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Abstract

Background—-Previous studies of the reproducibility of blood pressure (BP) dipping have
yielded inconsistent results. Few have examined factors that may influence dayto-day differences
in dipping.

Methods and Results—Ambulatory BP monitoring was performed on three occasions,
approximately one week apart, in 115 untreated adult subjects with elevated clinic BPs. The mean
+SD BP dip was 18+7/15+5 mmHg (sleep/awake BP ratio = 0.87+0.05/0.82+0.06), with a median
(interquartile range) day-to-day variation of 5.2 (3.1-8.1)/4.3(2.8-5.6) mmHg. There was no
decrease in variability with successive measurements. The reproducibility coefficient (5.6 [95% CI
5.1, 6.1] mmHg) was greater and the intraclass correlation coefficient (0.53 [95% CI 0.42, 0.63])
was smaller for the systolic dip than for 24-hour or awake systolic BPs, suggesting greater day-
today variability in dipping. Variability in systolic dipping was greater in subjects with higher
awake BP, but was not related to age, gender, race, or body mass index. Within individuals, day-
to-day variations in dipping were related to variations in the fragmentation index (p < 0.001), a
measure of sleep quality.

Conclusions—Although mean 24-hour and awake BPs were relatively stable over repeated
monitoring days, our study confirms substantial variability in BP dipping. Day-to-day differences
in dipping are related to sleep quality.
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INTRODUCTION

METHODS
Subjects

Measurement of blood pressure (BP) throughout the day using ambulatory BP monitoring
(ABPM) permits quantification of the “average” BP over 24 hours, as well as an assessment
of the diurnal pattern of BP variation. Multiple studies have demonstrated that average
ambulatory BP is more predictive of end-organ damage and of adverse cardiovascular
events than is clinic BP. (1-11) Similarly, the diurnal pattern of BP variation may be of
prognostic significance, with non-dippers — i.e., individuals with a small or no fall in BP
during sleep — at increased risk of adverse cardiovascular outcomes. (1,2,4,5,8,10,12-19)

One factor that has limited enthusiasm for incorporating measurement of the BP dip into the
clinical evaluation and management of patients is concern over the reproducibility of this
measurement. Previous studies evaluating the day-to-day consistency of the diurnal BP
profile have yielded differing results that have been influenced by factors such as the age,
co-existing medical conditions, and treatment of the subjects, as well as the time interval
between successive measurements. (17,20-27) Some have focused on the classification of
patients as dippers or non-dippers based on defined partition values, an approach in which
individual subjects may have discordant results from one monitoring session to the next
despite quantitatively small differences in the BP fall during sleep. Few have examined the
impact of demographic characteristics or of day-to-day variation in sleep quality or daytime
activity levels on the reproducibility of the BP dip.

In this study, we quantitatively examined the reproducibility of the BP dip and other
measures of ambulatory BP in a cohort of generally healthy subjects with elevated clinic
BPs who underwent ABPM on three occasions. We also assessed the influences of
demographic features, awake BP levels, sleep duration and quality, and awake physical
activity levels on day-to-day variations in BP dipping.

Participants included generally healthy men and women between the ages of 40 and 60 years
who had never been treated with anti-hypertensive medications and who had screening
systolic BPs of 130-159 mmHg and/or diastolic BPs of 85-99 mmHg. Individuals at high
risk of sleep apnea, based on clinical history or on screening using the Duke Structured
Interview for Sleep Disorders (28) and Berlin Sleep Apnea Index (29), were excluded. Other
exclusion criteria have been described elsewhere in detail (30), and included diabetes, atrial
fibrillation, chronic kidney disease, use of oral contraceptives or hormone replacement
therapy, or incomplete data on any one of the three ABPM sessions. Participants were
recruited by paid advertisements. The study was approved by the Institutional Review Board
at Duke University Medical Center, Durham, NC, and written informed consent was
obtained from all participants prior to their participation.

