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Introduction 

Noninvasive intermittent blood pressure monitor- 
ing was first developed 30 years ago.' It is now 
evolving from its former role as a somewhat 
esoteric research tool to becoming a clinically 
useful procedure for the evaluation of hypertensive 
patients. in this review we outline its historical 
development. compare noninvasive 24-hour 
ambulatory blood pressure monitoring with the 
other available methods of blood pressure assess- 
ment. and evaluate the current roles for the techni- 
que in the diagnosis and management of hyperten- 
sion. 

Historical backround 

Arterial blood pressure may be measured directly 
by intra-arterial puncture. or indirectly by nonin- 
vasive means. by manual or automated techniques. 
2nd in stationary or ambulant subjects. The Reve- 
rend Steven Hales was the first to measure blood 
pressure directly in animals. He showed that blood 
rose to a height of over 8 feet in a glass tube placed 
in the artery of a horse.' A device suitable for 
measuring human intra-arterial pressure was 
developed by Jean-Leonard Marie Poiseuille in 
1828.' but it was not until 1969 that the first report 
of automated intra-arterial blood pressure record- 
ing in unrestricted ambulant man was published.' 
The essential components for continuous intra- 
arterial pressure measurement using the popular 
'Oxford System" are a fine intra-arterial catheter 
(in the brachial or radial artery) constantly per- 
fused. a miniaturized pressure tranducer and a 
magnetic tape recorder. This system can provide a .. 
complete accurate profile of blood pressure 
behaviour. measuring each individual beat over 
$4 hours. delineating beat-to-beat variability and 
circadian rhythms clearly in subjects performing 
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normal daily activities. Due to its invasive nature, 
the impact of direct inter-arterial blood pressure 
recording on clinical practice has been limited. 
Attention has thus turned to noninvasive or 
indirect techniques to. obtain a profile of 24-hour 
blood pressure. 

The first instrument for measuring blood pres- 
sure indirectly was devised by Jules Herisson in 
1833, and consisted of a mercury reservoir covered 
by a rubber membrane from which a graduated 
glass column arose. The mercury bulb was com- 
pressed against the radial artery until the oscilla- 
tions in the mercury column ceased. at which point 
systolic pressure was estimated. Many steps, too 
numerous to describe. have punctuated the 
development of modem indirect  device^.^ Cur- 
rently used devices use arm arterial occlusion7 and 
detect blood pressure level by Korotkov sound 
auscultation,8 oscillometry9 or ultras~nography.'~ 
These indirect techniques of blood pressure 
measurement may be utilized in three ways - for 
conventional measurement of blood pressure in the 
clinic or surgery setting; for self-measurement of 
blood pressure usually in the home environment, 
and for automated measurement of blood pressure 
over the 24-hour period - each providing some- 
what different information. 

Clinical blood pressure measurements by doc- 
tors and nurses have been used since the turn of the 
century, but self-measurement of blood pressure by 
the patient has only been extensively explored in 
the last decade."-'4 

In 1962 Hinman and his colleagues described the 
first truly portable system for the intermittent 
noninvasive measurement of blood pressure in 
subjects performing their usual daily routine.' This 
system was developed commercially by the Reinler 
company in California" and consisted of a battery- 
operated recorder worn by the patient. a cuff which 
was inflated by the patient at predetermined inter- 
vals and a microphone strapped over the brachial 
artery. Blood pressures were recorded on  a 
magnetic tape, which could be later decoded. and 
the pressure plotted over the period of recording. 



256 A. STANTON & E. O'BRIEN 

Because the device depended on inflation by the 
subject. recordings were confined to waking hours 
and rarely spanned more than 12- 14 hours. With 
the development of compact pumps and solid-state 
memory systems, the Remler system has been 
replaced by devices capable of automatically 
inflating the cuff and providing pressure profiles 
over 24 hours such as those illustrated in Figures 
1-6. The early models were noisy and bulk!.. but 
latterly they have become smaller, quieter and 
more 'patient friendly'. Also the number of such 
devices has increased. There are now at least 15 
systems currently availablel%nd many more in the 
developmental stages. 

