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Ambulatory blood pressure monitoring (ABPM) is commonly used in clinical trials. Yet, its ability to detect blood
pressure (BP) change in comparison to multiple officebased measurements has received limited attention. We
recorded ambulatory and five daily pairs of random zero
(RZ) BPs pre- and post-intervention on 321 adult participants in the multicentre Dietary Approaches to Stop
Hypertension trial. Treatment effect estimates measured
by ambulatory monitoring were similar to those measured
by RZ and did not differ significantly for waking vs 24-h
ambulatory measurements. For systolic BP, the standard
deviations of change in mean 24-h ambulatory BP
(8.0 mmHg among hypertensives and 6.0 mmHg among
nonhypertensives) were comparable to or lower than the
corresponding standard deviations of change in RZ-BP
based on five daily readings (8.9 and 5.9 mmHg). The

standard deviations of change for mean waking ambulatory BP (8.7 and 6.7 mmHg) were comparable to those
obtained using three to four daily RZ readings. Results for
diastolic BP were qualitatively similar. Ambulatory monitoring was more efficient (ie, a smaller sample size could
detect a given BP change) than three to four sets of daily
RZ readings and required fewer clinic visits. The average
of 33 ambulatory BP readings during the waking hours
had an efficiency comparable to that from the mean of
four daily pairs of RZ-BPs. Participants readily accepted
the ABPM devices, and their use requires less staff
training. ABPM provides a useful alternative to RZ-BP
measurements in clinical trials.
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Introduction
Ambulatory blood pressure monitoring (ABPM)
is gaining in popularity as an alternative to traditional methods for measuring blood pressure (BP)
in clinical trials.1–4 Its purported benefits in this
setting include enhanced precision (allowing for
reduced sample size and/or increased study power),
elimination of observer bias, and identification and
exclusion of individuals with ‘white coat’ hypertension, also termed ‘isolated office’ hypertension.5–9
In particular, several studies suggest that ABPM,
compared with traditional BP measurement techniques, should reduce the variability of estimates of
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BP change in clinical trials.10–17 Mean 24-h BPs also
correlate more closely with measures of hypertensive target organ damage than do office-based BPs.18
In one large trial, 24-h ABPM was superior to office
readings in predicting the regression of left ventricular hypertrophy in hypertensive patients following treatment to reduce BP.19
Any advantage in enhanced precision ABPM may
have over standard techniques may be offset by
reduced effect size estimates. In three small studies
of nonpharmacologic therapy, the effect size (BP
change) measured by ABPM tended to be smaller
than that detected by standard measurements.20–22 In
clinical trials, the ratio of BP change to its standard
deviation is key in determining sample size requirements and computing statistical power.
As part of a multicentre trial of the effect of eating
patterns on BP, we recorded both ambulatory and
random-zero (RZ) BP measurements pre- and postintervention on 321 adult participants. A previous
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analysis of the effect of the study diets on ABPM BPs
showed statistically significant treatment effects
that did not differ significantly in magnitude from
those measured using RZ-BP measurements.23 We
now extend those results by comparing results from
various ABPM summary measurements with results
from RZ-BPs recorded over 1–5 days. The findings
are intended to guide researchers in designing future
clinical trials in which BP is the primary outcome.

