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This cross-seclional study invesligated whether the technique of blood pressure
measurement used (conventional sphygmomanometry vs. ambulatory monitoring) af-
fects the relation belween blood pressure and both age and body mass index. Two
independent dala sels were analyzed. The first comprised 328 subjects (48% men)
drawn from the population of a small Belgian town, and the second comprised 776 lrish
bank employees (51% men). Age ranged from 17 years to 81 years, and body mass
index (weight (kg)/height (m)’) ranged from 16.6 10 40.2. Twenty-four-hour ambulatory
blood pressure was lower than blood pressure measured by a nurse in both the Belgian
population sample (118/71 mmHg vs. 122/73 miml-g) and the Irish employees (118/72
mmklg vs. 119/76 mmHg). When blood pressure was measured by an observer, the
well-established relations between systolic and diastolic blood pressure and both age
and body mass index were evident. When the analyses were repeated using 24-hour
measurements, lthe increment (cross-seclionally assessed) in blood pressure with age
was weaker, especially in young and middle-aged subjects (20-60 years), while the
increase in blood pressure with body mass index was also reduced. The within-subject
differences between the conventional and ambulatory blood pressure measurements
increased with older age and grealer body mass index. Several other relations with
blood pressure as lhe response variable may require revision in light of the present
findings. Am J Epidemiol 1992;136:450-9. -
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body mass index

Most experts would agree that ambulatory
blood pressure monitoring provides a betler
estimate of an individual's usual blood pres-
sure than conventional mcasurcment by an
observer (1, 2). The relation between am-
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bulatory blood pressure and age in normal
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age s gencerally less (3-9) than that expected
on the basis ol population studies, where
blood pressure has been measured by con-
ventional means (10, 11). 'This could possi-
bly be attitbuted to the selection of healthy
participants in studics ol ambulatory blood
Pressure.

While selection bias may partially explain
why, in some studics, ambulatory blood
pressure does not increase with age or rises
less, alternatives mechanisms must also be
considered. This cross-sectional study inves-
tipated whether measuring a subject’s blood
pressure by ambulatory monitoring, as op-
poscd to conventional sphygmomanometry,
allects (the relation between blood pressure
and both apge and body mass index. The
refations with age and body mass index were
list examined ina Belgian population sam-
ple (12), and the hiondings were therealter
reproduced ina group ol Trish bank employ-
ces (13).

MATERIALS AND METHODS
Study population

The relation between blood pressure and
both age and body mass index was irst cross-
scctionally assessed in a population sample
ol 328 subjects (12). We randomly sclected
a total of 849 subjects from a small Belgian

town (Hechtel-Eksel) alter stratification of

the population by sex and age in an attempt
to recruit equal numbers of men and wonen
mn 10-year age groups from 20 years through
79 years. Subjects were excluded from par-
ticipation if they did not live at the indicated
address (=111, of whom 7 had died), they
were taking antihypertensive drugs, diuret-
ics, or nitrates (n = 131), or they could not
move about freely (= 4), Of the remaining
003 subjects, 55 percent (n = 330) agreed 1o
participate. However, two subjecls were ex-
cluded from the analyses because more than
20 percent of their programmed ambulatory
blood pressure readings were missing,

A second independent data sel was ana-
lyzed to investigate whether the findings in
the Belgian population sample could be re-
produced. T consisted of 776 current and
retired Iiish bank  employees and  their
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spouses, who volunteered for a study on
~ambulatory blood pressure monitoring (13).
Body weight and height were recorded in
only 416 subjects, because in ils initial phase
the hiish study did not include these anthro-
pomelric measurements.

Both the Belgian study and the trish study
were oniginally designed with the goal of
determining reference valucs for ambulatory
blood pressure. Neither the investigators
who planncd the studies nor the nurses in-
volved in the field work nor the subjects
participating in the studics anticipated the
present analysis. ‘Thus, bias with respect to
the hypothesis under scrutiny during data
collection is unlikely. In both studics, a scll-
administered questionnaire was used to in-
quire into cach participant’s personal and
Fnbial medical history, smoking habits, al-
cohol consumption, and use of medications.

