++ 

 Association with cardiovascular events risk  +++  +  +++ 
 Compliance with drug treatment  +++  +  + 
 Patients’ preference  +++  +  + 
 Repeated monitoring in longitudinal trials  +++  ++  + 
 Cost  +++  ++  + 

   BP  blood pressure,  HBP  home BP,  OBP  offi ce BP,  ABP  ambulatory BP,  AASI  ambulatory arterial 
stiffness index,  +++  superior,  −  inferior  
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HBPM provides reliable predictive information, with strong associations with 
indices of preclinical organ damage and risk of cardiovascular events, which are 
superior to those obtained by offi ce measurements and similar to those by ABPM 
[ 4 – 6 ].

   Another advantage of HBPM is that it entails less discomfort and minimal 
restriction of daily activities and sleep, and therefore is more acceptable by patients 
than ambulatory monitoring [ 7 ,  8 ]. Thus, HBPM appears to be the optimal method 
for long-term follow-up of treated hypertension and has been shown to improve 
compliance with drug treatment and thereby hypertension control rates [ 9 ]. Last but 
not the least, HBPM not only can provide reliable guidance in treatment initiation 
and adjustment, but it can also be a more affordable choice for hypertension man-
agement in the community, since the cost of applying the method for treatment 
decision, titration, and follow-up appears to be lower than when using conventional 
offi ce measurements complemented by ABPM [ 2 ,  10 – 13 ].  

    Self-Home Blood Pressure Monitoring  in Clinical Research   

 The advantages of HBPM compared to conventional offi ce measurements have 
important implications in clinical research. HBPM improves the sensitivity and 
accuracy of clinical trials and allows for the evaluation of additional aspects of the 

  Fig. 19.1    Reproducibility of clinic, ambulatory, and home blood pressure, and sample size 
required for a comparative parallel design clinical trial of two antihypertensive drugs using each 
method (modifi ed from [ 3 ]).  BP  blood pressure,  ABP  ambulatory BP,  N  number,  Asterisk,  required 
for a trial aiming to detect a difference in the effect of two drugs of 10 mmHg systolic or 5 mmHg 
diastolic BP with 0.90 power and 0.05 signifi cance level       
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blood pressure profi le and behavior at baseline and in response to blood pressure 
lowering interventions. 

     Subject Selection   for Clinical Trials 

 The selection of appropriate study participants with homogenous characteristics is 
of vital importance for clinical research. By using HBPM instead of offi ce measure-
ments, a hypertension phenotype is accurately defi ned and subjects with intermedi-
ate phenotypes, such as white coat or masked hypertension, can be identifi ed and 
excluded [ 14 – 16 ]. Subjects with white coat hypertension (WCH) show minimal 
response to antihypertensive drug treatment compared to sustained hypertensives 
[ 17 ] and may create diluting effects in the assessment of reductions in blood 
pressure. 

 Studies of resistant hypertension, defi ned as uncontrolled blood pressure on tri-
ple antihypertensive drug therapy, demonstrated the importance of using ABPM or 
HBPM for the exclusion of the WCH, which is common even among treated sub-
jects [ 18 ]. Recent studies assessing the effectiveness of renal denervation have 
clearly demonstrated the importance of out-of-offi ce blood pressure monitoring for 
the reliable diagnosis of resistant hypertension [ 19 ]. 

 Moreover, because of its superior reproducibility, HBPM as well as ABPM pro-
vides a more accurate classifi cation of the true baseline blood pressure of an 
individual.  

     Sample Size and Study Power   

 The reproducibility of a blood pressure measurement method, expressed as the stan-
dard deviation of differences, is an important factor in the calculation of the sample 
size required for a clinical trial. Because of its superior reproducibility (Fig.  19.1 ), 
HBPM as well as ABPM when used in a clinical trial comparing the antihyperten-
sive effi cacy of two drugs allow the same difference in blood pressure lowering 
effect to be identifi ed with higher precision [ 3 ]. Alternatively, HBPM and ABPM 
allow a smaller sample size to be recruited in order to identify a difference in the 
blood pressure lowering effect of two drugs with the same study power (Fig.  19.1 ) 
[ 20 – 23 ]. 

 The power curves of a randomized cross-over clinical trial comparing the antihy-
pertensive effi cacy of two drugs using clinic, ambulatory, or home blood pressure 
measurements are shown in Fig.  19.2  [ 24 ]. According to these data, for a trial aim-
ing to detect a difference in the hypotensive effect of the drugs of 10 mmHg for 
systolic blood pressure, 5 mmHg for diastolic, or 3 mmHg for pulse pressure, the 
study power is much higher when using HBPM and ABPM instead of offi ce mea-
surements (Fig.  19.2 ) [ 24 ].
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       Assessment of Magnitude of  Antihypertensive Drug Action      

 Because of its superior reproducibility, HBPM allows for the identifi cation of anti-
hypertensive drug treatment-induced blood pressure changes with greater precision 
and without the  placebo effect  , which largely affect clinical trials using clinic blood 
pressure measurements [ 25 ]. A randomized parallel design-controlled study, which 
evaluated the antihypertensive effi cacy of the angiotensin converting enzyme 
inhibitor trandolapril versus placebo, showed no difference in blood pressure low-
ering effect compared to placebo when clinic measurements were used [ 26 ]. 
However, a signifi cant placebo-corrected blood pressure lowering effect was 
observed when HBPM was employed (Fig.  19.3 ) [ 26 ]. Another randomized paral-
lel design clinical trial comparing the beta-blocker bisoprolol with the calcium 
channel blocker nitrendipine found no difference in the antihypertensive effect of 
these two drugs when clinic or daytime ambulatory blood pressure was used, 
whereas self-home and daytime ambulatory blood pressure measurements demon-
strated a signifi cantly larger effect with bisoprolol (Fig.  19.4 ) [ 21 ]. For this particu-
lar study to have the sensitivity to identify a 10 mmHg difference between the 
effects of the two drugs on systolic blood pressure, at total of 118 subjects would 
be required if clinic blood pressure measurement were used, compared to 70 with 
ABPM and 56 with HBPM [ 21 ].

    Another randomized cross-over clinical trial comparing the antihypertensive 
effi cacy of the angiotensin converting enzyme inhibitor lisinopril with the angioten-
sin receptor blocker losartan showed that although all the blood pressure measure-
ment methods (clinic, ambulatory, and home) suggested that lisinopril was more 
effective (Fig.  19.5 ), the difference between the two drugs was demonstrated with 
greater precision using HBPM ( p  < 0.001) than 24-h ABPM ( p  < 0.01), and the poor-
est precision for demonstrating this difference was provided by clinic measurements 

  Fig. 19.3    Evaluation of the antihypertensive effi cacy of a drug in a parallel design placebo con-
trolled clinical trial using clinic or home systolic (SBP) and diastolic blood pressure (DBP) mea-
surements (modifi ed from [ 26 ])       
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( p  < 0.05) [ 24 ]. Lisinopril was also found to be more effective in reducing home 
pulse pressure ( p  < 0.01) and 24-h ambulatory pulse pressure ( p  < 0.03), whereas no 
such difference was detected using clinic measurements (Fig.  19.5 ) [ 24 ].

   These data clearly demonstrate that the use of HBPM increases the sensitivity 
and precision of clinical trials assessing the effi cacy of  antihypertensive drug action  . 
The benefi ts of HBPM are attributed to its superior reproducibility, the absence of 
the  placebo effect  , the regression dilution bias (regression to the mean), and the 
observer prejudice and bias (when electronic devices with automated memory are 
used), all of which limit the reliability of clinical trials based on clinic blood pres-
sure measurements.  

    Assessment of Duration of  Antihypertensive Drug Action   

 The duration of antihypertensive action and 24-h coverage are usually assessed 
using the trough-to-peak ratio (T/P), which is based on 24-h ambulatory or on clinic 
blood pressure measurements [ 27 ]. The  morning-to-evening (M/E) home blood 
pressure ratio   assessed by self-monitoring can provide information of the “trough” 
effect of the drug by obtaining morning measurements before drug intake and the 
“plateau” effect in the evening [ 28 ]. Studies have shown that the M/E home blood 
pressure ratio might be a useful alternative to the T/P ambulatory blood pressure 
ratio for assessing the duration of antihypertensive drug action [ 29 – 31 ]. A random-
ized clinical trial that compared the duration of the antihypertensive drug action of 
the angiotensin converting enzyme inhibitor lisinopril with the angiotensin receptor 
blocker losartan showed higher T/P and M/E blood pressure ratios (evaluated by 
ABPM and HBPM respectively) with lisinopril, which was consistent when the 

  Fig. 19.4    Comparison of the antihypertensive effi cacy of two drugs in a parallel design clinical 
trial using clinic, ambulatory, and home blood pressure measurements (modifi ed from [ 21 ]).  BP  
blood pressure,  ABP  ambulatory BP       
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analysis was restricted to subjects with signifi cant blood pressure response to 
 treatment (Fig.  19.6 ) [ 29 ].

   A similar mathematical expression is the difference between morning and eve-
ning home blood pressure values (morning-evening difference), which has been 
shown to be a signifi cant determinant of echocardiographic  left ventricular hyper-
trophy (LVH)  , geometry, and diastolic function [ 32 ]. It should be mentioned, how-
ever, that the M/E home blood pressure ratio does not provide information on the 
peak effect of treatment and might therefore fail to identify an excessive hypoten-
sive effect at peak.  

    Evaluation of Nocturnal Blood Pressure and Detection 
of Non- dippers   

 ABPM is regarded as a unique tool, because it allows the evaluation of blood pres-
sure during nighttime sleep and thereby the detection of non-dippers. This advan-
tage appears to have major clinical relevance because of the accumulating evidence 
suggesting that, compared to other aspects of the blood pressure profi le, nocturnal 
blood pressure is the strongest predictor of cardiovascular risk. Non-dippers have 
demonstrated a higher risk of preclinical organ damage and cardiovascular events 
than dippers [ 33 ]. 

 Advancement in technology of automated home blood pressure monitors pro-
vided the ability to obtain automated readings throughout nighttime sleep [ 34 ]. 