Noninvasive blood pressure monitoring systems 
suffer from the disadvantage that during measure- 
ment the subject must discontinue all activity and 
provide support for the arm, and hence the 
measurements are static rather than truely 
'ambulatoq.'. Additionally only an intermittent. as 
opposed to a continuous record of 24-hour blood 
pressure behaviour is provided. Dispite these 
iimitations noninvasive monitoring systems yield 
mean 24-hour values and diurnalinocturnal pat- 
terns which are surprisingly close to those 
measured by continuous intra-arterial monitor- 
ing." 

Some attempts have been made to develop 
systems that provide indirect continuous 23-hour 

blood pressure monitoring during rest and 
ac t i~ i ty '~ . ' ~  - in short the equivalent of direct 
intra-arterial measurement without the inherent 
dansers of arterial catheterization - but no such 
system has as yet proved sufficiently accurate. 
Hence the remainder of this review will focus on the 
status of noninvasive intermittent 24-hour 
'ambulatory' blood pressure monitoring. 

Device vaiidation 

The instruments for noninvasive pressure monitor- 
ing are expensive, both in terms of capital and 
running costs. As a result. it has become increas- 
ingly important that devices are shown to be 
accurate. In order to minimize reliance on 
manufacturers' reports. two groups have published 
validation protocols. the Association for the 
Advancement of Medical InstrumentionZ0 and the 
British Hypertension Society." The Association 
for the Advancement of Medical Instrumentation 
(AAMI) criteria stipulate that the test device 
should not differ from the mercury measurement 
by more than 5 mmHg. with a standard deviation 
of less than 8 mmHg. The British Hypertension 
Society (BHS) protocol grades each device accord- 
ing to the percentage .of measurements differing 
from the mercury standard by 5.10 or 15 mmHg or 

Figure 1 Twenty-four-hour ambulatory blood pressure profile from a normotensive subject with a nonna! circadian 
pattern. Time (hours) is plotted from the horizontal axis and blood pressure (mmHg), both systolic and diastolic. from 
the venical axis. Normal valuesv7 arc indicated by the shaded bands and the vertical lines delineate initial. daytime. 
evening night-time and early morning periods. 
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Figure 2 Twenty-four-hour ambulatory blood pressure profile from a subject with a blunted circadian pattern. Time 
(hours) is plotted from the horizontal axis and blood pressure (mmHg), both systolic and diastolic, from the vertical 
axis. Normal valuesY7 are indicated by the shaded bands. and the vertical lines delineate initial. daytime. evening. 
night-time and early morning periods. 

Figure 3 Twenty-four-hour ambulatory blood pressure profile from a subject with an accentuated circadian patiern. 
Time (hours) is plotted from the horizontal axis and blood pressurr (mmHg). both systolic and diastolic. from the 
vertical axis. Normal values97 are indimted by the shaded bands. and the vertical lines delineate initial. daytime, 
evening. night-time and early morning periods. 



Figure 4 Tw:nr?-iour-hour ambuialoy biood pressure proiiie iron: a sub!::r with marked systolic hypzncnsion bur 
normal aiaslolic biood pressure. Time (hours) is planed from b e  horizontal axis and blood pressum (mmHg), both 
systolic and diastolic. from the vmical axis. Norma] \ralucs9. am indicated by the shaded bands. and the vertical lines 
delineate iniual. daytime. evening. night-time and earl!. morning periods. 
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F m  5 Twenty-four-hour ambulatory blood p-um profile from a subjtct with whi-t b-on -only the 
initial blood pressure readings lie outride normotmgve ran@. Time (hours) is plotted from the horizontal axis and 
blood p m u ~  (mmHg). both ~ystolic and diastolic, from the venical axis. Normal values" indicated by the shaded 
bands. and h e  venical lines delineate initial, daytime, evening. night-time and early morning periods. 
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Figure 6 Twenry-lour-hour ambulatory blood pressure profile from a subjecr with marked measurement-to- 
measurement variability. Time (hours) is plotted from the horizontal axis and blood pressure (mmHg). both systolic 
and diastolic. from the vertical axis. Normal values9' are indicated by the shaded bands. and the vertical lines delineate 
initial. daytime. evening, night-time and early morning periods. 