Screening BP

Screening BPs were acquired on three separate visits to the research laboratory, each
approximately one week apart. At each visit, with the subject seated in a quiet, temperature
controlled room, four seated BP measurements were acquired by a trained technician using a
mercury sphygmomanometer. The BP for each visit was calculated as the mean of the last
three readings, and eligibility for the study was based upon the average of the BP values
from each of the three visits.
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Demographic assessments

ABPM

Data on age, gender, ethnicity, height, and weight were acquired on screening visits. Body
mass index (BMI) was calculated as weight (kg)/height (m)2.

ABPM was performed using an OSCAR Il monitor (Suntech Medical, Inc., Raleigh, NC),
an oscillometric device that has been validated for accuracy.(31,32) Twenty-four hour
records were acquired on three typical work days, separated by approximately one week.
The monitor was programmed to make BP measurements every 20 minutes during the day
and every 30 minutes at night. A minimum of 6 valid measurements were required during
the sleep period, and 20 valid measurements were required during the waking period.

Assessment of sleep duration and quality and of daytime activity levels

Waking and sleep periods were defined by self-report diaries and confirmed by actigraphy.
The actigraphy monitor (Mini-Mitter, Inc., Sunriver, OR) is worn around the wrist and
contains a calibrated accelerometer that samples movement and activity at a rate of 32/sec.
The actigraphy-based fragmentation index, a measure of the restlessness of sleep, was
defined as the sum of 2 percentages: the percentage of the sleep period spent moving, and
the percentage of the number of immobile phases that were < 1 minute long. Sleep
efficiency was defined as the percent of time asleep during the time in bed. Previous studies
have demonstrated that actigraphic measures reflect sleep quality as assessed by
polysomnography. (33,34) Daytime activity was expressed as the average activity counts/
minute during the waking period.

Data analysis

All analyses were performed using SAS statistical software, version 9.3 (SAS, Cary, NC).

Waking and sleep systolic BPs for each individual were computed as the averaged awake
and sleep BPs for each of the three monitoring sessions. The systolic BP dip for each session
was derived by subtracting mean sleep systolic BP from mean awake systolic BP, and the
systolic sleep/awake BP ratio was calculated as mean systolic sleep BP/mean systolic awake
BP. The day-to-day variability for each measure of systolic BP and systolic BP dipping was
quantified for each subject as the average absolute variation (the mean absolute difference in
values between sessions 1 and 2, sessions 2 and 3, and sessions 3 and 1). Analogous
calculations were made for diastolic BPs. For descriptive purposes, a dipper was defined by
systolic and diastolic sleep/awake BP ratios < 0.90, while subjects with either a systolic or
diastolic sleep/awake BP ratio of > 0.90 were classified as nondippers.

The day-to-day variability in each measure of sleep duration and quality and of daytime
activity levels was quantified as the average absolute variation over the 3 sessions.

Descriptive statistics were summarized as meanSD for continuous demographic variables
and for measures of BP, sleep, and activity; as median (interquartile range) for measures of
day-to-day variability; and as number (%) of subjects for categorical variables.

Differences in mean BP measurements (screening, awake, sleep, dip, and sleep/awake ratio)
on sessions 1, 2, and 3 were examined using repeated measures analysis of variance.

The reproducibility of the systolic BP dip between sessions 1 and 2, 2 and 3, and 1 and 3
were illustrated by Bland Altman plots, and plots were also constructed to illustrate the
reproducibility of systolic BP dip in comparison to other measure of systolic BP between
sessions 1 and 2. Utilizing the data from all 3 sessions, the reproducibility coefficient of
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each measure of BP was defined as the within-subject standard deviation (Sy,) derived from
a one-way analysis of variance. The intraclass correlation coefficient, an index describing
the proportion of the total variance in BP measurements that is due to “true” differences
between subjects, was calculated from the between-subject and error variances of the one-
way analysis of variance (R = 02subjects /(stubjects + 0%rror) = (MSsybjects = MSerror)/
(MSgybjects + 2 MSerror), where MS = mean square). The levels of agreement between
sessions 1 and 2, 2 and 3, and 1 and 3 in classification of subjects as dippers or nondippers
were quantified using the kappa statistic.