Conventional blood pressure
measurement

tn botly the Belgian study and the Irish
study, a mercury sphypimomanometer was
used in preference to the Hawskley sphyg-
monnomeler, because a syslemalic ten-
deney o underestimate pressure has been
demonstrated with the random-zero ma-
chine (14). In both studics, culf size was
adjusted according to arm circumference for
both the conventional blood pressure read-
igs and the ambulatory measurcments.

In the Belgian population study, all con-
ventional blood pressure readings were ob-
tained between 10:00 am. and 8:00 p.m.
Trained nurses measured each participant’s
sitting blood pressure five times counsccu-
tively on cach of two separate home visils
{12). The observers involved in the study
were lested for the accuracy of their blood
pressure measuremends at G-month inter-
vils. ‘T'hey had to first record thie pressures
from a lilm showing a falling mcrcury col-
umn with Korotkofl sounds (“Mecasuring
Blood Pressure™; production no, B-132, The
Audio-Visual Centre, University of London,
i1 Bedlord Square, London WCI, Lngland,
1973). Thercafter, they were tested using live
subjects and stethoscopes with double car-
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picces. The blood pressure readings ol the

observers were within 5 mmllg of those of

cxperienced medical stall.

Because, in many published cpidemio-
logic studies, blood pressure is measured on
only one occasion, only the five blood pres-
sure readings recorded at the first home visit
were used to calculate the conventionally
measured blood pressure in the Belgian
study. However, the corrclations with age
and body mass index were not materially

altered when the blood pressure readings of

the second home visit or of both home visits
were averaged.

In the Irish sample, blood pressure was
measurcd at medical clinics during regular
working hours (13). Afler the subjects had
rested for a few minutes in the sitting posi-
tion, a trained nurse obtained (wo readings
according to the recommendations ol the
British Hypertension Society (15). The ma-
jority of the subyjects had the first and second
office Llood pressure mceasurcnients per-
formed at the first visit, before and after
completing the questionnaire. In some sub-
jects, however, the first office blood pressure
mcasurcment was separated from the sccond
by an interval of some days. The mean of
the two ollice measurements was used in the
present analysis,

Ambulatory blood pressure
measurement

In both studics, ambulatory blood pres-
sure was registered with SpaceLabs 90202
devices (SpaccLabs, Inc., Redmond, Wash-
ington) (16). The recorders were calibrated
belore use in the studies. and the calibration
was checked at at Ieast 3-month intervals.

In the Belgian study, the recordings were
started on one of the home visits (13): the
reeorders were programmed to oblain mea-
surements at intervals of 20 minutes from
8:00 a.m. until 10:00 p.n. and cvery 45
minutes [rom 10:00 p.m. to 8:00 a.m. In the
Irish study, the ambulatory readings were
programmed at intervais of 30 minutes.

The ambulatory blood pressure recordings
were Lruncated so that their total duration
did not exceed 24 hours. The following ex-

clusion critenia (17, 18) were considered
prior to analysis: 1) a recorded systolic pres-
sure lower than the diastolic pressure; 2) a
systolic pressure >240 mmHg or <50
mmllg: 3) a diastolic pressure >140 mmllg
or <40 mmlig: 4) a pulsc pressure of <10
percent ol the systolic pressure; and 5) a
pulse rate faster than 150 beats per minute
or slower than 40 beats per minute. Because
these live criteria together excluded less than
I percent of the readings and because they
did not affect the compuled average levels
of ambulatory blood pressurc or the corre-
lations with age and body mass index, only
the results for unedited recordings are pre-
sented.

Statistical methods

Dala base management and statistical
analyses were performed with the Statistical
Analysis  System (19, 20). The intra-
individual ambulatory blood pressure mcans
were weighted by the time interval between
successive blood pressure readings. The day-
time period was deflined as the time interval
from 10:00 a.m. to 8:00 p.n1.. because pre-
vious studics (13, 21) have shown that this
definition excludes the rapid blood pressure
changes that occur in the morning and eve-
ning,.

