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BACKGROUND

Blood pressure (BP) is highest during the day and lowest at night.
Absence of this rhythm is a predictor of cardiovascular morbidity and
mortality. Contributions of changes in posture and physical activity
to the 24-hour day/night rhythm in BP are not well understood. We
hypothesized that postural changes and physical activity contribute
substantially to the day/night rhythm in BP.

METHODS

Fourteen healthy, sedentary, nonobese, normotensive men (aged
19-50 years) each completed an ambulatory and a bed rest condi-
tion during which BP was measured every 30-60 minutes for 24
hours. When ambulatory, subjects followed their usual routines with-
out restrictions to capture the “normal” condition. During bed rest,
subjects were constantly confined to bed in a 6-degree head-down
position; therefore posture was constant, and physical activity was
minimized. Two subjects were excluded from analysis because of
irregular sleep timing.

Ambulatory healthy adults exhibit a 24-hour rhythm in blood
pressure (BP), with levels being highest during the daytime
and lowest at nighttime.! Impaired BP reduction at night
(i.e., “nondipping”) is clinically relevant and is predictive of
nonfatal and fatal cardiovascular events.>* Consequently,
it is important to understand its origin. Day/night changes
in behaviors such as posture, physical and mental activity,
arousal (i.e., wake and sleep), and the internal circadian tim-
ing system may contribute to the 24-hour rhythm in BP>7
Daily changes in posture and physical activity are thought to
be 2 major contributors to 24-hour BP variability.

The premise that daily changes in posture and physical
activity are major contributors to 24-hour BP variability is
based on the knowledge that BP is affected by dynamic exer-
cise and transitions between postures (supine, sitting, and
upright).®° Previous work has attempted to elucidate the
effect of typical day/night changes in posture and physical

RESULTS

The systolic and diastolic BP reduction during the sleep period was
similar in ambulatory (—11+2mmHg/-8+1mmHg) and bed rest con-
ditions (-8 +3 mmHg/—4+2mmHg; P = 0.38/P = 0.12). The morning
surge in diastolic BP was attenuated during bed rest (P = 0.001), and
there was a statistical trend for the same effect in systolic BP (P = 0.06).

CONCLUSIONS

A substantial proportion of the 24-hour BP rhythm remained during
bed rest, indicating that typical daily changes in posture and/or physical
activity do not entirely explain 24-hour BP variation under normal ambu-
latory conditions. However, the morning BP increase was attenuated
during bed rest, suggesting that the adoption of an upright posture and/
or physical activity in the morning contributes to the morning BP surge.
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activity on 24-hour BP rhythms. Athanassiadis ef al.! dem-
onstrated a significant 24-hour BP rhythm in individuals
confined to bed. However, the researchers did not compare
their bed rest data to ambulatory recordings in the same
individuals, thus they were unable to directly determine the
influence of typical day/night changes in posture and physi-
cal activity on 24-hour BP variability. Mann et al.!! reported
similar daytime BP but lower nighttime BP in ambulatory
conditions compared to semi-bed rest conditions in hyper-
tensive individuals. The semi-bed rest protocol was unable
to properly determine the effect of daily changes in posture
and physical activity on 24-hour BP rhythms because it did
not maintain constant posture (subjects were not restricted
to lying flat) and allowed subjects to leave the bed to go to
the toilet and thus be physically active. Thus, no study has
systematically investigated the effect of removing day/night
changes in posture and physical activity on 24-hour BP
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levels. Therefore, our aim was to compare 24-hour BP vari-
ability in the same individuals in an ambulatory condition
and in a bed rest condition that maintained constant posture
and minimized physical activity. We hypothesized that daily
changes in posture and physical activity contribute substan-
tially to the day/night rhythm in BP.

METHODS

This study was part of 2 larger bed rest studies that have
been published previously and described in detail.!>!* These
studies examined 2 different exercise countermeasures to
prevent cardiovascular deconditioning during bed rest. Only
data from the control subjects who were inactive during bed
rest are reported here.

Subjects

Fourteen healthy, sedentary, normotensive, nonsmok-
ing, medication- and drug-free men (mean * SD (range):
age: 33+ 12 years (19-50 years); body mass index: 23.6+3.2
kg/m? (20.7-26.2 kg/m?)) completed this study. Subjects
had a normal echocardiogram at rest and under exercise
stress. Subjects signed an informed consent form, and the
study was approved by the institutional review boards of the
University of Texas Southwestern Medical Center at Dallas
and Presbyterian Hospital. Nine subjects completed the
study protocol described by Hastings et al.,'* and 5 subjects
finished the study reported by Shibata et al.!* The study pro-
tocols differ in that bed rest measurements occurred either
7 (Shibtata et al.'®) or 14 (Hastings et al.'?) days after the
start of bed rest. Two subjects were excluded from analysis
because of irregular sleep timing. We found no effect of study
protocol (Hastings et al.'? vs. Shibata et al.'*) on 24-hour BP
and heart rate (HR) variation (i.e., study protocol did not
influence any of our 24-hour BP and HR findings; P > 0.05).

Study design

Participants completed two 24-hour BP recordings, one
under ambulatory conditions and one under bed rest condi-
tions. Ambulatory recordings always preceded the bed rest
measurements, and these were interspersed by 2-4 weeks.