The relationships of awake BP and continuous demographic variables (age and BMI) to the
average absolute variation in the BP dip were examined with Spearman’s correlations.
Gender and race (classified as white or non-white) differences in the variation in BP dipping
were assessed by the Wilcoxon rank sum test.

Mixed models were utilized to examine the impact of within-subject differences in sleep
duration, sleep quality (fragmentation index and sleep efficiency), and daytime physical
activity (quantified as the average activity counts/minute) on day-to-day differences in BP
dipping. The mixed models were constructed to recognize that ambulatory BP data have two
components: one due to the sampling of subjects and the other due to the sampling of
repeated measurements within subjects. In order to estimate the impact of intra-individual
day-to-day differences (rather than inter-individual differences) in sleep duration and quality
and in daytime activity, average values across the 3 sessions for sleep duration, sleep quality
measures, and activity counts/minute for each subject were included in the models.

The demographic characteristics of the 115 study participants are summarized in Table 1.
The average age was 46+9 years; 43% of the subjects were female. There were 63 (55%)
whites, 42 (37%) African Americans, and 10 (9%) subjects of other ethnicities. The mean
awake BP was 136+11/84+8 mmHg, with a dip of 18+7/15+5 mmHg. The systolic and
diastolic sleep/awake BP ratios were 0.87+0.05 and 0.82+0.06, respectively. The
percentages of subjects qualifying as dippers were 65%, 66%, and 70%, respectively, on the
three sessions (data not shown). Measures of sleep duration and quality and of daytime
activity levels are shown in Table 2; the typical sleep period duration was 7.6+1.0 hours per
night.

The reproducibility of the systolic BP dip between sessions 1 and 2, 2 and 3, and 1 and 3 is
illustrated by Bland Altman plots in Figure 1. There was no decrease in the within-
individual day-to-day variability of the BP dip with successive measurements. The greater
variability in screening BP, sleep BP, and BP dip than in awake BP is shown in Figure 2. A
shift on successive measurements was noted only for screening BPs, which averaged 142+9
mmHg on visit 1, 140£8 mmHg on visit 2, and 13848 mmHg on visit 3 (p<0.0001 for
difference between sessions); mean awake and sleep ambulatory BPs and the BP dip
remained stable across monitoring sessions. Similar findings were noted when measures of
diastolic BP were examined (data not shown).

The median (interquartile range) absolute day-to-day variation in systolic/diastolic BP dip
was 5.2 (3.1-8.1)/4.3(2.8-5.6). The absolute day-to-day variation, reproducibility coefficient
(within-subject standard deviation), and intraclass correlation coefficient (proportion of the
total variance in BP due to “true” differences between subjects) for each measure of systolic
BP are shown in Table 3. The lowest intraclass correlations were for the BP dip and the
sleep/awake BP ratio, reflecting the considerable day-today variability in these
measurements and the relatively constricted range of values. Similarly, the diastolic BP dip
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and sleep/awake BP ratio had the lowest intraclass correlations (0.48, 95% CI 0.37, 0.58;
and 0.54, 95% CI 0.43, 0.63, respectively) amongst measures of diastolic BP (data not
shown). Of note, average awake BP was more reproducible than either sleep BP or
screening BP.

There was agreement between sessions 1 and 2 in categorizing individuals as dippers or
nondippers in 74% of subjects, with a kappa coefficient of 0.41; agreement between sessions
2 and 3 in 76% of subjects, with a kappa of 0.43; and agreement between sessions 1 and 3 in
70% of subjects, with a kappa of 0.31.