  Fig. 19.6    Morning-to-evening (M/E) home blood pressure ratio versus trough-to-peak (T/P) 
ambulatory blood pressure ratio for assessing the duration of antihypertensive effect of two drugs 
in all study subjects and in those who responded to treatment (modifi ed from [ 29 ])       
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There is evidence that nocturnal home monitoring gives reproducible blood pres-
sure values [ 34 ]. A cross-sectional study showed similar daytime and nighttime 
blood pressure levels assessed with home and ambulatory blood pressure and 
good agreement between the two methods in diagnosing non-dippers [ 35 ]. More 
importantly, these devices can provide nocturnal blood pressure evaluation for 
more than a single 24-h period, which is the case with ambulatory monitoring. 
 The Japan Morning Surge—Home Blood Pressure (J-HOP)   Study showed that 
automated asleep home blood pressure evaluated three times per night for at least 
two (average 9) nights gave comparable blood pressure values with nighttime 
ambulatory blood pressure [ 36 ]. More importantly, nocturnal systolic home blood 
pressure was more closely associated with indices of cardiac and renal organ dam-
age than nocturnal ambulatory blood pressure [ 36 ]. Ishikawa et al. also reported 
signifi cant association of nighttime home blood pressure with hypertensive target 
organ damage [ 37 ]. 

 Thus, HBPM appears to be a useful alternative to ABPM even for the evaluation 
of nocturnal hypertension and might be more appropriate for the evaluation of 
treatment- induced changes in nocturnal blood pressure in clinical trials, because it 
can provide multiple assessments on different days and at lower cost.  

    Assessment of Treatment-Induced Effects on Blood Pressure 
 Variability   

 HBPM is a useful tool for the evaluation of the effect of antihypertensive treat-
ment on mid-term, day-by-day blood pressure variability. Analysis of the varia-
tion of home measurements allows the evaluation of differential effects of 
antihypertensive drugs on day-by-day blood pressure variability. More specifi -
cally, studies based on self-home measurements have shown that treatment with 
beta-blockers leads to greater home blood pressure variability, whereas alpha-
blockers lower the variability [ 38 ]. Another study suggested that treatment with 
an angiotensin receptor blocker was associated with higher systolic home blood 
pressure variability compared to treatment with a calcium channel blocker [ 39 ]. 
Moreover, the addition of a calcium channel blocker on an angiotensin receptor 
blocker was shown to decrease home blood pressure variability to a greater extent 
than the addition of a thiazide [ 40 ]. In addition, self-home monitoring explores 
blood pressure behavior over time, by assessing the mid- and long-term aspects of 
blood pressure variability, which are currently suggested to provide additional 
information, independently associated with common study endpoints such as 
indices of subclinical target organ damage or cardiovascular events and mortality 
[ 38 ,  41 – 43 ]. 

 Treatment-induced changes in home blood pressure variability have been sug-
gested to independently correlate with regression of organ damage. Matsui et al. 
reported that a 6-month change in pulse wave velocity achieved using a two-drug 
combination treatment (angiotensin receptor blocker and calcium channel blocker) 
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was independently associated with the corresponding change in systolic home blood 
pressure variability [ 40 ], whereas another study showed that the decrease in urinary 
albumin excretion was not associated with that of home blood pressure variability 
after 6-month treatment with a combination of an angiotensin receptor blocker with 
a thiazide diuretic [ 44 ].  

    Assessment of  Treatment-Induced Effects on Organ Damage 
and Events   

 Several studies have shown that self-home blood pressure measurements are supe-
rior to offi ce measurement and as good as ambulatory monitoring in terms of their 
association with several indices of preclinical target organ damage [ 6 ]. Clinical tri-
als designed to investigate treatment-induced regression of target organ damage in 
association with blood pressure changes require long-term follow-up in order to 
observe the benefi cial effects on the heart, arteries, and kidneys. In such conditions, 
HBPM appears to be a reliable and convenient tool to track blood pressure changes. 
A study in 116 hypertensives with 13.4 months follow-up showed that treatment- 
induced changes in self-home or ambulatory blood pressure were more closely 
related than offi ce measurements with treatment-induced changes in organ damage 
(echocardiographic left ventricular mass index, pulse wave velocity, albuminuria) 
[ 45 ]. The Study on Ambulatory Monitoring of Blood Pressure and Lisinopril 
Evaluation (SAMPLE) in 206 hypertensives followed for 12 months reported that 
treatment-induced regression in LVH was more closely associated with treatment- 
induced changes in ambulatory than in clinic or home blood pressure measurements 
[ 46 ]. However, only two home readings were obtained, which has considerably lim-
ited the reliability of the method. 

 A more ambitious approach for exploring long-term treatment effects by 
HBPM is the investigation of more complex endpoints, including cardiovascular 
events. The Home blood pressure measurement with Olmesartan Naive patients to 
Establish Standard Target blood pressure (HONEST) study established the prog-
nostic value of home blood pressure by identifying its threshold for the risk of 
major cardiovascular events over 2 years of treatment with an angiotensin recep-
tor blocker-based regimen (olmesartan) even in subjects with controlled offi ce 
blood pressure [ 47 ].  

    Assessment of Other Aspects of the Blood Pressure Profi le 
and  Behavior   

 There is increasing interest on morning hypertension which appears to be related 
with morning blood pressure surge or follows a non-dipping status or nocturnal 
hypertension [ 48 – 50 ]. Studies have shown that morning hypertension has 
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independent prognostic signifi cance for target organ damage and stroke [ 49 ]. 
There is evidence that morning HBPM and ABPM have considerable similarity 
and diagnostic agreement and therefore appear to be interchangeable methods 
for the assessment of morning hypertension [ 50 ]. An important advantage of 
morning home compared to ambulatory blood pressure measurement is that 
morning readings at home are taken under more standardized conditions of 
environment, activity, and posture (seated at home). In addition, they are based 
on measurements taken over several days, compared to a single day with ambu-
latory monitoring. Since treated patients’ measurements are taken before drug 
intake, they are truly trough measurements [ 48 ]. Therefore, recent studies 
attempted to test treatment-induced effects on elevated morning blood pressure 
levels by using self-home monitoring. Redon et al. reported that telmisartan 
alone or with hydrochlorothiazide improved morning home blood pressure con-
trol and maintained a smooth home blood pressure profi le throughout the day 
[ 51 ]. Similar results were obtained by Kario et al. in the  HONEST Study   using 
an olmesartan-based regimen [ 52 ]. 

 HBPM has also been used in chronotherapy studies, which explored the optimal 
time of drug administration in relation to blood pressure levels, organ damage, and 
adverse effects [ 53 – 55 ]. Mori et al. showed that olmesartan effectively decreased 
morning home blood pressure and urinary albumin-to-creatinine ratio, regardless of 
whether the drug was administered in the morning or in the evening [ 53 ]. Moreover, 
Mengden et al. found that the time of once-a-day amlodipine administration did not 
infl uence its effi cacy for 24-h blood pressure control assessed by home monitoring 
[ 55 ]. In contrast, Hashimotto et al. reported that bedtime administration of the cen-
trally acting alpha 2 -agonists effectively suppressed elevated morning blood pressure 
in treated hypertensives [ 54 ]. 

 Another research question investigated by HBPM is the time of maximum anti-
hypertensive effect, which was evaluated by determining the velocity of hypoten-
sive effect using exponential decay function analysis based on serial home blood 
pressure measurements [ 56 ,  57 ]. 

 Since HBPM is well-accepted by hypertensive patients for repeated long-term 
use and preferred to ABPM, this method appears to be appropriate for long-term 
follow-up of blood pressure changes in longitudinal hypertension outcome trials 
[ 7 ,  8 ]. Thus, the need for frequent offi ce visits can be reduced, which is convenient 
for both patients and researchers and is potentially more cost-effective. This appli-
cation is also supported by evidence showing improvement of patients’ compliance 
with drug treatment when using HBPM [ 9 ].   

     Limitations of   Self-Home Blood Pressure Monitoring 

 Although HBPM overcomes certain important limitations of offi ce and ABPM, a 
major drawback that is often neglected is the “reporting bias” (over- or under- 
reporting of self-measurements by patients), which has been characterized as the 
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“Achilles’s heel” of the method [ 58 ]. Several studies have documented that the 
reporting bias of self-home measurements is common and can lead to under- and 
overdiagnosis of hypertension. Unless this bias is prevented, home measurement 
should not be used as endpoints in hypertension research. The use of validated elec-
tronic home monitors with automated memory and capacity to export the readings, 
or of home blood pressure tele-monitoring systems, can prevent this bias. Another 
problem of self-home monitoring is due to the spontaneous blood pressure variabil-
ity, which can cause anxiety to some individuals and lead to self- modifi cation of 
treatment and study protocol violation. Most of these cases can be prevented or 
effi ciently managed with careful training and consultation with the clinical 
researcher.  

     Home Blood Pressure Tele-monitoring   

 Current technological advances and increasing use of tele-communications 
make home-blood pressure tele-monitoring a promising twenty-first century 
solution, which allows prompt collection and unbiased assessment of blood 
pressure data, especially in remote or special populations, or high-risk popula-
tions with a need for closer and more regular blood pressure monitoring and 
tight control of hypertension.  Home blood pressure tele-monitoring is also 
  ideal for long-term in-treatment follow-up of antihypertensive drug trials and 
has been shown to be more expensive, yet a more cost-effective strategy for 
blood pressure monitoring [ 59 ]. Tele-medicine systems based on home mea-
surements have been used in clinical trials comparing the effects of antihyper-
tensive drugs on the diurnal variation and blood pressure variability of home 
blood pressure [ 60 ].  