less. Prior to the main validation test the BHS 
protocol demands a high level of agreement 
btrween observers. assesses interdevice variability 
2 n d  in addition. stipulates that the device be in use 
far a period of 1 month so as to ensure that device 
accuracy is not altered by the wear and tear of daily 
use. These protocols standardize independent 
assessments of automated devices and allow com- 
parison of one system with another. The grading 
system of the BHS protocol provides a more 
sensitive estimate of accuracy than the AAMI 
standard which only allows for a pass or fail. 
O'Brien and colleagues comprehensively reviewed 
previous validation studies in l?90L6 and have 
recently performed a number of comparative 
assessments. the results of which are summarized in 
Table I. Their data would suggest that, by both 
AAMI and BHS criteria. the CH-Druck device is 
the most accurate instrument. and- that the 
Profilmat device and the SpaceLabs 90207 both 
perform satisfactorily. The other three devices. the 
Novocor DIASYS 200, the Pressurometer IV and 
the Tiikeda TM-2420 were less accurate. 

Analysis of W o u r  blood pressure data 

Noninvasive ambulatory blood pressure monitor- 
ing yields intennittent blood pressure and heart 

rate data. in contrast to the single values of clinical 
readings and the continuous data of intra-arterial 
pressure monitoring. Many different methods have 
been proposed to analge the large amount of data 
provided by 24-hour m e a s ~ r e m e n t . ~ ~  These can 
be classified into: (1)  indices of average blood 
pressure such as the mean. median. or mode; (2) 
measure of dispersion or variability such as the 
range. fractiles. variance. standard deviation or the 
root mean squared successive differences: (3) 
methods of pattern analysis which include mean 
day-to-night differences. curve smoothing proce- 
dures or cumulative sums techniques: and (4) 
miscellaneous methods such as displaying the data 
as a frequency histogram or calculation of the load. 

;Measures of average blood pressure 

The &cadian pattern present in most 24-hour 
blood pressure profiles (Figures 1.3 - 5)'4'z results 
in bimodal distributions on frequency histograms 
of blood pressure values taken over 24 hours." 
Thus neither parametric nor non-parametric 
measures of centrality. the mean and the median, 
appear to adequately describe avenge 24-hour 
blood pressure behaviour. The two modes of the 
frequency histogram can be stated. or alternatively 
two new models may be utilized. An updated 
cumulative sums ttchniqug allows identification 
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power of clinic pressure reading may be 
due to the multifactorial nature of the pathogenesis 
')f cardiosuscular damage. Alternatively or addi- 
tionally. any lack of accuracy of clinic pressure 
measurements in reflecting an individual's true 
average blood pressure would greatly weaken any 
association between blood pressure level and risk. 
Clinic pressure readings may not precisely reflect 
true average pressures for two principal reasons: 
tirstly. the marked moment-to-moment variability 
of blood  pressure:'^-" and secondly a phenomena 
known as the white coat effect. whereby a subject 
responds to the circumstance of blood pressure 
measurement. 45 -47 

The white coat phenomenon has been most 
forcefully demonstrated in two studies by Mancia 
and  colleague^."'.^ They showed that when a 
physician prepared to take a blood pressure 
reading with a mercury sphygmomanometer on 
one arm of the patient. there was a marked rise in 
intra-arterial pressure in the other arm. which 
persisted throughout the measurement procedure. 
The average rise in pressure evoked by the presence 
of a physician was 23/18 mmHg. White coat 
hypertension has been found to be present in as 
many as 25% of patients who carry a 'diagnosis' of 
hypertension:'." 

Only the first few readings of 24-hour 
ambulatory blood pressure monitoring appear 
subject to this alerting response (Figure 5 )  and 
averaging of multiple blood pressure readings both 
rtrluces the influence of these first few reading and 
:fiuces variability. thereby improving the estimate 
of true average blood p r e s s ~ r e . ~ ~ . ~ ~  Hence. it would 
not be surprising if ambulatory blood pressure 
re~dings. averaged over 24-hours. over awake or 
over sleep periods. were better predictors of cardio- 
vascular risk than clinical readings. This important 
question has only been addressed by the study of 
Perlof and coileagues." who showed that patients 
lvith elevated clinic blood pressure readings but 
normal daytime values had a similar prognosis to 
.;ub.iects with normal clinical and normal daytime 
readings. while those with elevated clinical and 
elevated daytime ambulatory values were at greater 
risk of cardiovascular events and death. Two 
important multicentre European studies are cur- 
rently underway. the 'Office- versus Ambulatoq 
Trial'  OVA)^' and the 'Systolic Hypertension in the 
Elderly Study* (sYST-EUR).'L5' and both include 