Methods
Dietary Approaches to Stop Hypertension (DASH)
was a randomized outpatient feeding trial designed
to compare the effects of three dietary patterns on BP
among 459 adults who had an average diastolic
blood pressure (DBP) of 80–95 mmHg and an average
systolic blood pressure (SBP) o160 mmHg and were
not taking antihypertensive medications.24,25 The
three dietary patterns included a ‘control’ diet
typical of average US consumption; a ‘fruits-andvegetables’ (F&V) diet rich in fruits and vegetables
but otherwise similar to the control diet; and a
‘combination’ diet (the DASH diet) rich in fruits,
vegetables, and low-fat dairy foods, and reduced in
saturated and total fat.26 Participants ate the control
diet during a 3-week run-in feeding period and their
randomly assigned intervention diet for an additional 8 weeks. The study was approved by the
institutional review boards of each participating
institution and by an NHLBI-appointed protocol
review committee, and all participants provided
written informed consent.
BP, assessed by trained staff using Hawksley RZ
sphygmomanometers, was measured three times
during screening, twice during each of the second
and third weeks of run-in feeding, and five times
during the final 2 weeks of intervention feeding. All
measurements were taken with the subject in a
seated position and using the right arm (if available).
ABPM measurements were initiated beginning
with the second of five feeding cohorts. One
measurement was recorded at the end of run-in
feeding and a second at the end of intervention
feeding. All were made using a Space Labs 90207
device (Redmond, Washington) programmed to take
measurements every 30 min and to repeat a reading
if the SBP, DBP, or heart rate fell outside predefined
acceptable ranges. ABPM placement procedures
included three manual RZ readings followed by
three readings by the ABPM device while the
participant remained seated. Only the first 24 h
readings were retained for analysis. If fewer than 14
acceptable readings were obtained, the subject was
asked to repeat the monitoring. Among participants
with acceptable ABPM measurements, more than
90% of the possible waking and sleeping readings
were obtained.23 Staff were trained and certified on
ABPM measurements on a regular basis throughout
the study. Participants completed a questionnaire to
Journal of Human Hypertension

assess how much wearing the monitor interfered
with their daily activities.
Of the 362 participants potentially available for
this analysis, 11 were excluded because they did not
complete intervention feeding, six more because
they did not have technically acceptable ABPM
readings at both baseline and end-of-study, and 24
more because they did not have complete RZ-BP
data. The final analysis includes the 321 participants with no missing data.
As the ABPM measurements were made during
the latter part of run-in and intervention feeding, the
RZ-BPs used in this analysis are computed using the
final one, two, three, four, and five baseline and
intervention measurements for each participant. For
ABPM, we present data for the change in mean 24-h
and mean waking ambulatory BPs.
Estimates of treatment effects (eg, the effect of the
DASH diet on blood pressure, net of control) were
computed using analysis of variance, adjusting for
clinical centre.25 Equivalence of estimated treatment
effects for different outcomes (eg, for RZ-BP vs mean
24-h ambulatory BP) was assessed using a simple
t-test constructed using individual paired differences between the two outcomes for each individual
(see Appendix A).

Results
In all, 54% of the sample were men, and the mean
age for both men and women participants was 45
years. A total of 56% of the participants were of
African American descent—73% of women and
42% of men. Another 6% derived from other
minority backgrounds. Overall, 29% of the participants had mean baseline BPs in the hypertensive
range—36% of women and 23% of men.
Approximately 45% of participants reported that
wearing the monitor interfered with their usual
home and work activities ‘not at all’, and another
roughly 45% reported that wearing the monitor
interfered with their usual activities only ‘somewhat’. Only 5–10% of participants reported that the
monitor interfered with their usual activities ‘a lot’,
although between 15 and 20% of participants
reported that the monitor interfered with their sleep
‘a lot’. Nonetheless, 96% of participants reported
that, except for showers, they wore their monitor for
the full 24-h period, which is consistent with the
completeness of the study data.
Table 1 compares, for hypertensives and nonhypertensives, the treatment effects for ABPM vs RZBPs. The treatment effects are expressed net of
control, thus adjusting for any artifacts, such as
regression to the mean, that may be present in the
data. The use of 4-day RZ-BP estimates minimizes
the variability of the estimates while still limiting
the baseline measurements to those taken during
run-in. We observed no consistent trend for the
treatment effect estimates measured by ABPM to be
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Table 1 Net impact of the DASH diet on changes in ambulatory and random zero blood pressures (mmHg) among participants in the
a

DASH trial

4-day RZ-BP b
Nonhypertensive participants
DSBP
3.4 (5.4, 1.3)
DDBP
1.0 (2.8, 0.8)
Hypertensive participants
DSBP
DDBP

11.8 (16.4, 7.3)
5.1 (8.2, 1.9)

Waking ABPM

24-h ABPM

1.9 (4.1, 0.3)
1.4 (3.2, 0.4)

2.5 (4.4, 0.5)
1.9 (3.4, 0.3)

10.4 (15.0, 5.9)
5.2 (8.5, 1.8)

10.3 (14.5, 6.2)
5.6 (8.6, 2.6)

None of the estimated treatment effects differed between ABPM and RZ-BP or between waking and 24-h ABPM.
a
Blood pressure changes are net of control and expressed as mean (95% conf. interval).
b
Change from the four run-in blood pressures to final four end-of-study blood pressures.