The average absolute variation of systolic BP dipping was significantly correlated with
awake systolic BP (r=0.27, p=0.003). Subjects with a greater BMI tended to exhibit more
day-to-day variability in systolic dipping (r = 0.16, p = 0.077), but this tendency did not
achieve statistical significance. There was no apparent relationship of age to the magnitude
of systolic dipping variability (r=-0.06, p=0.496). There were no differences in systolic BP
dipping variability by gender (p=0.446) or race (p=0.954).

The relationships of sleep duration and quality and awake physical activity to intra-
individual day-to-day differences in systolic BP dip were examined in the mixed models
shown in Table 4. Day-to-day measures of sleep fragmentation index were predictive of the
systolic BP dip (p = 0.001). Sleep efficiency also tended to predict the day-to-day systolic
BP dip, but this relationship did not achieve statistical significance (p=0.096). In contrast,
neither sleep period duration nor awake physical activity was related to day-to-day
differences in systolic BP dipping. Day-to-day measures of fragmentation index were also
related to the systolic sleep/awake BP ratio (p = 0.003) and diastolic BP dip and sleep/awake
BP ratio (p = 0.017 and p = 0.016, respectively; data not shown).

To illustrate the influence of within-subject day-to-day variability in sleep quality on
systolic BP dipping variability, we compared subjects with high variability in fragmentation
index (in the highest quartile for absolute day-to-day variation in fragmentation index) to
those with low fragmentation index variability (in the lowest quartile for absolute variation).
The absolute day-to-day variations in both systolic BP dip (6.7 [5.0-9.5] vs 4.1 [3.0-7.0]
mmHg, p = 0.021) and sleep/awake BP ratio (0.051 [0.023-0.057] vs 0.031 [0.023-0.047], p
= 0.031) were significantly greater in subjects with greater variability in sleep quality.

DISCUSSION

Our study confirms previous research suggesting that there is substantial day-today
variability in BP dipping. In our cohort of untreated middle-aged men and women with high
normal or mildly elevated BPs, the systolic BP dip was less reproducible than average 24-
hour or awake ambulatory systolic BP, and varied by a median of 5.2 (interquartile range
3.1-8.1) mmHg from one measurement to the next. The magnitude of the variability in
systolic BP dipping was greater in subjects with higher levels of awake BP. In individual
subjects, the day-to-day differences in systolic BP dip were related to sleep quality, but not
to sleep period duration or to the level of physical activity while awake.

Many of the previous studies evaluating the reproducibility of the diurnal BP profile have
examined the reliability of ABPM in classifying individuals as dippers or non-dippers based
on a specified partition value (generally a 10% or greater fall in BP during sleep hours).
Cuspidi, et al (35), for example, studied short term reproducibility of the circadian BP
profile in 619 never-treated hypertensive patients by performing 24-hour ABPM twice in
four weeks. A total of 407 of the 619 subjects were categorized as “dippers” during the first
monitored session, but 24% changed classification on repeat monitoring. The variability in
BP dipping was not predicted by age or gender. Omboni, et al (36) reported that
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approximately 40% of the hypertensive patients enrolled in SAMPLE (Studies on
Ambulatory Monitoring of Pressure and Lisinopril Evaluation) changed dipping pattern
when ABPM was repeated after one year. In a report from the Spanish ambulatory blood
pressure monitoring registry, Hernandez del Rey, et al (20) examined the reproducibility of
the circadian BP profile between the first and second 24-hour periods in hypertensive
patients who underwent monitoring for 48 hours. Although the percentages of patients
categorized as dippers were similar in the two periods (47% on the first day, 50% on the
second day), 24% changed classification.