Statistical methods used included Stu-
dent’s 1 test and lincar regression. Mulltivar-
iate analysis of variance was pcrformed to
test the null hypothesis of no dilferences
Letween the parameters of the regression
cquations (20).

RESULTS b
Characteristics of the Belgian subjects

The 328 participants, 159 men and 169
women, were 49 & 14 years old (mean *x
standard deviation) (range, 20-81 years).
Their mean body mass index (weight (kg)/
height (m)?) was 25.2 & 3.5 (range, 17.0-
4().2). Ninety-six subjects were smokers, and
00 rcported daily intake of alcohol. Thirty
women were laking oral contraceptives.
Four subjects reported a history of myocar-
dial infarction, three had experienced a tran-
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sient ischemic attack, and one subject had
both conditions, but none of these subjcéls
had symptoms at the time they were asked
to participate.

The blood pressure mecasurements in the
Belgian subjects are summarized in table 1.
Systolic blood pressure measured at home
was 4 = 11 mmHg higher (p < 0.001) than
that obtained on 24-hour ambulatory mea-
surement, and the conventionally measured
diastolic pressure was 2 = 7 mmHg higher
(p < 0.001). The factors determining the
diflferences between the conventional and
ambulatory measurements were identified
by stepwise multiple regression, terminating
when all regression coelficients in the model
were significant at the 5 percent probability
level. Sex, age (linear and quadratic terms),
body mass index, arm circumfcrence, regu-
lar alcohol consumption (coded 0 for absent
or 1 for present), and smoking (coded 0 for
nonsmoker or 1 for current smoker) were
considered for entry into the regression
model. For the differences in systolic blood
pressure (conventional minus 24-hour mea-
suremeht, keeping the sign of the difference),
the regression model was y = —20.8 +
0.181(age) + 0.631(body mass index) (R* =
0.11). For the differences in diastolic blood
pressure, it was y = —06.0 + 0.339(body mass
index) ~ 1.405(being a smoker) (R* = 0.03).

Characteristics of the Irish bank
employees

The 776 participants, 396 men and 380
women, were aged 36 * 11 years (range, 17-
79 years). Body mass index was determined
in 218 men and 198 women, and it averaged
23.6 £ 3.1 (range, 16.6-40.0). Forty-five
subjects had a personal history of hyperten-
sion but were not on hypertension medica-
tion when examined. Smoking was reported
by 123 subjects and alcohol consumption by
624. Thirty-five wgmen were taking oral
contraceptives, and four were on hormone
replacement therapy.

The blood pressure measurcments in the
Irish employees are summarized in table 1.
Conventional systolic blood pressure was
1 + 12 mmllig higher (p < 0.001) than the

TABLE 1. Blood pressure measurements in 328
Belgians (1989-1990) and 776 Irish bank
employees (1988-1990)

Belgians Irish

Conventional blood pressure*

Systolic 122 2171 119+ 17
90-211 70-215
Diastolic 73+9 76 + 10
52-103 50-132
Ambulatory blood pressure
Whole-day (24 hours)
Systolic 118 11 118 + 11
97-155 96-182
Diastolic M7 12 27
52-103 56-116
Daytime (10:00 a.m.-
8:00 p.m.)
Systolic 124 £ 11 125+ 12
97-166 98-187
Diastolic 76 + 8 79+ 8
56-111 60-119
Nighttime (midnight-
6:00 a.m.)
Systolic 108 =11 107 =+ 11
84-151 86-172
Diastolic 62 +8 62 + 8
45-93 43-112

* Conventional blood pressure is the average of five blood
pressure readings taken at home in the Belgian subjects and
the average of two clinic readings in the Irish employees.

t Mean + standard deviation.