Table 2 Standard deviation of blood pressure change (mmHg) in the DASH trial by number and type of blood pressure measurements
Nonhypertensive participants
DSBP
RZ-BP
1 set of daily measurements
2 sets of daily measurements
3 sets of daily measurements
4 sets of daily measurements
5 sets of daily measurements

9.7
7.7
6.7
6.2
5.9

ABPM
Waking (33 measurements)a
24-h (48 measurements)a

6.7 (6.2, 7.3)
6.0 (5.6, 6.6)

(9.0,
(7.2,
(6.2,
(5.8,
(5.4,

10.6)
8.4)
7.3)
6.8)
6.4)

Hypertensive participants

DDBP

7.9
6.5
5.8
5.5
5.2

(7.3,
(6.0,
(5.4,
(5.1,
(4.8,

8.5)
7.1)
6.3)
6.0)
5.6)

5.5 (5.1, 6.0)
4.8 (4.4, 5.2)

DSBP

13.5
10.3
9.3
8.7
8.9

(11.7, 15.8)
(8.9, 12.1)
(8.1, 10.9)
(7.5, 10.2)
(7.7, 10.4)

8.7 (7.5, 10.2)
8.0 (6.9, 9.4)

DDBP

9.1
7.6
6.8
6.1
5.8

(7.9,
(6.6,
(5.9,
(5.3,
(5.1,

10.7)
8.9)
8.0)
7.1)
6.8)

6.3 (5.5, 7.5)
5.7 (5.0, 6.7)

All estimates are pooled estimates of s.d. of blood pressure change based on ANOVA model adjusting for treatment and site effects. 95%
confidence intervals for SD change are shown in parentheses.
a
Numbers in parentheses represent nominal number of ABPM measurements recorded during each observation period.

systematically greater (or less) than those measured
by RZ-BP, and none of the pairwise comparisons of
treatment effects estimated via the three measurement techniques were statistically significant. However, while all of the treatment effects estimated
using 24-h ABPM measurements were statistically
significant, only three of the four treatment effects
estimated using RZ-BP and waking ABPM were
statistically significant.
Table 2 presents estimates of the standard deviation of BP change for RZ-BPs measured over varying
numbers of days and for mean waking and 24-h
ABPM measurements. The first two columns display results for nonhypertensive participants, while
the third and fourth columns are restricted to
persons with hypertension at baseline. The table
shows the increased precision resulting from increasing the number of measurement days (RZ
options) or from increasing the number of measurements in any given day (ABPM options). For the RZBP measurements, the standard deviation of SBP
change decreased on the order of 20% between one
and two sets of daily measurements and an additional 10–13% between two and three daily sets.
The reduction in variability was on the order of

7 and 5% on adding fourth and fifth days of
measurements, respectively. For the ABPM measures, the standard deviation of BP change dropped
on the order of 10% between the 33 (waking)
measurements and all 48 measurements. The standard deviations of change in 24-h ambulatory SBP
(8.0 mmHg in hypertensives and 6.0 mmHg in nonhypertensives) were either comparable or lower than
the corresponding standard deviations of change in
RZ-SBP measured over 5 days (8.9 and 5.9 mmHg),
while the standard deviations of change for mean
waking ambulatory SBP (8.7 and 6.7 mmHg) were
comparable to those seen for three to four sets of
daily RZ-BP measurements. Analysis of changes in
DBP produced qualitatively similar results.
Assuming that BPs measured by RZ sphygmomanometers and by ABPM result in comparable
treatment effect estimates in clinical trials, we can
use the data from Table 2 to determine the relative
sample size requirements for trials involving either
ABPM or varying numbers of RZ-BP measurements.
Table 3 shows calculations for a simple twotreatment, parallel-group design with a power of
90%. The calculations show the striking efficiency
gains for the RZ-BP measurements by increasing
Journal of Human Hypertension
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Table 3 Sample size per group required to detect given effect sizes among hypertensive participants with power 90%
Treatment effect (mmHg)