When the reproducibility of dipping is based on dichotomizing subjects as dippers or non-
dippers, even small changes from one monitoring session to the next may result in a change
in classification and lead to the conclusion that reproducibility is poor. Few studies have
examined the reproducibility of the diurnal BP profile expressing dipping as a continuous
variable. McGowan, et al (37) analyzed nocturnal BP dipping in a retrospective examination
of a sample of 512 never-treated patients with two ABPM assessments 29+19 months apart.
Consistent with prior studies, 24% of patients changed systolic BP dipping status from one
session to the next. The mean nocturnal systolic BP dip was 14+5%. The median absolute
difference in systolic BP dip between sessions was 3.8%, with an intraclass correlation of
0.60.

Our study extends the findings of McGowan, et al (37) by examining the short term
reproducibility of dipping over three sessions in a more controlled setting, and by examining
demographic and behavioral characteristics that may impact reproducibility. The magnitude
of the variation in BP dip observed in our subjects was similar to that described by
McGowan, et al (37) and did not diminish with the third monitoring session. The variability
in BP dipping was not significantly related to age, gender, race, or body mass index.
However, day-to-day differences in sleep quality, as measured by the actigraphy-based
fragmentation index, had a major influence on the systolic BP dip.

We are not aware of previous studies that have rigorously examined the influences of day-
to-day differences in sleep quality on intra-individual variability in BP dipping. Manning, et
al (24) noted that self reported poor sleep quality was associated with an attenuated systolic
BP dip, but whether day-to-day differences in sleep quality contributed to the lack of
reproducibility was not specifically analyzed. A previous analysis of our subject cohort
established sleep quality as an independent predictor of between-individual differences in
BP dipping. (30) When the BP dip was calculated as the difference between awake and sleep
BPs averaged over the three sessions, blunted systolic BP dipping was associated with poor
sleep quality as well as a greater body mass index and a smaller fall in sleep period
sympathetic nervous system activity. These three factors contributed to an attenuated fall in
sleep systolic BP observed in African Americans. Similarly, in a group of 186 participants in
the sleep SCORE study, poor sleep quality as indicated by a greater sleep fragmentation
index was associated with higher sleep/awake systolic blood pressure ratios (i.e., with a
smaller systolic BP dip) in both normotensive and hypertensive individuals. (38)

Although the focus of this report is on BP dipping, our study provides insights into the
reproducibility of other measure of BP. Mean 24-hour, awake, and sleep BPs for the group
were consistent across the 3 monitoring sessions. This finding is in contrast to some
previous studies that have described an “ABPM effect” with higher BP on the initial session,
presumably due to the novelty of wearing a device for the first time. (39,40) The average
research clinic BP decreased over successive visits, however. Even though group averages
for sleep BP and BP dip were consistent over the 3 monitoring sessions, day-to-day
variability was greater for these measures than average awake BP, as has been described by
other investigators. (17,21,27) This may reflect, to some degree, the smaller number of BP’s
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sampled during sleep. Despite careful attention to measurement technique, the day-to-day
variability in research clinic BP was greater than for awake ambulatory BP.

Strengths of our study include the focus on generally healthy, middle-aged subjects with
clinic BPs that averaged about 140/90 mm Hg — individuals in whom ABPM data may prove
valuable in diagnosing hypertension and guiding therapy. Our estimates of variability may
not apply, however, to older individuals or to patients with higher BPs or treated
hypertension. In addition, our study was conducted in subjects who volunteered for an
ABPM monitoring research protocol and were tolerant of repeated monitoring sessions; BP
measurements may not be as reliable in less selected patients who undergo monitoring as
part of a clinical evaluation. Lastly, the cross-sectional design of our study limits inferences
regarding cause-and-effect relationships between clinical characteristics, behaviors, and BP
variability.