1 Range.

ambulatory readings over 24 hours, and the
conventionally measured diastolic blood
pressure was 4 + 8 mmHg higher (p <
0.001). In stepwise multiple regression (con-
sidering the same variables for entry into the
model as in the Belgian sample), the within-
subject differences in systolic blood pressure
(clinic minus 24-hour measurement, keep-
ing the sign of the difference) were correlated
with age. The regression model was p =
—11.4 + 0.398(age) (R* = 0.11; n = 776)."
IFor the dilferences in diastolic blood pres-
sure, the regression model was y = 0.8 —
0.393(age) + 0.00650(age)* — 0.361(body
mass index) (R = 0.08; n = 416).

Relation between blood pressure and
age

Blood pressure measured by conventional
means showed a significant relation with age
in both the Belgian subjects and the Irish



cmploycees (Nigure 1), A quadratic term was
required to describe the relation with age.

The increase in systolic blood pressure
with age was significantly weaker when
blood pressure was determined by ambula-
tory monitoring (complete 24-hour record-
ings). This was a consistent observation both
when the Belgian subjects and the liish em-
ployees were analyzed separately (table 2)
and when the two samples were combined
(table 2 and figure 1). FFrom 20 years of age
to 60 years of age, there was virtually no
increase tn the 24-hour systolic blood pres-
surc (table 2 and ligure 1). The increase in
the 24-hour diastolic pressure with age was
also significantly aticnuated in the Irish cm-
plovees (Lable 2) but not in the Belgian sub-
jects when they were analyzed scparately
(table 2).

Relation between blood pressure and
body mass index

Blood pressure measured by conventional
mcans increased significantly and linearly
with body mass index in both the Belgian
subjects and the Irish employces (figure 2).

The slopes for the regression of blood
pressure on body mass index were signili-
cantly attenuated when blood pressure was
measurcd by ambulatory monitoring (com-
plete 24-hour recordings). This was the casc
for most comparisons, regardless of whether
the Belgian and Irish subjects were analyzed
separately or combined (table 3 and figure
2); only for diastolic pressure in the Belgian
men and diastolic pressure in the Belgian
and Irish men combined did the attenuation,
using complcte 24-hour blood pressure
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FIGURE 1. The relation between systolic (upper panels) and diastolic (lower panels) blood pressure and age in
men {left panels) and women (right panels). The regression lines are shown for conventional (solid lines) and
ambulatory (dashed fines) blood pressure measurements. The p values refer 1o the comparison of the regression
lines (linear and quadratic regression slopes combined). Belgian and hish subjects were pooled for this analysis.
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TABLE 2.
years in Belgian and Irish subjects "

Difference in blood pressure (nuntig) associated with an increase in age from 20 years to 60

cop* ABP* Dilference pt
Belgians
Men (n = 159)
Systolic +9.0 -3.1 121 0.007
Diastolic +8.0 +9.1 -1.1 0.67
Women (n = 169)
Systolic +10.6 -16 12.2 0.0007
Diastolic 14.4 +2.6 1.8 0.18
hish employees
Men (n = 396)
Y Systolic +16.9 4+1.0 159 0.0001
Diastolic +14.2 18.6 5.6 0.006
Women (n = 380)
Systolic 4281 4101 18.0 0.0001
Diaslolic +13.8 +7.6 6.2 0.0001
Both samples
Men (n = 555)
Systolic 419.5 407 8.8 0.0001
Diastolic 16.5 +6.9 -0.4 0.55
Women (n = 549)
Systolic +16.9 45.2 11.7 0.0001
Diastolic +5.2 +3.4 1.8 0.002

* Blood pressure was measured by conventional and ambulatory methods. CBP, conventional blood pressure; ABP, ambulatory

blood pressiwne.

1 p values refer lo the comparison between CBP and ABP lor Lhe predicted change (cross-sectionally assessed) in blood pressure

from 20 years to GO years.
recordings, not attain a level of statistical
signilicance.

Additional analyses

In buth data sets, the results with regard
to the correlations with age and body mass

index were reproduced when, instead of

complete 24-hour blood pressure recordings,
only the daytime (10:00 a.m. to 8:00 p.m.)
or nighttime (midnight to 6:00 a.m.) ambu-
latory readings were used.