    Conclusions 

 The use of HBPM has important advantages in clinical hypertension research. Its 
application improves the sensitivity and precision of clinical trials of antihyperten-
sive drug effi cacy and increases the study power or decreases the sample size 
required. Moreover, self-home monitoring allows for the investigation of additional 
research aspects of the blood pressure profi le and behavior, such as the duration of 
antihypertensive drug effect, morning and nocturnal hypertension, blood pressure 
variability, treatment-induced changes in organ damage, and cardiovascular risk. 
Furthermore, home blood pressure tele-monitoring provides a modern and reliable 
solution for the unbiased evaluation of long-term treatment-induced blood pressure 
changes.     
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    Chapter 20   
 Ambulatory Blood Pressure Monitoring 
in Clinical Trials of Drugs and Devices       

        William     B.     White       and     Line     Malha    

            Introduction 

 The utilization of 24-h ambulatory blood pressure (BP) monitoring to assess new 
drugs and devices for hypertension has markedly increased over the past two 
decades. The determination of dosage and comparative effi cacy of antihypertensive 
regimens has been guided by ambulatory BP monitoring in diverse patient 
 populations with hypertension. More recently, studies of renal denervation devices 
have also used ambulatory BP measurements to determine more precise effects of 
partially interrupting the sympathetic nervous system. 

 Several specifi c attributes have made ambulatory monitoring of BP important in 
clinical trials involving the assessment of antihypertensive therapies [ 1 – 4 ]. Some of 
these benefi ts include removal of observer bias or error [ 5 ], better short- and long- term 
BP reproducibility [ 6 ], elimination of the white coat effect during patient selection [ 7 , 
 8 ], and the ability to assess the effects of therapy on diurnal and nocturnal BP  variability 
[ 9 ]. Furthermore, recent data have demonstrated that ambulatory BP is a superior 
 predictor of hemodynamic abnormalities in the hypertensive patient [ 10 ],  hypertensive 
target organ involvement [ 11 ,  12 ], and prognostic outcomes, including myocardial 
infarction, stroke, and other types of cardiovascular morbidity [ 13 – 19 ]. 

 In this chapter, an overview of the utility of ambulatory BP monitoring in clinical 
pharmacology and medical device research will be provided with several examples 
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using data from randomized, controlled, or comparator trials. Furthermore,  examples 
that show the utility of ambulatory monitoring for the assessment of treated patients 
in clinical practice will also be discussed.  

    Impact of Blood Pressure Variability on the Reproducibility 
of Offi ce vs. Ambulatory Blood  Pressure   as it Relates to  Drug 
Development   

 The typical reduction in systolic or diastolic BP observed in a clinical trial of an 
antihypertensive drug (generally in the range of 5–20 %) must be viewed in light of 
the magnitude of the relatively large variability of offi ce BP from one visit to the 
next (12–18 %). Studies that have examined the repeatability of offi ce and 
 ambulatory BP in patients with hypertension have consistently demonstrated much 
less variance with ambulatory BP [ 20 – 22 ].

Many years ago, Conway et al. [ 20 ] recorded the diastolic BP of 75 hypertensive 
subjects on two occasions, 1 month apart, while they were being administered pla-
cebo.   With clinic measurements, the mean difference in diastolic BP was 1.7 mmHg 
and the standard deviation of this difference was 12.3 mmHg. In contrast, the 
 daytime ambulatory BP fell by 0.9 mmHg and the standard deviation of the 
 difference was halved to 6.3 mmHg. The implications of this marked reduction in 
BP variability with ambulatory BP recordings compared to the clinic pressure are 
that it will double the precision of a short-term trial and allow as much as a fourfold 
reduction in the number of patients required to achieve an accurate result. 

 Similarly, the long-term reproducibility of ambulatory BP is also superior to offi ce 
BP [ 21 ]. Patients with hypertension were studied under the same therapeutic and 
environmental conditions and their blood pressure was measured twice, 2 years apart. 
 The   standard deviation of the differences in blood pressure was signifi cantly lower 
and the correlation coeffi cients signifi cantly higher for ambulatory BP than for offi ce 
BP (Table  20.1 ). The improved reproducibility of ambulatory over offi ce BP  continued 
to be present when the data were divided into awake and sleep  periods. These data 
suggest that clinical trials involving ambulatory BP over long periods would also 

   Table 20.1    Reproducibility of clinic and ambulatory blood pressure studies separated by up to 
2 years in patients with hypertension   

 Blood pressure measure  Systolic  Diastolic 

 R-value  SDD  CV  R-value  SDD  CV 

 Offi ce  0.48  17.0  11.0  0.31  10.0  10.0 
 24-h mean  0.87 a   9.8 a   7.0  0.90 a   4.7 a   5.6 
 Awake  0.86 a   10.7 a   7.4  0.88 a   5.8 a   6.5 
 Sleep  0.92 a   7.7  6.3  0.88 a   5.2  7.1 

   R -value, correlation coeffi cient;  SDD  standard deviation of the differences,  CV  coeffi cient of variation 
   a  Signifi cantly different from the offi ce blood pressure correlation coeffi cients, SDD, and CV. From [ 21 ]  
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require smaller sample sizes than similarly designed trials in which the statistical 
power is based on the ability to show changes in a more highly variable clinic BP.

   In contrast,    there may be little advantage of ambulatory BP over clinic pressure 
in clinical trials when the measure of interest is a small block of time, such as 1 or 
2 h. In an evaluation of a group of hypertensives using both noninvasive and 
 intra- arterial BP over 24 h, Mancia et al. [ 23 ] showed that the standard deviation of 
the differences for 24-h mean BP values was similar for the two methodologies. 
However, despite the much larger number of BP values obtained in an intra-arterial 
study, the hourly BP reproducibility was no different for the direct measurements 
than it was for noninvasive BP monitoring. Thus, unlike the larger blocks of time 
(e.g., 24 h, the awake period, or the sleep period), the reproducibility of hourly 
ambulatory BP data has not been shown to be superior to that of offi ce BP 
 measurements [ 23 ]. Hence, ambulatory BP recordings will not allow a reduction in 
sample sizes if the end point is for short periods of time. This increased variability 
in hourly BP levels is probably secondary to differences in the activities of patients 
monitored on two different days. Because controlling for hourly physical and 
 mental activities is nearly impossible in free-ranging subjects, longer periods of 
time (e.g., 4 h) will remain statistically and practically appropriate for clinical trials 
involving ambulatory BP monitoring. 

 The benefi ts of ambulatory monitoring of the BP over clinic BP with regard to 
sample  size   requirements in clinical trials of the elderly may be substantially 
reduced, however. One report in elderly hypertensive patients with isolated systolic 
hypertension suggests that there would not be improvement in reproducibility for 
ambulatory BP over clinic BP measurements, as the between-subject variance was 
not much different for the two methods [ 24 ]. Staessen et al. reported that 60 subjects 
with isolated systolic hypertension would be required to detect a 10-mmHg 
 difference in systolic BP between two treatments in a parallel design using clinic 
readings, whereas if ambulatory BP monitoring was used, the number would only 
fall to 54. In contrast, if a crossover design was used, the number of subjects needed 
to show the same systolic BP difference would be 18 and 14, respectively, for clinic 
vs ambulatory BP measurements.  

    Ambulatory Blood  Pressure   for Evaluating Patients 
for Clinical Trial Entry 

 At the recruitment and enrollment phases of a clinical hypertension trial, current 
antihypertensive medication is discontinued, and baseline BPs and heart rates are 
obtained during a single-blind placebo period that generally lasts for 2–4 weeks. 
Conventional inclusion criteria for these trials have been based on the seated clinic 
systolic or diastolic BPs at the end of the single-blind placebo period. In recent 
years, many protocols have also included ambulatory BP values as primary or 
 secondary criteria for inclusion into the study. For example, it is not uncommon to 
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require that the seated diastolic BP in the clinic exceed 90 or 95 mmHg and that the 
awake (or daytime) ambulatory BP exceed 85 or 90 mmHg [ 1 ]. The impact of 
 various awake ambulatory BP values for exclusion of patients during the screening 
process can be fairly dramatic when the requirement for the offi ce diastolic BP  is 
  90 mmHg or greater. 

 An example of this is shown in an analysis from a multicenter US clinical trial 
(Fig.  20.1 ). In this study, a seated clinic diastolic BP of >95 and <115 mmHg was 
used as the criterion for entering and remaining in the single-blind portion of the 
trial. To progress into the double-blind randomized portion of the study, ambulatory 
BP values at certain thresholds were used. However, when using an ambulatory 
awake BP cutoff value of 85 mmHg, nearly 30 % of the study group was excluded 
from randomization into the double-blind part of the trial.

   When 90 mmHg  was   the cutoff value for ambulatory diastolic pressure, more 
than 50 % of the group was excluded from randomization. The major reason for the 
high exclusion rate based on the ambulatory BP values compared to the offi ce pressure 
is that a relatively high percentage of patients entering these trials experience a 
white coat effect [ 3 ,  7 ,  25 ,  26 ]. There has always been substantial controversy as to 
whether patients with white coat hypertension should be included or excluded from 
participation in clinical trials of antihypertensive drugs. The viewpoint of those 
favoring inclusion of white coat hypertensive patients is that it is relevant to study 
their hemodynamic response to the new drug because it is likely that many patients 

  Fig. 20.1    Effects of patient recruitment using an offi ce diastolic blood pressure >90 mmHg and 
various awake ambulatory diastolic blood pressures as the selection criteria in antihypertensive 
drug trials (Modifi ed from [ 1 ])       
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with the white coat syndrome will have therapy prescribed by physicians who base 
treatment decisions solely on offi ce BP measurements. Although not an  unreasonable 
concern, a number of studies have demonstrated that patients with white coat hyper-
tension exhibit few changes in ambulatory BP following  antihypertensive therapy   
[ 27 ,  28 ]. The typical compromise in recent years has been to include an interme-
diate cutoff BP entry value for ambulatory BP that is lower than the offi ce BP 
entry criteria. By using the ambulatory BP criteria, fewer patients will be required 
in the randomized portion of  the   study, but the number of individuals screened in 
the single-blind period is typically increased [ 9 ,  20 ,  21 ]. Even in 2015, it remains 
commonplace to recruit about 130–140 % of the required fi nal number of patients 
who can be evaluated to assure that the statistical power required to show the 
desired changes from baseline will be achieved.  

    Multicenter Trials  to Evaluate Antihypertensive Therapy   

 A multicenter trial is a clinical trial conducted simultaneously by several  investigators 
working in different institutions, but using the same protocol and identical methods 
in order to pool the data collected and analyze them together [ 29 ,  30 ]. Two key 
reasons for conducting multicenter studies rather than single-center studies is to 
enhance patient recruitment and to make the study group more “representative” of 
the entire patient population, as there may be unique or homogeneous local 
 population characteristics from a single center. 