ABPM is a valuable tool for estimating an individual’s “true” BP and is more accurate than
clinic BP in defining cardiovascular risk. Moreover, a recent analysis suggests that ABPM
may be cost-effective in identifying patients who would benefit from antihypertensive
therapy. (41) These observations led to the recent recommendation by the United Kingdom’s
National Institute for Health and Clinical Excellence (NICE) that ABPM should be routinely
employed in the evaluation of untreated patients with elevated clinic BP. (42) Additional
research is needed to clarify the physiologic basis and prognostic significance of BP
dipping, and to further characterize the factors — including poor sleep quality -- that may
contribute to the day-to-day variability in this measurement. Our findings support the NICE
recommendation to use average awake BP in diagnosing hypertension in a patient who has a
single assessment of ambulatory BP. In view of the considerable variability in the diurnal
pattern of BP, repeated ABPM sessions may be required to confidently estimate an
individual patient’s BP dip.
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Table 1

Characteristics of the study cohort

Characteristic N (%) or mean+SD
Age (yr) 4619
Female gender 50 (43%)
Race
White 63 (55%)
African-American 42 (37%)
Other 10 (9%)
Body mass index (kg/m2) 28.0+3.7
Shift workers 8 (7%)
Measures of BP
Screening BP (mmHg) 140+7/90+5
24-hr BP (mmHg) 132+10/80+8
Awake BP (mmHg) 136+11/8448
Sleep BP (mmHg) 118+12/69+9
BP dip (mmHg) 18+7/15+5
Systolic sleep/awake BP ratio 0.8740.05
Diastolic sleep/awake BP ratio 0.82+0.06

Data expressed as n (%) for categorical variables and mean+SD for continuous variables, where mean and SD pertain to the average across sessions
1, 2, and 3 for each subject

BP = blood pressure
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Table 2

Measures of sleep duration and quality and of daytime activity

Average absolute

Characteristic MeanzSD variation (mmHg)

Sleep measures

Sleep time duration (hr) 7.6£1.0 0.6 (0.3-1.1)
Sleep efficiency 8248 5.1 (2.9-8.7)
Fragmentation index 30.8+11.9 9.4 (7.0-14.1)

Activity measure
Awake activity (counts/min) 233482 33 (16-55)

Data express as mean+SD or median (interquartile range)
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Reproducibility of measures of systolic blood pressure

Table 3

Average absolute Reproducibility Intraclass
BP measure variation coefficient correlation
Screening BP (mmHg) 5.3(3.3-8.0) 5.7 (5.2,6.3) 0.56 (0.46, 0.66)
24-hour BP (mmHg) 3.7 (2.4-5.6) 4.0 (3.6,4.4) 0.87 (0.82, 0.90)
Awake BP (mmHg) 3.8(2.3-5.4) 4.0(3.7,4.9) 0.87 (0.83, 0.90)
Sleep BP (mmHg) 5.2 (3.3-7.6) 5.9 (5.4, 6.5) 0.78 (0.72, 0.84)
BP dip (mmHg) 5.2 (3.1-8.1) 5.6 (5.1, 6.1) 0.53 (0.42, 0.63)
Sleep/awake ratio 0.036 (0.025-0.053)  0.039 (0.036, 0.043)  0.55 (0.44, 0.64)

Page 15

Data expressed as median (interquartile range) for average absolute variation, and value (95% confidence interval) for reproducibility coefficient

and intraclass correlation
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Effects of sleep duration and quality and of daytime activity on systolic blood pressure dip

Table 4

Parameter Estimate  S.E. t P
Seep duration

Intercept 26.586 5.098

Mean sleep time duration -0.505 0.735 -0.69 0.493

Daily sleep time duration -0.618 0.406 -1.52 0.129
Fragmentation index

Intercept 22.629 1.688

Mean fragmentation index ~ -0.033  0.062 -0.53 0.595

Daily fragmentation index -0.115 0.035 -3.26 0.001
Seep efficiency

Intercept -4.575 6.129

Mean sleep efficiency 0.184 0.093 199 0.048

Daily sleep efficiency 0.092 0.055 1.67 0.096
Daytime activity

Intercept 15.133 1.894

Mean activity counts/min 0.003 0.012 0.29 0.775

Daily activity counts/min 0.009 0.009 113 0.261
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