SBP

DBP

3.0

5.0

10.0

3.0

5.0

10.0

RZ-BP
1 set of daily measurements
2 sets of daily measurements
3 sets of daily measurements
4 sets of daily measurements
5 sets of daily measurements

426
248
202
177
185

154
90
73
64
67

39
23
19
16
17

194
135
108
87
79

70
49
39
32
29

18
13
10
8
8

ABPM
Waking (33 measurements)
24-h (48 measurements)

177
150

64
54

16
14

93
76

34
28

9
7

Assumes two-sided alpha level of 0.05 and standard deviations as per Table 2.

from one to three sets of daily measurements, the
flattening out thereafter, and the superiority of the
ABPM measurements over RZ-BP measurements
based on three or fewer sets of daily measurements.
Finally, in an effort to determine the extent to
which ambulatory and office-based BP measurement
techniques identified the same responders, we
correlated the change in BP assessed with the two
techniques for participants eating the DASH diet.
For those who were initially hypertensive, changes
in both 24-h and waking ABPM measurements
correlated
highly
(Pearson
correlation
coefficients ¼ 0.79 and 0.82, resp., for SBPs and 0.60
and 0.60 for DBPs, all P-values o0.0001) with
change in RZ-BP based on four measurements.
Comparable correlations for participants who were
not initially hypertensive were lower (0.41 and 0.39
for SBPs and 0.33 and 0.33 for DBPs), although still
statistically significant.

Discussion
ABPM (24-h) appears to be a viable alternative to the
use of RZ (or normal office-based) BP measurements
for clinical trials in which BP is the primary
outcome. Mean waking BPs recorded over a 16-h
period appear to provide a precision comparable
to that obtained from four sets of daily RZ-BPs.
Furthermore, acceptance of the ambulatory devices
appears high.
Strengths of the present study include the use of
detailed, standardized protocols for both types of BP
measurements, the ability to directly compare both
techniques in the same population, and the large,
diverse population. In all, 46% of the participants
included in this analysis were female, 56% were
African American, and 29% had baseline BPs in the
hypertensive range.
The primary limitation of the study may be the
nature of the intervention. DASH was a controlled
feeding trial, which distinguishes it from longerJournal of Human Hypertension