    Analyses of Multicenter Hypertension Trials: Relevant Problems 
for Ambulatory Blood Pressure Recordings 

 There are several problems specifi c to  multicenter hypertension trials  , including 
those utilizing ambulatory BP measurements. First, there is the “center” factor: 
incorporation of the center factor into the analysis improves the power of comparison 
of treatments. One can assess the variability among centers from the residual 
 variability in order to improve the sensitivity in detecting differences between 
 treatments. However, in the extreme situation of 1–2 patients in a center, it is not 
possible to differentiate between a center-related effect and one related to the 
 treatments. In such cases, the smallest centers should be pooled to serve as a larger 
“center” in the statistical model. 

 Second, it  is   important to evaluate whether the differences between treatment 
modalities vary outside of random fl uctuations across all centers. If a major 
 difference does exist, it may be proven statistically by performing a test of treatment 
by center interaction. 
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 It is relevant to evaluate the causes of treatment by center interactions because 
they may invalidate the principal fi ndings of a study [ 31 ], including those using 
ambulatory BP monitoring. Some of the causes of treatment-by-center interactions 
are listed in Table  20.2 . An abnormal or unusual frequency of protocol violations, 
losses to follow-up, or noncompliant patients may occur in one or more centers. 
When this occurs, it may refl ect poor adherence to the protocol or insuffi cient 
 motivation of the investigators or study coordinators at these centers. For example, 
when a center has inexperienced or apathetic personnel involved in an ambulatory 
BP monitoring protocol, there may be excessive data loss during the recording 
period, poor correlation between cuff and device measurements, or inaccuracy with 
regard to drug dosing and recorder hookup times [ 3 ,  7 ,  32 ].

   Outlier centers,    possibly because of a small number of doubtful cases, may 
decrease credibility concerning these data and may also cause a center effect. 
However, tests for outliers may be misleading in a large clinical trial. For example, 
if three or four centers are identifi ed as outliers, it is possible that these are the 
 clinics that are doing a good job while the others are not. Thus, statistical tests for 
outliers, which are essentially tests of homogeneity, must be used carefully and 
intelligently by the statisticians in charge of the fi nal analyses. Finally, real  variations 
of differences between treatments according to centers may occur and restrict the 
general applicability of the results.  

     Bias in  a Multicenter Trial Using Ambulatory 
Blood Pressure  Monitoring   

 Bias enters into a multicenter trial through two primary mechanisms: selection bias 
and misclassifi cation bias. An example of selection bias in an antihypertensive drug 
trial involving ambulatory BP monitoring might be recruiting a more severely 
hypertensive population to avoid inclusion of white coat hypertensives. Many 
investigators have learned to avoid screen failures (Fig.  20.1 ), which has a possible 
fi nancial impact on the center, so they will enroll either a patient with higher clinic 
pressures or one who has a “known” ambulatory BP from a previous trial. 
Misclassifi cation bias in the multicenter trial is exemplifi ed by clinic BP  measurement 
error (e.g., using improper methodology for measurement) and may induce a center 
effect if untrained or inexperienced personnel are used. Misclassifi cation bias is 

   Table 20.2    Causes of treatment-by-center interactions in multicenter clinical trials   

 Differences in patient features from one center to another 
 Abnormal frequency of protocol violations, losses to follow-up, or noncompliance in one or more 
centers 
 Outlier center (small number of “doubtful” cases) 
 Real variations of differences between treatments according to centers 

  From [ 32 ]  
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probably uncommon in studies using experienced investigators and coordinators, 
but in recent multinational, multicenter trials, the use of centers inexperienced in 
performing clinical research and measurement errors have become more prevalent.  

    Practical Concerns in the Conduct of Multicenter Trials That 
 Use Ambulatory Blood Pressure Recorders   

 The use of ambulatory BP monitors in a clinical trial requires the availability of 
skilled, trained technicians. Multiple devices are necessary in order to complete a 
clinical trial in a timely fashion, to facilitate the scheduling of large numbers of 
participants and to minimize the impact of mechanical problems when they occur. 
These requirements increase study costs, but are critical to the success of the trial. 
An additional concern is the possibility that the data for some individuals may be 
excluded from analyses because of the poor quality of an ambulatory BP recording 
or mechanical diffi culty [ 33 ]. Rarely, the use of ambulatory BP monitoring may 
hinder recruitment efforts because certain individuals may decline participation in a 
trial as a result of the perceived burden of wearing and returning a recorder. Appel 
et al. [ 33 ] have reported that patient recruitment efforts improve when the technique 
is presented as a standard part of the study. Then the expectation is that the 
 ambulatory BP data collection is a primary part of the study [ 34 ] as opposed to an 
optional or ancillary procedure.   

    Importance of the  Placebo Effect in Clinic vs. Ambulatory 
Blood Pressure   

 It remains standard practice to include a placebo group in clinical trials involving 
antihypertensive therapy, especially studies that are considered dose ranging or 
“pivotal” during the earlier phases of drug development. Because of the marked 
variability of offi ce BP, most investigators have found it necessary to distinguish 
true drug effect from placebo effect in BP trials. Several factors might create a 
reduction in BP on placebo, including regression to the mean [ 34 ], the presence of 
a pressor response in the doctor’s offi ce that resolves the white coat effect [ 35 ,  36 ], 
and expectations of the patient and the clinical observer [ 5 ]. Unfortunately, 
 surreptitious readings may also play a role in BP reductions on placebo. 

 In contrast to studies that employ clinic pressure as the primary means to obtain 
 the   primary study end point, the placebo effect is either minimal or absent when 
ambulatory BP monitoring is used in antihypertensive drug trials [ 37 – 39 ]. The lack 
of observed placebo effect on ambulatory BP is probably secondary to both the lack 
of observer bias and the increased number of BP values obtained over a 24-h study 
period. In contrast, ambulatory BP monitoring probably would not remove 
 regression to the mean or other potential patient factors that contribute to the  placebo 

20 Ambulatory Blood Pressure Monitoring in Clinical Trials of Drugs and Devices



378

effect. In fact, it is somewhat diffi cult to separate the regression to the mean effect 
from the placebo effect and the decrease in a white coat effect over time. This 
 phenomenon of regression to the mean in an ambulatory BP monitoring study has 
been shown quite clearly in a study by White et al. [ 40 ]. In this trial, patients with 
hypertension were randomized to receive either placebo or  controlled-onset 
extended- release (COER)   verapamil for 8 weeks after a 3–4-week single-blind 
 placebo baseline period. The patients were then divided into those with BP fall by 
>10 % during sleep compared to their awake values (dippers) and those with BP 
falls by <10 % during sleep (non-dippers). In the non-dipper patients randomized to 
receive placebo, nocturnal systolic BP fell by 4 mmHg compared to the fi rst  baseline 
study (also on placebo but during the single-blind period). In the dipper patients 
randomized to receive placebo, nocturnal systolic BP increased by about 4 mmHg 
compared to the baseline BP. Thus, the spread between the two types of patients in 
the placebo group for nocturnal pressure was nearly 8 mmHg (Fig.  20.2 ).

   The changes  in   nocturnal BP on active drug were also consistently greater across 
all doses and greater in non-dippers compared to dippers. Thus, if this substantial 
regression to the mean on placebo had not been accounted for, the response to active 
treatment with COER verapamil in the dippers would have been underestimated 
and the response in the non-dippers would have been overestimated. 

  Fig. 20.2    Changes in nocturnal (10 PM to 5 AM) blood pressure (BP) from baseline measured by 
ambulatory BP monitoring in dippers (decline in mean BP from the daytime period to the noctur-
nal period was >10 %) contrasted with changes in nocturnal BP in non-dippers (<10 % decline in 
nocturnal BP) on placebo and four doses of controlled-onset extended-release (COER) verapamil 
(Modifi ed from [ 40 ])       
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 More recently, Bakris et al. [ 41 ] randomized 849 patients with resistant 
 hypertension to darusentan (a selective endothelin-A receptor antagonist), placebo, 
and guanfacine (central α-2 agonist). At 14 weeks, the systolic BP in the placebo 
group decreased by 14 ± 14 mmHg in the offi ce measurements, while the mean 24-h 
systolic BP only decreased by 2 ± 12 mmHg. Hence, when mean 24-h BP is taken 
into account, the placebo effect is dramatically attenuated. While the drop in clinic 
systolic BP at 14 weeks with darusentan was not signifi cantly different from placebo, 
the mean 24-h systolic BP was lower  for   darusentan group ( p  < 0.001) (Fig.  20.3 ).

   A study by Mutti et al. [ 39 ] reported a signifi cant 10/3 ± 3/2 mmHg fall in offi ce 
BP after 4 weeks of placebo, whereas the overall 24-h BP was unchanged. However, 
the ambulatory BP did fall slightly during the fi rst 8 h of placebo administration, 
which the authors attributed to the white coat effect. Of note is that this initial fall 
did not have a statistical effect on the overall mean BP and thus ambulatory BP 
monitoring still allowed for better characterization of the placebo effect. 

 In a much longer-term study by Staessen et al. [ 42 ] in older patients with isolated 
systolic hypertension, one treatment arm was randomized to placebo for 1 year. 
Compared to the baseline period, the clinic systolic BP fell by 7 ± 16 mmHg on 
placebo and the 24-h systolic BP fell by just 2 ± 11 mmHg. Because the ambulatory 
BP has a superior repeatability index compared to the clinic pressure, the changes 
in 24-h systolic BP met statistical signifi cance, whereas  the   larger mean reduction 
in clinic BP showed only a trend ( p  = 0.06). Because this was a patient population 
with normal diastolic BP, there were no statistically signifi cant changes in clinic or 
ambulatory diastolic BP on placebo therapy during this study. The authors also 
noted that the 24-h systolic BP was more likely to decrease on placebo if it was 
higher at baseline and if the follow-up was longer. The authors discounted  regression 
to the mean or the white coat effect as having an impact on these placebo effects and 
recommended that long-term studies in older patients using noninvasive  ambulatory 
BP monitoring require a placebo-controlled design.  