We computed standardized regression
coefticients for the regression of blood pres-
sure on age and body mass index to explore
the influence of the range of the measure-
ments on the comparison of the regression
slopes. These additional caleulations con-
firmed the present findings in both the Bel-
gian subjects and the Irish subjects.

DISCUSSION

This cross-sectional study conlirmed the
well-established relations between systolic

and diastolic blood pressure and both age
(10, 11, 22) and body mass index (10, 11),
at least when blood pressure was recorded
by an observer in the conventional manner,
With use of ambulatory monitoring, the in-
crease in blood pressure with age was less
pronounced, while the slope of ambulatory
biood pressure values on body mass index
was reduced. These obscrvations were con-
sistent in two independent data sets which
represented populations that were of differ-
ent national origins and were recruited and
investigated in different ways. It remains 1o
be seen, however, whether the present find-
ings on the age-related differences between
conventional and ambulatory blood pres-
sure mcasurcments would be reproducible
in longitudinal studics.

Patients taking antihypertensive drugs
were not cligible for participation in the
present studies (12, 13). However, it is un-
likely that the present analyses were biased
by the sclection of the participants, because
both the Belgian study (12) and the lrish
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for convenlional (solid lines) and ambulatory (dashed lines) blood pressure measurements. The p values reler to the
comparison ol the linear regression slopes. Belgian and lish subjecls were pooled for this analysis.

study (13) included 10-12 percent untreated
hypertensive patients (a systolic pressurc
>140 mmllg or a diastolic pressure >9)
mmllg). In addition, sclection bias should
have aflected the corrclations with the con-
ventional and ambulatory blood pressure
recadings cqually, The present findings also
could not be attributed to the differences in
the ranges between the conventional and
ambulatory blood pressure mecasurcments.
The possibility of confounding resulting
from the fact that older and obese persons
arc usually less physically active and may
therefore have lower ambulatory blood pres-
surcs than younger and leaner persons can

probably be discounted. Indeed, in the two |

data scts, daytime (from 10:00 a.m. to 8:00
p.nn) and nighttime (from midnight to 6:00

a.m.) ambulatory recordings pave the same
results as complete 24-hour recordings.

It is unlikely that the present findings are
due to artifacts introduced by the SpaccLabs
monitors. Indced, age-related discrepancies
between conventional and automated blood
pressure readings have nol been observed
during the validation of this oscillemetric
device (10, 23). In these validation studics
(10, 23), simultancous conventional and au-
tomated measurcients were obtained in the
presence ol an observer. A recent report (24)
demonstraied that systolic blood pressure
was, on average, 5.0 mumllg higher upon
conventional measurement by two techni-
.ctans than upon simultancous registration
by the auscultatory Accutracker 1 recorder
(model 104: Suntech Medical Instruments,
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TABLE 3. Difference in blood pressure (mmHg) associated with a 5-kg/m? increase in body mass index* in

Belgian and Irish subjects

cBPt ABPYT Difference rt
Belgians
Men (n = 159)
Systolic +9.3 +5.5 3.8 0.02
Diastolic +5.7 +4.5 1.8 0.16
Women (n = 169)
Systolic +8.8 +4.7 4.1 0.0001
Diastolic +4.5 +2.4 21 0.005
Irish employees
Men (n = 218)
Systolic +6.0 +3.2 28 0.04
Diastolic +5.7 +3.9 1.8 0.05
Women (n = 198)
Systolic +8.4 +4.7 37 0.03
Diastolic +5.5 +3.1 24 0.02
Both samples
Men (n = 377)
Systolic +7.4 +4.1 33 0.001
Diastolic +5.0 +4.0 1.0 0.1
Women (n = 367)
Systolic +8.4 +4.7 3.7 0.001
Diastolic +3.6 +2.1 1.5 0.0t

* Weight (kg)/height ()2,

T Blood pressure was measured by conventional and ambulatory methods. CBP, conventional blood pressure; ABP, ambulatory

blood pressure.

1 p values refer to the comparison between CBP and ABP for the predicted change {cross-sectionally assessed) in blood pressure

associated wilh a 5-kg/m? increase in body mass index.