term trials such as the Trials of Hypertension
Prevention.27 Follow-up, from the beginning of
run-in feeding to the end of intervention feeding,
was just 11 weeks and included daily contact with
participants. By contrast, lifestyle change trials may
last for several years and include only quarterly or
semi-annual clinic visits by participants. As a result,
the standard deviations of change of RZ-BP and
ABPM measurements and their relationship with
the number of measurements will likely differ from
the results reported here. In addition, the much
greater intensity of participant contact in controlled
feeding trials than in lifestyle change trials may have
important logistical implications for the choice of
measurement device. For instance, in an 18-month
lifestyle change trial, a participant may be willing to
come in for a single office BP measurement but not
for an ABPM measurement, which is more burdensome and requires a second visit to return the
equipment.
Our results are likely more applicable to shorterterm trials, such as drug studies, as well as to other
feeding trials. This study represents the largest and
most comprehensive analysis of this issue to date.
These results may conceivably extend to the
comparison of ABPM measurements with those
made using nonmercury devices, including aneroid
and automated stationary devices, which are increasingly being used as hospitals ban the use of
mercury-containing devices.28 Assuming that the
primary sources of variability for such devices,
as with carefully controlled RZ measurements,
relate more to day-to-day and longer-term variation
in true individual BPs than to measurement error,
we expect that, qualitatively if not quantitatively,
the results presented here would be generally
applicable to other BP-measuring devices.
Rosner et al29 documented substantially greater
day-to-day than within-day variability in BP measurements. Their findings would tend to support
taking BP measurements over several days, rather
than simply taking the same total number of
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measurements on one day. Our results suggest that
the range of BPs sampled over the course of an entire
day (or at least over several hours) must mimic some
of the longer-term variation that has been observed
for office-based BP measurements. That would also
help to explain how increasing the number of ABPM
measurements from 33 to 48 could continue to have
an impact in reducing variability. If one focuses
on awake BP, as few as 6 h of monitoring with 2–3
readings/h may be sufficient,30 although our data
would suggest that the added measurements further
reduce variability.
Although three small studies of nonpharmacological therapy reported that the BP change measured
by ABPM tended to be smaller than that detected by
standard measurements,20–22 we found no evidence
of this in the DASH trial. Thus, we conclude that
the standard deviation of BP change appears to
be the key factor in determining relative sample size
requirements and computing statistical power.
Our results also indicate that, to the extent that
it is possible to identify ‘responders’ to the DASH
diet, both ambulatory and office-based techniques
tend to identify the same individuals. Correlation
coefficients for relating change in RZ-BP measurements were much greater for those with hypertension at baseline than in those without. We believe
that this is reflected both by the greater range of
responses seen among hypertensive individuals
(thus providing more variation to be explained),
and by the fact that there is presumably more
random variability in the change scores of the
nonhypertensive group. We would caution, however, that defining individual ‘responders’ to a
dietary intervention based on a single change score
is at best an imprecise process.31
Ultimately, the decision between ABPM and
office-based measurements for a given clinical trial
will need to reflect a variety of considerations,
including study duration, anticipated frequency
of participant contact, and the differential risk of
missing data during follow-up (potentially worse for
ABPM). Cost is also a consideration. Obtaining highquality office-based measurements requires extensive staff training and ongoing quality control
monitoring, even if mercury devices become unavailable. At that time, the debate will shift to the
use of one-time ABPM measurements vs multiple
BP measurements made using aneroid or automated
stationary devices. These devices would eliminate
some but not all of the biases traditionally associated with standard BP measurements. Still, caution is warranted: it has not yet been established
that a given change in ABPM pressures has the same
impact on long-term cardiovascular risk as an
equivalent change in BP measured by standard
methods, even though recent evidence supports
the clinical utility of using ABPM to predict CVD
risk.32,33 Nonetheless, we believe that the results
presented here can inform the choice of BP
measurement protocols now and in the future.
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Appendix A
This appendix describes the procedure used to
compare the various intervention effect size estimates in Table 1.
Let OM1 and OM2 be two correlated outcome
measures (eg, RZ-BP and mean 24-h ambulatory
blood pressure), and assume interest is focused on
the effect of the DASH dietary pattern. For OM1, the
effect of the DASH diet, net of control, can be
expressed as (DOM1DASH  DOM1cntl ), where
DOM1DASH is the observed mean difference in
OM1 from baseline to end-of-study for participants
eating the DASH diet, and DOM1cntl is the comparable difference for those eating the control diet. In
order to test whether the DASH diet effects measured by OM1 and OM2 are equivalent, we compute
d ¼ðDOM1DASH  DOM1cntl Þ
 ðDOM2DASH  DOM2cntl Þ;
which can be rewritten as
d ¼ðDOM1DASH  DOM2DASH Þ
 ðDOM1cntl  DOM2cntl Þ:
Once in this form, d can be seen to be the
simple difference in two means, X and Y , where
X1, y, Xn1 and Y1, y, Yn2 are n1 þ n2 mutually
independent
individual
paired
differences
defined by Xi ¼ (DOM1DASH,iDOM2DASH,i) and
Yi ¼ (DOM1cntl,iDOM2cntl,i). If s2x and s2y are the
estimated standard deviations of the X’s and Y’s,
then
ðX  Y Þ
T ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
sy
s2x
n1 þ n2
will have an approximate Student’s t-distribution
for sufficiently large n1 and n2, and can thus be
used to test the null hypothesis that d ¼ 0.