  Fig. 20.3    Difference in mean 24-h ambulatory systolic ( a ) and diastolic ( b ) BP after 14 weeks of 
treatment with placebo, darusentan, and guanfacine. *** p  < 0.001 as compared with placebo or 
guanfacine (From [ 41 ])       
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    Analysis of Ambulatory Blood Pressure Data 
in Antihypertensive Drug  Trials   

 Data from ambulatory BP studies in hypertension trials can be analyzed in a number 
of ways (Table  20.3 ). Features of any method of analysis for ambulatory BP data 
should include the statistical ease of calculation, clinical relevance of the measure, 
and relationship of the parameter to the hypertensive disease process. The most 
popular methods remain the change from baseline in the 24-h systolic and diastolic 
BP and the visual assessment of the hourly curves over 24 h. However, the use of 
daytime and nighttime means (or preferably awake and sleep values), blood  pressure 
loads (the proportion of values above a cutoff value during wakefulness 
[>140/90 mmHg] or sleep [>120/80 mmHg] divided by the total number of BP 
readings), area under the 24-h BP curve (AUC), and smoothing techniques designed 
to remove some of the variability from the raw BP data analysis are also among the 
utilized methods of analysis [ 1 – 4 ,  9 ,  10 ].

   The 24-h mean  BP   remains an important parameter for evaluation in antihy pertensive 
drug trials because it appears to be a strong predictor of hypertensive target organ disease 
[ 2 ], is easy to calculate, utilizes all of the ambulatory BP data, and as previously 
 mentioned, is remarkably reproducible in both short-term [ 6 ] and long- term [ 21 ] studies. 

 The blood pressure load has been used as a simple method of analysis in 
 evaluating the effects of antihypertensive drugs. Blood pressure load has been 
defi ned as the percentage of BPs exceeding 140/90 mmHg while the patient is 
awake plus the percentage of BPs exceeding 120/80 mmHg during sleep [ 43 ]. A 
number of years ago, we evaluated the relationship between this BP load and  cardiac 
target organ indexes in previously untreated hypertensives. At a 40 % diastolic BP 
load, the incidence of LVH was nearly 80 %, but below a 40 % diastolic BP load, 
the  prevalence of LVH fell to about 8 %. In contrast, the offi ce BP and even the 24-h 
average BP were not as discriminating in predicting LVH in this group of previously 
untreated patients. Thus, in mild to moderately hypertensive patients, one would 
desire a low (conservatively <30 %) BP load while being treated with  antihy pertensive 
drug therapy. 

   Table 20.3    Methods for evaluating ambulatory blood pressure data in clinical trials         

 24-h means (and standard deviation as a measure of variability) 
 Awake and sleep means based on patient diaries or activity recorders 
 Hourly means 
 Blood pressure load (proportion method) 
 Area under the blood pressure curve 
 Placebo-subtracted curves showing hourly means 
 Various data smoothing techniques (including cosinor analyses or fast Fourier transformation) 
 Modeling of 24-h curves 
 Trough-to-peak ratio (for once or twice daily drugs) 
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 In studies in which the patient population has a greater range in BP, the 
 proportional (or percentage) BP load becomes less useful. Because the upper limit 
of the BP load is 100 %, this value may represent a substantial number of  individuals 
with broad ranges of moderate to severe hypertension. To overcome this problem, 
we devised a method to integrate the area under the ambulatory BP curve and relate 
its values to predicting hemodynamic indices in untreated essential hypertensives 
[ 10 ].    Areas under the BP curve were computed separately for periods of  wakefulness 
and sleep and combined to form the 24-h AUC. Threshold values were used to 
 calculate AUC such as 135 or 140 mmHg systolic while awake and 85 or 90 mmHg 
diastolic while awake. Values during sleep were reduced to 115 and 120 mmHg 
systolic and 75 and 80 mmHg diastolic. 

 Smoothing of ambulatory BP data may be used to aid in the identifi cation of the 
peak and trough effects of an antihypertensive drug. The extent of variability in an 
individual’s BP curve may be large as a result of both mental and physical activity; 
thus, evaluating the peak antihypertensive effect of a short- or intermediate-acting 
drug may be diffi cult. Other than the benefi ts associated with examining pharmacody-
namic effects of new antihypertensive drugs, data and curve smoothing for 24-h BP 
monitoring appear to have little clinical relevance. Furthermore, editing protocols are 
not uniform in the literature, and missing data may alter the balance of mean values 
for shorter periods of time. To avoid excessive data reduction in a clinical trial, one 
statistical expert suggested that data smoothing should be performed on individual BP 
profi les rather than on group means [ 44 ].  

    Situations in Which Ambulatory Blood Pressure Monitoring 
Has Been Useful in Antihypertensive Drug Trials 

    Treating the White-Coat Hypertensive  Patient   

 The inclusion of white coat hypertensive patients in an antihypertensive drug trial 
that uses only clinic BP criteria for study entry will have a potentially confounding 
effect on effi cacy, because these patients are not hypertensive outside of the medical 
care environment [ 7 ,  8 ,  11 ,  13 ]. Furthermore, patients may develop excessive 
 drug-induced side effects without much change in BP, especially if titration of the 
dose is based on offi ce pressures. 

 In  a   study by Weber et al. [ 28 ], a sustained fall in BP was found across a study 
group taking a long-acting form of diltiazem. In a subset of six patients who had 
hypertensive offi ce BP readings but whose ambulatory BPs were normotensive (i.e., 
a white coat hypertensive group), no signifi cant ambulatory BP changes from 
 placebo baseline (0/1 mmHg) were observed. In contrast, the diltiazem therapy 
decreased 24-h BPs by 18/13 mmHg in the subgroup of nine patients who were 
hypertensive by both offi ce and ambulatory BP. Thus, treating white coat 
 hypertensive patients may be of little to no benefi t if the only place where BP 
 reduction is observed is in the medical care environment.  
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    Utility of Ambulatory Blood Pressure Monitoring 
in  Dose- Finding Studies   

 Since the early 1990s, numerous studies have been performed with ambulatory BP 
monitoring to fully assess the effi cacy of a wide range of doses of new antihy pertensive 
agents. The advantage of ambulatory BP monitoring in dose-fi nding studies is the 
ability to discern differences among the doses with smaller numbers of study 
 participants compared to the sample size requirements when clinic pressures are used. 

 Examples are shown next. 

     Eplerenone   

 The effi cacy of eplerenone, a novel selective aldosterone receptor antagonist, was 
studied in patients with essential hypertension using a multicenter, randomized, 
placebo-controlled design [ 45 ]. In this trial, the drug was assessed using a once- 
daily dosing regimen of either 25 or 200 mg. Clinic and ambulatory BPs were com-
pared to both baseline values and the effects of placebo. As shown in Fig.  20.4 , there 
was a dose-related reduction in BP at the trough for both clinic and ambulatory 
BP. The ambulatory BP values were better at delineating the dose–response than the 
clinic BP readings.

  Fig. 20.4    Changes from baseline in ambulatory vs clinic systolic blood pressure in a dose-ranging 
trial with a selective aldosterone antagonist, eplerenone (Data from [ 45 ])       
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        Utility of Ambulatory Blood Pressure Monitoring 
in  Comparator Trials   

 Ambulatory BP monitoring has been very helpful in comparing antihypertensive 
drugs, especially when assessing duration of action. Numerous examples in the 
 literature illustrate this benefi t, including the superiority of ambulatory BP over 
clinic BP in assessing the trough-to-peak ratio of various agents [ 46 ]. 

    Comparisons Within the Same  Class   

 In a multicenter study, Neutel et al. [ 47 ] compared the β-blockers bisoprolol and 
atenolol in 606 patients using both clinic and ambulatory BP. Following therapy, 
trough BP in the clinic was reduced 12/12 mmHg by bisoprolol and 11/12 mmHg 
by atenolol. Although these changes were signifi cantly different from baseline 
 therapy, there were no differences when comparing the effects of each drug. In 
 contrast, daytime systolic and diastolic BPs (6 AM to 10 PM) and the last 4 h of the 
dosing interval (6–10 AM) were lowered signifi cantly more by bisoprolol than by 
atenolol. This fi nding was present whether the assessment was made by  examination 
of the overall means, area under the curve, or BP loads. These data demonstrated 
that despite there being no difference in offi ce BP, bisoprolol had signifi cant 
 differences in effi cacy and duration of action compared with atenolol when assessed 
by 24-h BP monitoring. 

 The antihypertensive efficacy of the selective angiotensin II receptor 
 antagonists azilsartan medoxomil, valsartan, and olmesartan medoxomil was 
compared with placebo in a randomized, multicenter, parallel group, 
 double-blind trial of 1291 patients with hypertension [ 48 ]. Azilsartan medoxomil 
is metabolized to azilsartan, an active metabolite with potent angiotensin II type 
1 receptor antagonist properties. After 2 weeks of single-blind placebo baseline 
treatment, patients were randomized to receive 160 mg valsartan, 20 mg of 
olmesartan, 20 or 40 mg azilsartan medoxomil or placebo once daily. The doses 
were up-titrated to double the initial dose after 2 weeks and maintained until 
week 6 after randomization. Based on placebo-adjusted 24-h BP measurements, 
the reductions in systolic BP were -14.3 mmHg for azilsartan, -11.7 mmHg for 
olmesartan, and -10.0 mmHg for valsartan. Changes in BP induced by  azilsartan 
were significantly greater than the reductions in BP observed with olmesartan 
( p  = 0.009) and valsartan ( p  < 0.001) (Fig.  20.5 ). The decreases in blood  pressure 
measured in the office using digital devices were consistent with the changes 
from baseline in the mean 24-h BP measurements in this study. This contrasts 
with prior findings by Mallion et al. [ 49 ] where office BP did not demonstrate a 
blood pressure difference between telmisartan and losartan, while ambulatory 
BP monitoring was able to identify a more drop of systolic BP for the  telmisartan 
group compared to the losartan group at 18–24-h after the dose was 
administered.
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       Comparisons of Drugs in Different Classes 

  The Anglo-Scandinavian Cardiac Outcomes Trial-Blood Pressure Lowering Arm 
(ASCOT-BPLA)   compared the prevention of cardiovascular events from an 
 antihypertensive regimen based on a calcium channel blocker (amlodipine 5–10 mg 
once daily) in combination with an angiotensin-converting enzyme inhibitor (perin-
dopril 4–8 mg once daily) to a combination of a beta blocker (atenolol 50–100 mg 
once daily) and a thiazide diuretic (bendrofl umethiazide 1.25–2.5 mg once daily) 
[ 50 ]. In a substudy of the ASCOT-BPLA, Dolan et al. compared the ability of 
 ambulatory BP versus offi ce BP to predict cardiovascular events [ 51 ]. The substudy 
randomized 1905 patients to either amlodipine- peridopril or atenolol-thiazide 
 regimens. Both ambulatory and offi ce BP were correlated with cardiovascular 
events, but the ambulatory BP monitor demonstrated that nocturnal BP was reduced 
to a greater extent by amlodipine- perindopril versus atenolol-thiazide therapy. 