their aims the assessment of the correlation 
between treated 24-hour blood pressure and long- 

prognosis. 
In support of Perloffs unique study there are 

now many studies showing stronger comlations 
h t w e n  hypertensive target organ damage and 
ambulatory pressures than betwan organ damage 
and clinic readings.*-" As it is already well atab- 
lishrd that target organ damage in hypertension 

predicts cardiovascular risk."-kg the likelihood is 
that the study of Perloff er ul.. showing ambulatory 
blood pressure to be a better predictor for stroke. 
heart attack and death than clinical measurement. 
will soon be confirmed (Figure 7). 

It has been suggested that various patterns of 
blood pressure behaviour (~igures  1-6) might 
independently influence cardiovascular risk. Parati 
and colleaguesm have provided convincing 
evidence. from inter-arterial pressure studies. that 
short-term blood pressure variability is positively 
correlated with end organ damage independently 
of the average 14-hour pressure level - those 
individuals with an ambulatory blood pressure 
profile such as that in Figure 6 would be at, oreater 
risk of organ damage and cardiovascular complica- 
tions than those with a profile as in Figure 1. 

Blood pressure usually follows a circadian 
rhythm (Figures 1. 3-5).'4-" with pressure levels 
higher during the day and lower at night. The usual 
nocturnal fall in blood pressure is diminished or 
absent in some subjects. and this has led to 
adoption of the terns 'dippers' (for the normal 
pattern) and 'nondippers'. A- blunted circadian 
pattern (Figure 2) has been reported to be associ- 
ated with increased prevalence of left ventricular 
hypertrophy."-'" atherosclerosis" and str~ke.'~. '~ 
but matters are confounded by the possibility that 
those with accentuated circadian blood pressure 
changes (Figure 4) might also be at increased risk. 
Blood pressure peaks may influence the develop- 
ment of hypertensive tarper organ damage.'-.'s and 
may also trigger such events as the rupture of an 

Clinic BP 24-hour BP 

Target Organ Damage 
4 

I I 
I 
I 

Morbidity +---a I 

I Heart Attack Stroke 
I 
I 
I 
I 
I 
I 

Death ----I 

Figure 7 Scheme of reasoning the relationship of c1inic;ll 
blood pressure and ambulatory blood pressure to target 
organ &map. morbidity and mortality. The left-hand 
arrows indicate the established relationship between 
clinical blood pressure and tarset orgin damage. and 
morbidity and mortality: the right-hand airows indicate 
the established relationship of 24hour ambulatory blood 
pressure with target organ d a m i p  and the likely. but as 
yet fully proven. relationship with morbidity and mor- 
tality. 



atheromatous p l a q ~ e . ~ - ~  An excessive nocturnal 
duc t ion  in blood pressure may critically reduce 
perfusion .of vital organs, predisposing to car- 
diac.#%ql limb" and cerebral i s c h a ~ m i a ~ ' - ~  

Hence. while it is very probable that mean 
24-hour ambulatory blood pressure levels will 
prove to be a better predictor of cardiovascular risk 
than clinical readings, the issue of the influence of 
spontaneous variability, circadian and 
night-time versus daytime blood pressure readings 
on morbidity and mortality is far from clear. 

Twen~-four-hour blood pressure monitoring in 
ciinical practice 

Ambuiarory blood pressure mcasurement is cur- 
~ntl!:  cvolving from being purely a research tool 
into cIinical practice. In order to avoid misuse. it  is 
essential ihar all optrators have an understanding 
of the normal ranges of ambulatory blood pressxrt 
r=aainy~.~'-'~ 2s wtll as the typical momtni-re- 
moment blood pressure variabilitiesc-d499 and 
usual circadian rhythms."-:' In addition. rht 
op=rator must be famiiiar with the equipment and 
with the calibration procedures. Heishe must be 
prepared to give the necessary time to instruct the 
subject so that as many measurements as possible 
are obtain~d during the recording period. Subjects 
for ambulatory blood pr, *ssure mrasurement must 
k capable of coping with and caring for the 
recordtr. The conditions of measurement for the 
subject should be standardized as far as possible in 
relation to activity: in particular the arm should be 
held still during each m~asurement; '~~ a similar 
level of activity should be undertaken for com- 
parative repeat measurements: working days 
should not be compared with recreational days and 
likewise in shift workers, comparative measure- 
ments should be made between similar  shift^.'^' 
The subjects should be asked to keep a diary of 
activities during the recording period. unless 
motio~-logging, as an objective assessment of 
activity. is a~ailable.'~' 

The clinical indications for using 24-hour nonin- 
vasive blood pressure measurement are best con- 
sidered in relation to the diagnosis of hypertension 
or hypotension. and the selection and evaluation of 
anti-hypertensive drug treatment. 