Inc., Raleigh, North Carolina) and that con-
ventional diastolic blood pressure was 6.3
mmHg higher. Afier sex and race were con-
trolied, the systolic blood pressure diller-
cnces in the latter study (24) increased with
age (0.15 mmHg per year of age) but not
with body mass index, while the differences
in diastolic pressure were not related to age
or body mass index. An artifact of similar
magnitude would be insufficient to com-
pletely explain the present findings on the
corrclations with age. In addition, if the
differences between conventional and auto-
mated readings published for the Accu-
tracker 1l are real (24), this device fails (o
fulfill the British Hypertension Society cri-
teria for accuracy (25).

The present study 'suggests that older and
obese subjects are more susceptible to the
“white coat effect” (26-28), i.e., 10 increas-
ing their blood pressures in response to the
presence of an observer. However, age and
body mass index explained less than 12 per-

cent of the differences between the two tech-
niques of blood pressure measurement; thus,
additional factors must be considered. The
variability of blood pressurc measurements
increases with the level of blood pressure
(29, 30) and age (29-31). Older subjects tend
to have impaired baroreflexes (29, 31) and
older hypertensives are more susceptible to
placcbo eflects (32) when blood pressure is
mcasured by an observer.

The sympathetic system could play an
important role in the explanation of the
present findings, because the white coat ef-
fect is a mainly sympathetically mediated
alerting reaction (26-28). In keeping with
the present findings, plasma norepinephrine
levels rise with aging (33), and responses of
plasma norepinephrine to mental stress are
larger in elderly subjects (34). Along similar
lincs, overfeeding is associated with an in-
creased sympathetic tone and turnover of
norepinephrine (35, 36). In addition, smok-
ing, which in the Belgian subjects was a
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minor factor involved in the age-related dil-
ferences i diastolic blood pressure between
conventional  and  ambulatory  measure-
ments, causces acute sympathetic stimulation
(37, 38). Finally, the white coat cffect (30-
32y could be less well bullered in older per-
sons as a conscquence of impaired barore-

flexes (29, 31) and the greater stiffness of

therr arteries (22, 39).

A phcnomenon analogous to the present
findings has been described as occurring
when blood pressure is the independent vari-
able used to predict the incidence of cardio-
vascular complications (40-42). The blood
pressure readings obtained at bascline in
longitudinal studies are subject to random
variation, because of the imprecision of the
measurcient process and temporary devia-
tions of blood pressure from the usual level
(40, 43). When a lincar model is applicable,
this results in a systematic underestimation
ol the slope of the real association between

usual blood pressure and the incidence of

cardiovascular  complications. This phe-
nomcenon, termed “regression dilution bias”
(40-42), can be alleviated by plotting the
incidence ol cardiovascular complications
against an urbiased estimate of the usual
blood pressure. The latter may be oblained
by ambulatory blood pressure monitoring
(1.2, 44).

The present findings may have implica-
tions for clinical and cpidemiologic studics
in which blood pressure is the response vari-
able. Ambulatory blood pressure monitor-
ing, by providing an estimate of a subject’s
usual blood pressure, may be particularly
usclul for determining the truce eflect of an
cllector vartable on blood pressure. [For in-
stance, itis possible that the rise in conven-
tional blood pressure with age (10, 11, 22)
rellects mainly an age-related increase in the
alerting reaction o the observer (26-28) and
that the true effect of aging on usual blood
pressure is less pronounced. Sympathetic
stimulation not only increases blood pres-
sure but also lowers scrum potassium (49,
40). This may explain why plasma potas-
sium is negatively corrclated with blood

pressure when blood pressure is measured

in the conventional manner (47). Similarly,

studies reporting weak associations between
blood pressure as the response variable and
other measurements, such as blood lead (48)
or sodium intake (11, 49), may need to be
reevaluated to investigate whether the pre-
sumed cflects on blood pressure can be con-
firmed when the observer cflect is avoided
Ly ambutatory blood pressure monitoring.
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