 The ASCOT BPLA substudy also demonstrated a lower risk for cardiovascular 
events in the amlodipine-perindopril group. The hazard ratio was further 
 strengthened when integrating nighttime systolic BP values with accumulated mean 
offi ce BP in a multivariate model. These data suggested that the addition of 
 ambulatory BP allowed for improved characterization of the prognostic  implications 
of different drug regimens in a clinical outcome trial [ 50 ].    

  Fig. 20.5    Change in systolic BP from baseline after 6 weeks of treatment with placebo, 40 or 
80 mg of azilsartan medoxomil (AZL-M), 320 mg of valsartan (VAL), and 40 mg of olmesartan 
(OLM-M) (Modifi ed from [ 48 ])       
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    Use of Ambulatory Monitoring to Assess the  Effects of Dosing 
Time   

 In general, when antihypertensive therapies are administered, there is an attempt to 
match the effects of a drug to the timing of the BP variability [ 52 – 54 ]. In the case of 
hypertension and coronary artery disease, this imparts a great deal of clinical 
 relevance because BP and heart rate have distinct, reproducible circadian rhythms. 
In most patients, the BP and heart rate are lowest during sleep and highest during 
the day. As noted previously by several authors in this volume, most cardiovascular 
diseases, including myocardial infarction [ 55 ]), angina and myocardial ischemia 
[ 56 ], and stroke [ 57 ], have circadian patterns that are all characterized by the  highest 
incidences in the early morning hours. 

     Timing of Drug Administration   

 Several authors have made attempts to alter the effects of conventional drugs by 
dosing them prior to sleep vs upon arising [ 58 – 65 ]. In one of these studies [ 64 ], the 
angiotensin-converting enzyme inhibitor (ACE)  quinapril   was dosed in the early 
morning vs at bedtime in 18 moderately hypertensive patients. The study was 
 conducted in a double-blind crossover design with quinapril dosed at either 8 AM 
or 10 PM for 4 weeks in each period. Ambulatory BP monitoring was carried out 
before and at the end of each 4-weeks double-blind period. Daytime BP was reduced 
similarly by both dosing regimens. In contrast, nighttime systolic and diastolic BP 
was decreased to a signifi cantly greater extent with the evening administration of 
quinapril. Measurement of ACE activity showed that evening administration of 
 quinapril   induced a more sustained decline in  plasma   ACE but not a more 
 pronounced change. The fi ndings in this study are of substantial interest because 
nocturnal BP has largely been ignored in the past [ 63 ], and in many types of 
 hypertensive patients the BP during sleep may remain elevated despite “normal” BP 
measurement in the doctor’s offi ce. 

 The MAPEC (Monitoración Ambulatoria para Predicción de Eveventos 
Cardiovasculares)  stud  y [ 59 ] from Spain randomized 2156 participants with 
 hypertension and instructed them to ingest all their antihypertensive medications 
upon awakening versus taking one or more at bedtime. The bedtime medication 
group had improvement in ambulatory BP control, reduction in the occurrence of 
non- dipping pattern, and a lower risk (relative risk 0.39,  p  < 0.001) for  cardiovascular 
events (median time = 5.6 years). Cardiovascular events were defi ned in terms of all 
cause mortality and morbidity including: angina, coronary artery disease  (myocardial 
infarction or coronary revascularization), heart failure, peripheral vascular disease 
(lower extremity or retinal arterial occlusions), aortic aneurysmal rupture, and 
stroke (hemorrhagic, ischemic, and transient ischemic attack). Further studies from 
the same research group had reproducible results with benefi t of bedtime dosing of 
antihypertensive medication on cardiovascular morbidity and mortality [ 61 ]. 
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 Other studies [ 66 – 68 ] show that little change in BP or heart rate occurs by 
 altering the dosing time of these long-acting agents to nighttime. However, most of 
the studies have small sample sizes and had low statistical power to show changes 
less than 5–10 mmHg in ambulatory BP. Thus, whether or not altering the dosing 
time of a long-acting antihypertensive agent truly changes the level of ambulatory 
BP has not been shown with any great degree of confi dence.   

    Situations in Which Ambulatory Blood Pressure Monitoring 
Has Been Useful in Antihypertensive Device Trials 

    Utility of Ambulatory Blood Pressure Monitoring in Evaluation 
of  Treatment Effi cacy of Renal Sympathetic   Denervation 

 Renal sympathetic denervation by radiofrequency ablation is an emerging 
 technique to treat severe and drug-resistant hypertension. The goal of the  procedure 
is to disrupt the sympathetic nerves overlying the renal artery and attenuate the 
release of catecholamines [ 69 ,  70 ]. The fi rst randomized, controlled trial using 
this technology (SYMPLICITY HTN-3)    [ 71 ] evaluated the change in ambulatory 
systolic BP at 6 months with renal denervation as compared to a sham procedure. 
The trial randomized 535 patients with drug-resistant hypertension, but failed to 
demonstrate a benefi t of renal sympathetic denervation on changes in offi ce 
BP. Bakris et al. [ 72 ] later published the ambulatory BP monitoring results from 
SYMPLICITY-3. There was no difference in the change from baseline in 24 h 
ambulatory BP between treatment groups; the nocturnal systolic BP trended to be 
lower following renal denervation (−3.3 mmHg,  p  = 0.06, versus sham procedure). 
Still it is unknown whether reductions in sympathetic nervous system activation 
may modulate benefi cial effects on nighttime BP control, a key factor in 
 cardiovascular risk prevention. 

 The fi ndings  of   SYMPLICITY-3 [ 71 ] contrast with results from prior uncon-
trolled and unblinded studies [ 73 ,  74 ]. These open-label studies demonstrated large 
reductions in clinic BP and much more modest reductions in ambulatory BP, 3–6 
months after renal denervation. However, with lack of blinding and sham-control, 
the strength of evidence in these prior studies is limited. 

 Mahfoud et al. [ 73 ] pooled data from a series of 346 renal denervation patients 
who had had uncontrolled hypertension by offi ce measurements and divided them 
into true and pseudo-resistant hypertension based on the ambulatory systolic BP. If 
the 24-h mean systolic BP was <130 mmHg, they were considered  pseudo-resistant. 
In patients with true resistant hypertension, renal denervation signifi cantly 
decreased the 24-h systolic and diastolic BP by −11.7/−7.4 mmHg ( p  < 0.007) at 12 
months. However, renal denervation did not signifi cantly decrease ambulatory BP 
in the pseudo-resistant hypertension group despite a large reduction in offi ce BP 
(Fig.  20.6 ).
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   These results demonstrated that ambulatory BP was a superior means to assess 
blood pressure responses in patients undergoing renal denervation. The differential 
response of ambulatory and offi ce blood pressures to renal denervation can be 
explained in part by observer bias, white coat effect, and perhaps disparities in the 
physiologic basis for true resistant hypertension versus pseudo-resistant hyperten-
sion [ 41 ,  73 ]. 

 While the effi cacy of renal denervation in the fi rst sham-procedure trial was not 
signifi cant, numerous issues related to the lack of effectiveness have been identifi ed 
[ 75 ] and it is expected that numerous newly designed device trials will be initiated 
as technological advances occur [ 76 ,  77 ].  

  Fig. 20.6    Systolic blood pressure (SBP) and diastolic blood pressure changes (compared to base-
line BP) in all patients, in patients with true and with pseudo-resistant hypertension at 3 months 
(3M), 6 months (6M), and 12 months (12M) after renal denervation. Panel A represents offi ce 
blood pressure measurement and panel B represents 24-h mean BP by ambulatory BP monitoring. 
Adapted from [ 73 ]       
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    Ambulatory Blood Pressure Monitoring in  Community-Based 
Trials   

 Traditional clinical trials in hypertension measure the effi cacy of anti-hypertensive 
drugs, but may not fully assess their effectiveness in clinical practice. Thus, it was 
relevant to evaluate a community-based trial that could provide this information using 
an open-label design without being subject to observer bias. To meet this requirement, 
White et al. [ 78 ] (Fig.  20.7 ) used ambulatory BP monitoring to overcome these 

  Fig. 20.7    Effects of telmisartan or telemisartan and hydrochlorothiazide on 24-h ambulatory BP 
( upper panel ) and the last 4 h of the dosing interval ( lower panel ) from the MICCAT-2 trial. 
Patients were characterized as having a morning surge if their early morning BP exceeded the pre- 
awakening sleep BP by 30 mmHg systolic (Modifi ed from [ 78 ])       
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 shortcomings in a large community-based trial involving more than 600 medical 
 practices in the United States. Patients with hypertension, either untreated or currently 
on treatment, were started on, or switched to, the angiotensin receptor blocker 
 telmisartan 40 mg daily; after 2 weeks, if offi ce BP remained >140/85 mmHg, the 
dose was increased to 80 mg and, if necessary, hydrochlorothiazide 12.5 mg added 
after a  further 4 weeks and continued for the fi nal 4-week period. Twenty-four- hour 
ABPM was performed at baseline and at the end of the treatment period. Baseline and 
treatment ambulatory BP measurements were completed in 940 previously untreated 
patients and 675 previously treated patients. The average reduction of the entire cohort 
was −10.7/−6.5 mmHg ( p  > 0.0001; 24-h BP averages were reduced by 12/8 and 
8/5 mmHg in untreated and previously treated patients, respectively). In contrast, the 
offi ce BPs fell by an average of 23/12 and 17/10 mmHg in previously untreated and 
treated patients. In 401 patients whose baseline 24-h BP was >130/85 mmHg, the 
mean decrease in 24-h BP was 16.8/11.4 mmHg. Based on the ambulatory BP criteria, 
the BP was fully controlled (<130/85 mmHg) in 70 % of patients and, based on offi ce 
measurement criteria (<140/90 mmHg), in 79 %. Thus, observer and measurement 
bias was substantially based on the changes from baseline by clinical measurements 
in contrast to ambulatory BP recordings. The successful use of this procedure in 
 primary care research will create further opportunities to defi ne the  effectiveness   of 
treatment in the environment in which it is customarily prescribed.