Normal values over 24 hours for adults according 
to gender and age have now been 
Values for women durin€ pregnancy are soon to be 
published.'"' Hena  by comparison with this nor- 
mative data. monitoring is particularly helpful in 
deciding whether subjects with a borderline eleva- 
tion in clinical blood pressure should be labelled 

normotmsive or bypenen~ive. '~~ These subjects are 
currently likely to receive possibly unnecessary 
treatment on the basis of clinical reading. and may 
be penalized for insurance cover and employ- 
ment." As mentioned above ambulatory monitor- 
ing is an effective non-invasive method of determin- 
ing whether blood pressure elevation is due solely 
to a white-coat effect." If it is accepted that 
white-coat hypertensives do not need treatment. at 
least in the early stages, there is a prospect that 
24-hour monitoring of blood pressure could be 
very cost-efieptive - the additional wsts  of the 
assessment ,would be more than offset by reduc- 
tions in the numbers of patients perceived as 
needing anti-hypertensive drug treaunent.lw 
Elderly subjects with isolated systolic hypertension 
diagnosed by conventional methods a n  frequently 
found to have much reduced or essentially nor- 
motensive systolic pressures by ambulatory blood 
pressure monitoring.'" The Syst-Eur study'3 
rtsulrs. when available, should clarify if these 
patients with eievated clinical systolic readings bur 
normal ambulatory systolic values are at increased 
cardiovascular risk. and whether they should 
receive any anti-hypertensive medication. Patients 
with secondary hypertension frequently exhibit a 
nondipping ambulatory blood pressure profile as 
in Figure 2 but as many patients with essential 
hypertension aiso have blunted circadian rhythms. 
ambulatory monitoring can not be used as  a 
specific screening test for secondary hyperten- 
sion. '06.107 

Although not proven as yet, hypertensive 
patients with both attenuated and excessive cir- 
cadian swings in blood pressure may be a t  in- 
creased risk of cardioviiular compIi~ations.~-~.'". 
The only way of determining dipper status is by 
performing 24-hour blood pressure monitoring.'" 

Diagnosis ofhypotension 

Orthostatic hypotension, characterized by stand- 
ing hypotension in conjunction with supine nor- 
motension or even hypertension, is not always 
easily detected in the ciinical or ofice setting. and 
ambulatory blood pressure monitoring may play a 
valuable role in the diagnosis and assessment of 
.therapeutic effects in patients with this condition.'("' 

Selecrion and evaluarion of anti-hj'pcrrmnsive drug 
rrearmenr 

Ambulatory blood pressure monitoring provides 
an assessment of anti-hypertensive drug sffect over 
24 hours."" There is some evidence that diflertnt 
groups of drugs may have direrent efiects on the 
Z4hout blood pressure profile."' Beta adrenergic 
blocking agents may blunt the circadian pattern 
and angiotensin converting enzyme inhibitors may 
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accentuate the nocturnal dip in blood pressure."' 
and thus these two drug groups may be most suited 
t~ mating patients with marked daytime hyperten- 
gon and those with a sustained elevation of 
pressure over the entire 24 hours, respectively. 
Evaluation of the 24-hour profile is particularly 
helpful in the assessment of drug efficacy in individ- 
uals in whom clinical readings consistently suggest 
poor control. despite intensive drug therapy (resis- 
tant hypertensives), and in patients with hypoten- 
sive symptoms. so as to guard against excessive 

Many patients whose hypertension 
was initially diagnosed by office measurement and 
wnose blood pressure has been well controlled may 
well merit a drug-free period which can be assessed 
with safety by periodic 24-hour pressure monitor- 
lng. 