        Conclusions 

 The data from the past 15–20 years of clinical trials now overwhelmingly support 
the usefulness of ambulatory BP monitoring in the assessment and development of 
new antihypertensive drugs. Numerous reports show that the ambulatory BP is a 
powerful, independent predictor of cardiovascular morbidity. Additionally, several 
studies also show that ambulatory BP monitoring has excellent potential as a tool to 
aid in the management of hypertension, including determining whether the  initiation, 
adjustment, and withdrawal of antihypertensive treatment should be considered. 
Finally, based on most analyses, ambulatory monitoring of the BP is, at worst, 
 cost-neutral and should become cost-effective in most countries when used for the 
appropriate clinical diagnoses and charged for at reasonable costs.     
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    Chapter 21   
 Out-of-Offi ce Monitoring in Clinical Practice       

       Raymond     R.     Townsend     

            Introduction 

 Clinical undertaking of an ABPM program is no small endeavor. Current 
 reimbursements are marginal and start up, as well as maintenance, costs are 
 signifi cant. A checklist for one’s resolve in undertaking the establishment of 24-h 
ABPM might include the following:

•                The purchase of software and of ABPM devices.  
•   Training of staff to initialize, manage, and enable draft ABPM reports.  
•   Education of patients while wearing the ABP monitor.  
•   Expectations of what constitutes an “adequate” ABPM recording.  
•   A plan to deal with phone calls while patients are wearing the ABP Monitor.  
•   What to do with the diary that patients bring back to the clinic?  
•   Recognition of patterns on ABPM and adequate expertise to comment on the 

clinical question that generated the ABPM request.     

     Reasons   Why Out-of-Offi ce Monitoring is Useful 

 Many chapters in this book review select aspects of either the circadian rhythm, or 
the value of Out-of-Offi ce monitoring in a number of clinical circumstances. 
Table  21.1  provides at a glance some reasons for conducting ABPM studies in 
 clinical practice as espoused by recent guidance documents on blood pressure 
 monitoring in the US, Canada, and Europe with examples in this chapter.

        R.  R.   Townsend ,  M.D.      (*) 
  Perelman School of Medicine ,  University of Pennsylvania , 
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  Fig. 21.1    53-year-old man on no medications with elevated offi ce BP. In this and subsequent fi gures, 
a faint  dotted line  shows the systolic BP value of 140 mmHg from 0600 h to 2200 h; from 2200 h to 
0600 h (corresponding to typical night time) the dotted line shows the systolic BP value of 120 mmHg       

  Fig. 21.2    64-year-old man on no medications with elevated offi ce BP       
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  Fig. 21.4    58-year-old woman with offi ce BP > 140 mmHg systolic       

  Fig. 21.3    37-year-old man with normal offi ce BP       
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  Fig. 21.5    62-year-old woman with offi ce BP > 150 mmHg systolic       

  Fig. 21.6    68-year-old woman with offi ce BP 162/100 mmHg       
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  Fig. 21.8    53-year-old woman with erratic offi ce blood pressures       

  Fig. 21.7    77-year-old man with chronic kidney disease and offi ce BP of 150/88 mmHg       
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  Fig. 21.9    55-year-old woman with pheochromocytoma       

  Fig. 21.10    64-year-old woman with dizziness       
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  Fig. 21.12    33-year-old man with unexplained left ventricular hypertrophy       

  Fig. 21.11    31-year-old man considering becoming a kidney donor       

 

 

R.R. Townsend



403

       Preparing an ABPM  Report   

 It is important to delineate the sleep and awake times, and whether a nap occurred 
during the period of study. The diary can be helpful, but patients need coaching for 
diary contents to be of use. In addition to noting times of sleep/awake/naps, it can 
be informative for the presence of symptoms like dizziness, or extreme fatigue, as a 
place to record an activity like exercise (treadmill, gym), and also as a place to 
annotate medication taking, or as a place to note something out of the ordinary 
which the patient feels may be informative. The use of the diary in the interpretation 
of ABPM is subjective as there is little in guidance documents outside of recording 
the time to bed and time to rise for diary usage. In some of the examples in this 
 section, the diary is used to help interpret the 24-h data. Most ABP monitors allow 
the option of additional blood pressure measurement outside the timed protocol 
used to confi gure the automated blood pressure measurement. These extra blood 
pressures are typically marked with a letter such as an “M” in the raw data section 
of the ABP report; thus, examining the diary entry around this time may help to link 
symptoms with blood pressure deviations when clinically appropriate. 

 Next for consideration is a determination of the number of readings successfully 
obtained. If one programs the monitor for every 20 min during the day (06:00–22:00 h) 
and every half hour during the night (22:00–06:00 h), you could anticipate having 60 
readings available (not counting the manual readings taken in the offi ce to assure 
monitor function) for a 24-h ABPM. Opinions differ, but most centers like to see at 
least 70 % of the expected ABPM readings successfully obtained [ 1 ]. 

 Most  ABPM   programs allow the use of a “caliper” or equivalent capability that 
lets the operator put in the time a patient went to bed and the time they arose. These 
summaries are useful for determining the actual daytime and nighttime BP averages 
(and the average reduction during the time the patient reports as asleep). 

 It is also useful  to   examine the overall 24-h raw data in terms of gaps (sometimes 
patients remove the device for several hours) and for overall variability (see examples 
below that emphasize these points). 

 Although there is no universally agreed upon template for an ABPM report, most 
centers who use ABPM will report the number of successful readings, the daytime 
and nighttime averages, whether or not the readings appear to be in the “hyperten-
sive range” when white coat  hypertension   is the clinical question, and any comments 
from the interpreter of noted patterns in the 24-h ABPM data. When the question is 
something other than “Does this patient have white coat hypertension,” we typically 
try to address it with additional commentary. A remarkable variety of patterns have 
been noted in the clinical examination of 24-h ABPM patients. 

 Each manufacturer of an ABP monitor typically has customizable software that 
allows incorporation of a potentially large amount of data and graphics into a report. 
Table  21.2  contains recommendations for what should, at a minimum, be 
 incorporated into the report as suggested by societies that have written guidance 
documents outlining the value of ABPM.
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       Addressing the Clinical  Questions   

 In addition to the standard question, “Does this patient have white coat 
 hypertension?,” there are a myriad of other circumstances that complicate the 
 outpatient management of hypertensive patients including:

•    Are symptoms reported by this patient corroborated by a blood pressure 
abnormality?  

•   Is this person a reasonable kidney donor?  
•   Is this person’s antihypertensive regimen truly controlling their blood pressure?  
•   Does this person have something in their blood pressure profi le that may indicate 

that I need to do something different in their management?  
•   Is this person’s blood pressure control “all over the place?”  
•   Do these ABPM data help me to understand why the patient is dizzy, or even 

pre-syncopal?    

  What   follows next are some examples of the utility of ABPM in managing a 
variety of patients with blood pressure disorders. Each scenario will include a brief 
capsule of the clinical question addressed, followed by a 24-h ABPM graphic and a 
concise interpretation of the ABPM data.  

    Clinical Examples (See Table  21.1 ) 

 In the following examples, the format used is a brief “Clinical:” stem, followed by 
a graphic of the raw ABPM data. The raw graphed data provide a preferential view 
of the 24-h output because hourly averaged BP hides variability and can conceal 
low or high values of BP when they are fl anked by relatively normal values. Each 
example has an “Impression” completing each case. 

    A Non-medicated Patient with Elevated Offi ce Blood  Pressure   

  Clinical : 53-year-old man on no antihypertensive agents with in-offi ce values 
>140/90 mmHg on several occasions. He has no known history of CV disease. 

   Table 21.2    Recommendations for what to include in an ABPM report   

 Patient demographics (age, gender, medical 
record number) 

 Number (and percentage) of successful 
readings 

 Why the recording was undertaken  Average 24 h, daytime, and nighttime blood 
pressures 

 Graphic display of BP and heart rate readings  An impression that addresses the clinical 
question 
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  Impression : The daytime average of this patient is 122/80 mmHg, which is not in 
the hypertensive range. He satisfi es the criteria for untreated white coat   hypertension   
and his elevated BP at the time of monitor application persisted for about an hour after 
the fi rst reading; it can take an hour or more for the “white coat effect” to attenuate 
after monitor application [ 2 ]. He does not, however, have sleep  suppression evident, 
and this patient likely requires more vigilance in follow-up. Other chapters in this 
textbook review the importance of nocturnal BP declines (See, for example, Chap.   6    ). 

  Clinical : 64-year-old man on no antihypertensive agents with elevated in-offi ce 
values of >150/90 mmHg on several occasions. 

  Impression : In this instance, the daytime ABPM data confi rms the diagnosis of 
hypertension and negates the diagnosis of white coat hypertension. Initiating 
 antihypertensive therapy would be reasonable here.  

    Unmedicated Patient with Normal Offi ce Blood  Pressure   

 Some patients report elevated readings outside the offi ce despite having what 
appears to be reasonable BP control in the offi ce; Dr. Thomas Pickering labeled this 
phenomenon “masked” hypertension [ 3 ]. 

  Clinical : 37-year-old man followed for gastroesophageal refl ux reports that his 
blood pressure was high when checked by a friend using their home BP monitor. In 
prior offi ce visits over the past 2 years, BP values of 120–130 mmHg systolic and 
diastolic values of 80 mmHg or less were recorded in the offi ce before ABPM was 
performed. 

  Impression :    Virtually every reading in the ABPM is above 140 mmHg. This 
 un- medicated patient with repeated normal in-offi ce values actually has masked 
hypertension.  

    Patients with Elevated Offi ce Blood Pressure 
on  Antihypertensive Drug Therapy   

 Receiving antihypertensive therapy does not necessarily abrogate a “white coat 
effect” on the in-offi ce BP. The term “white coat effect” is often used after treatment 
has been initiated to distinguish the in-offi ce elevation of blood pressure as a fi nding 
in a treated hypertensive patient who shows higher levels in-offi ce compared to at 
home (or by ABPM) compared with “white coat hypertension,” which usually 
implies that the patient is normotensive outside the clinic setting. 

  Clinical : 58-year-old woman with hypertension treated with a beta blocker. Her 
in-offi ce systolic BP values are >140 mmHg. 

  Impression : Her daytime blood pressure is 122/84 mmHg, which represent 
 reasonable daytime blood pressure control. High in-offi ce values are likely a white 
coat effect that overrides the antihypertensive drug. 
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  Clinical : 62-year-old woman receiving an angiotensin receptor blocker (ARB) 
and a diuretic for therapy of hypertension. In-offi ce systolic BP values are 
>150 mmHg. 

  Impression : This patient had a daytime average of 144/87 mmHg that roughly 
correlates with in-offi ce values in the low 150 mmHg range, and in-offi ce diastolic 
values slightly over 90 mmHg. In this instance, this patient does not have white coat 
effect, but rather treated, uncontrolled, hypertension. 

  Clinical : 68-year-old woman seen in the offi ce after a recent visit to the hospital 
emergency department for abdominal pain. In-offi ce readings were 162/100 mmHg 
on an antihypertensive regimen that included an ACE-inhibitor and a beta-blocker. 

  Impression : In this case, the daytime pressures of 125/81 mmHg coupled with 
reasonable reductions in BP during sleep were useful information to the referring 
provider for continuing the current antihypertensive regimen. There are a few 
 elevated readings in the evening likely associated with a brisk evening walk. The 
important thing, however, is to consider the average of the awake values rather than 
the occasional outlier reading.  

    Patients with Variable Offi ce Blood Pressures 
on Antihypertensive  Therapy   

 In some cases, the patient displays erratic in-offi ce values, sometimes controlled on 
medications, sometimes very low, and sometimes quite high. In these situations, 
home monitoring of BP, if it can be reliably undertaken, may be a useful adjunct to 
interpretation of BP behavior over time. The example provided next, however, is of 
such a patient who would not take her BP at home, convinced that “those things 
don’t work.” 

  Clinical : 53-year-old woman on antihypertensive medications with erratic 
 in- offi ce blood pressures 

  Impression : This patient underscores the challenges in trying to use out-of-offi ce 
monitoring in some scenarios. She took the BP monitor off at night, so no comments 
can be made about nocturnal pressure. During the daytime when she did wear the 
monitor, she had highly variable BP values with systolic readings ranging from: 76 
to 203 mmHg and diastolic readings ranging from 46 to 147 mmHg. Her heart rate 
was also labile with 9 readings >100 beats/min and a range of 73–138 beats/min, 
supporting the referring providers suspicion of a diagnosis of dysautonomia.  

    Variability in  24-h BP Profi le      

  Clinical : 55-year-old woman with newly diagnosed pheochromocytoma 
awaiting  surgical removal and treated with the long-acting alpha-1 blocker 
phenoxybenzamine. 
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  Impression : The averaged value of the systolic and diastolic BPs belies their 
variability. In her case the daytime systolic pressures (± S.D.) were 156 ± 18 mmHg 
and diastolic pressures were 73 ± 11 mmHg. The nocturnal pressures were 
135 ± 22 mmHg and 59 ± 10 mmHg. The magnitude of these standard deviations—
particularly during the night time—is about 1.5–2× what is normally found, and the 
variability in her blood pressure profi le is evident in the Figure.  

    Patients with Low Out-of-Offi ce Blood Pressures 
on  Antihypertensive   Drug Therapy 

 Sometimes ABPM uncovers low blood pressures outside of the offi ce setting. In 
many cases, this is done to evaluate symptoms including severe fatigue or dizziness/
lightheadedness, which could be related to antihypertensive medications, or to 
hemodynamic consequence of excessive blood pressure reduction as sometimes 
occurs after meals [ 4 ]. 

  Clinical : 64-year-old woman with occasional symptoms of dizziness. She also 
has a history of depression and takes fl uoxetine daily. The hypertension is managed 
with an ACE-inhibitor and a beta-blocker. 

  Impression : Her daytime profi le shows average BPs of 108/65 mmHg, with 
 several systolic readings below 100 mmHg. During the time of monitoring, she did 
not note any episodes of lightheadedness or dizziness. Not shown in the graphic, but 
evident in the report was an average heart rate of 49 beats/min over the 24 h period. 
In an instance like this, a reduction in beta-blocker dose could be helpful. 

 In some treated patients, an ABPM may show several patterns at one time. This 
next patient is an example of that. 

  Clinical : 77-year-old man with chronic kidney disease. He was treated with 
 multiple antihypertensive agents. Despite repeated urging, he would not consider 
doing  home blood pressure   monitoring. His in-offi ce value for his most recent visit 
was 150/88 mmHg. 

  Impression : There are several patterns evident in this patient. First he has a white 
coat effect. The highest values of his blood pressure were at the time of (and 
 immediately following) monitor application, and the time of removal of the blood 
pressure monitor. In addition, the average daytime blood pressure of 197/101 mmHg 
is much higher than the in-offi ce value of 150/88 mmHg, supporting a masked 
hypertension effect. Finally, he has treated but uncontrolled hypertension.   

     Uncommon Usages   for Out-of-Offi ce Monitoring 

    Kidney Donation 

 One of the areas in which ABPM is used is in determining a potential kidney 
donor’s risk for kidney donation. At our center (University of Pennsylvania and the 
Children’s Hospital of Philadelphia), we previously demonstrated that the 
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evaluation process for kidney donation has a signifi cant “white coat effect,” 
 especially among potential donors who have “normotensive” blood pressure which 
declines in an offi ce setting after donation at the 6-month time point [ 5 ]. The long 
waiting times for cadaveric kidney donation have placed pressure on transplant 
centers to increase the number of living-related or living unrelated kidney 
 donations. One of the principal areas of concern is whether the subjugation of a 
person with treated or untreated hypertension based on clinic or offi ce levels of 
blood pressure increases their cardiovascular risk. To address that question, ABPM 
provides a level of assurance when offi ce or clinic levels of blood pressure are 
borderline, or elevated above 140/90 mmHg. 

 Although not required in the evaluation of a person who has come forward as a 
potential kidney donor, ABPM can be useful in gauging the candidate’s blood 
 pressure profi le, and this can be particularly useful when the recipient is a blood 
relative as there may be a hereditary component to blood pressure. 

  Clinical : A 31-year-old man being considered for kidney donation. In-clinic 
blood pressures are >140 mmHg with no history of hypertension. He is not on 
 antihypertensive medications. 

  Impression : This candidate has a clear increase on arriving for monitor  application 
with normal daytime and nighttime systolic blood pressure values (as shown in the 
lower right inside the graph box). The main times the systolic pressure exceeded 
140 mmHg were when the monitor was applied and when it was removed.  

     Pursuing Causation of Target Organ Effect   

 We sometimes are asked to do an ABPM on someone with otherwise unexplained 
target organ effect. One such example follows next. 

  Clinical : 33-year-old athletic man who upon recent evaluation for chest 
 discomfort was found to have moderate left ventricular hypertrophy on an 
 electrocardiogram, which was confi rmed by echocardiography. He is untreated. His 
prior in-offi ce blood pressures had not been elevated and was 130/82 mmHg at the 
most recent offi ce visit when referred to a cardiologist. 

  Impression : The daytime average blood pressure of 134/74 mmHg in this patient 
makes it less likely that his ventricular hypertrophy is the result of untreated 
 hypertension, and in particular masked hypertension. It may be that a genetic 
 cardiomyopathy is present, or that the pattern of his athletic activity, which includes 
bench-press weight lifting, should be altered.   

    When is Out-of-Offi ce Monitoring Not Needed, or Not Useful? 

 Patients presenting with very high levels of blood pressure (e.g., >180/110 mmHg), 
whether on treatment or not, are candidates for immediate attention to blood 
 pressure reduction [ 6 – 8 ]. Generally, it is not necessary to confi rm these high levels 
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of blood pressure outside the offi ce or hospital, particularly if there is a history of or 
ongoing target organ damage present. There are occasional extreme white coat 
effect patients, and in these cases,  home blood pressure   monitoring is quite useful. 

 ABPM is usually not useful to pursue symptoms that may be related to cardiac 
rhythm problems, although recent advances in oscillometric monitoring are 
 improving the ability to measure blood pressure in patients with atrial fi brillation. In 
patients with symptoms such as loss of consciousness, for example, the blood 
 pressure may be below the limits, the ABPM device can detect or cannot be 
 measured because the pulse is absent. 

 In a patient with a confi rmed diagnosis of hypertension, who seems  well- managed 
and adherent, ABPM adds little beside potential information on the nocturnal blood 
pressure component. Until there is more agreement on management of this  nocturnal 
segment, little is gained by using ABPM for this instance unless there are  morbidities 
such as unexplained left ventricular hypertrophy, heart failure, or the emergence of 
chronic kidney disease, complications of hypertension to which blood pressures 
elevations in the nocturnal segment may be contributing.  

     In Closing   

 Out-of-offi ce monitoring with ABPM is useful in a number of clinical scenarios. It 
provides information on the relationship of symptoms and BP, adequacy of BP 
 control, the circadian profi le, and it is unsurpassed as a predictor for cardiovascular 
risk attributable to blood pressure levels. It is relatively expensive to initiate an 
ABPM program and requires a moderate amount of staff time devoted to the 
 application and removal of the monitor, as well as the coaching of patients on 
 wearing the device in order to maximize the number of readings obtained. Although 
reimbursement in the US is generally poor, the provision of this service is a valuable 
tool to our colleagues in general practice dealing with complex situations in clinical 
management where the limitations of an offi ce BP are often overcome by the ability 
to effectively perform out-of-offi ce ABP monitoring.     
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