A major issue to be resolved prior to 24-hour 
blood monitoring realizing its full clinical 
potential in the evaluation of patients, is the 
recognition of the procedure by reimbursing agen- 
cies. While most experts in the field believe that 
/&hour monitoring does have an important 
clinical role. there is also concern that the technique 
might be used excessively, particularly if the 
physician has a direct financial incentive to perform 
the test. As the number of patients with ques- 
tionable blood pressure elevations is so enormous. 
and with ever-increasing interest and pressure from 
public and private health-care providers and from 
the pharmaceutical industry. it is important to lay 
down _rmidelines for the application of ambulatory 
blood pressure monitoring in clinical prac- 
,jcC:o?.l'"ll.< 

Twenty-four-hour blood pressure monitoring and 
clinical drug trials 

hmbulatory blood pressure monitoring can im- 
prove and simplify clinical trials of anti-hyper- 
tcnsive drugs in a number of ways. Firstly. 
iimbulatory monitoring allows identification and 
csclusion of those patients in whom the blood 
pressure is raised only in the clinic environ- 
ment."-' These so-called. 'white-coat hyperten- 
sives' do not have sustained hypertension and 
appear to respond. differently to anti-hypertensive 
drugs and develop more side effects."' 

Secondly. an important difference between con- 
wntional and ambulatory blood pressure measure- 
ment is the absence of a placebo response with the 
kit ter. "'.' '' The placebo response. whereby the 
atiministntion of placebo is associated with a 
rtduction in blood pressure. may be an anifact of 
clinic~l blood pressure measurement due to the 
illherent variability of arterial pressure resulting in 
egression to the mean or may be due to increasing 
familiarity of the patient with the clinical environ- 

ment. In uncontrolled drug studies where clinical 
blood pressures arc used as the measure of re- 
sponse. the reduction in blood pressure due to a 
placebo response may be attributed erroneously to 
the drug. The absence of placebo response with 
noninvasive ambulatory measurement should 
facilitate simplification of the design of efficacy 
studies of .anti-hypertensive drugs. in that long 
placebo phases may be omitted. 

Thirdly, averaging the multiple blood pressure 
readings so as to obtain a mean %hour ambu- 
latory blood pressure value reduces variability as 
compared to single clinic readings. thereby im- 
proving the repeatability of blood pressure estima- 
t ion~.~'  In a study by Conway and Coats on 75 
subjects the standard deviation of the difference in 
diastolic pressure between two clinic readings 
taken s. month apart was 12.3 mmHg.H On 24-hour 
monitoring this difference fell to 6.3 mmHg. Since 
the number of subjects needed in a trial is related to 
the square of the standard deviation of the 
difference. the improved repeatability leads to a 
substantial reduction in the number of subjects 
needed. 

Lastly, and perhaps most importantly, ambu- 
latory blood pressure monitoring can provide a 
comprehensive assessment of the pattem of anti- 
hypertensive drug effect over timi''9.1m clarifying 
their effects on circadian pattern."' and revealing 
any excessive lowering of blood press~re."~ 

In view of these many advantages of ambulatory 
blood pressure monitoring over clinical reading in 
the arena of clinical drug trials. it is somewhat 
surprising that the _eovernmental regulating agen- 
cies in the United States and Europe have not 
approved. nor published guidelines for the use of 
ambulatory blood pressure monitoring in the 
evaluation of anti-hypertensive treatment. and 
have continued to seek casual blood pressure data 
alone. While the United States Food and Drugs 
Administration does not appear likely to approve 
ambulatory monitoring in the near future. as it 
finds that 'No drug development data have been 
submitted where ambulatory blood pressure data 
have been found useful in decision-making'."' 
proposals for European Commission guidelines 
that might make ambulatory pressure data a 
mandatory component of new drug applications. 
are being considered.'" 

Conclusions 

Noninvasive blood pressure monitoring has so 
many advantages over other available methods of 
blood pressure evaluation in the clinical diagnosis 
and management of individual hypertensive 
patients. and in the evaluation of anti-hypertensive 
drug efficacy that the technique is now becoming 
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established in clinical practice. The most important now quantifiable by noninvasive 24-hour ambu- 
question now1 awaiting an answer is which of the latory monitoring. will prove best in predicting 
many aspects of blood pressure behaviour that are long-term morbidity and mortality. 
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