Ambulatory condition

Subjects were freely ambulant and were instructed to
undertake their “usual” daily activities. Few other instruc-
tions were given because this period was designed to cap-
ture normal ambulatory day/night variability in BP. Subjects
chose their bedtime (10:00 pMm to 2:00 AM) and wake time
(6:30 AM to 10:00 am) and recorded this in a diary. The mean
+ SD sleep period duration (from bedtime to wake time) was
8.3+0.7 hours.

Bed rest condition

Subjects undertook comprehensive cardiovascular func-
tion assessments over 2 days before beginning bed rest; for

more details, see Hastings et al.'? and Shibata et al.'* Bed rest
consisted of a constant 6-degree head-down tilt to simulate
microgravity conditions. Subjects were permitted to elevate
on one elbow to consume meals, but were otherwise con-
fined to bed at all other times, including for personal hygiene.
They were allowed to read, use a computer, or watch TV but
were prohibited from any exercise. Wake and sleep periods
were strictly monitored and controlled. Bedtimes (lights off)
occurred between 9:30 Pm and 12:00 AM, and wake times
(lights on) occurred between 5:00 Am and 8:00 AM and were
recorded by the investigators. The mean + SD sleep period
duration was 8.1+0.4 hours. Bed rest was monitored with a
bed alarm that would alert the nurses if the subject deviated
from the head-down bed rest condition, although sleep per se
was not monitored. Subjects consumed a standard 3-meal iso-
caloric diet, but fluid intake was ad libitium. Subjects stayed
at the General Clinical Research Center at the University of
Texas Southwestern Medical Center/Parkland Hospital.

Measurements

For 24 hours, BP and HR were measured with a clini-
cal ambulatory BP monitor that uses a microphone over
the brachial artery to detect Korotkoff sounds gated to the
echocardiograph to avoid noise (Oscar 2 or Accutracker
II; Suntech Medical Instruments, Morrisville, NC). These
devices have been validated according to the Association
for the Advancement of Medical Instrumentations stand-
ards.'*!> Measurements were made every 30 minutes during
the scheduled wake period and every 60 minutes during the
scheduled sleep period. Ambulatory recordings occurred
2-4 weeks before the in-laboratory visits.

Physical activity counts and energy expenditure were esti-
mated in 7 subjects by an accelerometer (Actical, Respironics,
OR, USA) worn on the subject’s waist. The subjects wore the
device for 1-7 days before (freely ambulatory condition) and
during the bed rest trial.

Data analysis and statistics

BP and HR measurements were averaged across 24 hours
and over the wake and sleep periods. Sleep and wake periods
were defined as the actual time periods that the subjects were
in bed attempting to sleep and when they were out of bed
and awake, respectively (ambulatory trial, times obtained
from subject’s diary; bed rest trial, investigator-recorded
times were used). We also analyzed the data separately for
the day, defined as after 6 Am and before 10 pm, and for
the night, defined as between 10 pm and 6 AM, as is often
done in clinical trials in which no information is available
regarding sleep timing, to permit comparison of our results
with these trials. Average daily physical activity counts and
energy expenditure were estimated using the accelerometer’s
associated software.

Paired samples t tests were used to test if averaged
variables varied between the ambulatory and bed rest
conditions. Moreover, linear mixed model cosine analyses
were performed on raw (i.e., not averaged) BP and HR data
to further test for differences between conditions.!® The
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cosine analyses were performed on actual clock time of
measurement (i.e., not binned or averaged) and included a
condition factor (ambulatory trial vs. bed rest trial) and both
fundamental (24 hour) and the second harmonic (12 hour)
terms of the 24-hour day. Thus, the above cosine analysis
tested the effect of condition and its interactions with the
fundamental and second harmonic terms. Statistical tests
were performed with SPSS for Windows, version 18 (SPSS
inc., IL, USA). Statistical significance was accepted at
P < 0.05. Data are presented as mean + SEM.

RESULTS
Blood pressure and heart rate

Mean 24-hour systolic BP was similar in the ambulatory
(119+2mmHg) and bed rest conditions (119+3 mmHg;
P = 0.87). There was also no difference in mean 24-hour
diastolic BP between the ambulatory (68 + 2 mmHg) and bed
rest trials (69 +3mmHg; P = 0.71). Mean 24-hour HR was
similar in the ambulatory (70+2 beats/min) and bed rest
condition (68 + 1 beats/min; P = 0.16).

Mean wake period systolic BP was similar in the
ambulatory (122+2mmHg) and bed rest conditions
(121+3mmHg; P = 0.67) (Figure la). There was also no
difference in mean wake period diastolic BP between the
ambulatory (70 + 2 mmHg) and bed rest trials (69 £ 3 mmHg;
P = 0.92) (Figure 1b). Mean wake period HR was 4+2
beats/min higher in the ambulatory trial than in the best
rest trial (P = 0.049) (Figure 1c). See Supplementary Figure
S1b, d, and f for each subject’s wake period data for systolic
BP, diastolic BP, and HR under ambulatory and bed rest
conditions.

Mean sleep period systolic BP was similar in the ambula-
tory (111 + 3 mmHg) and bed rest conditions (113 +4 mmHg;
P = 0.62) (Figure la). Mean sleep period diastolic BP was
not statistically different in the ambulatory (62 +2 mmHg)
and bed rest trials (65 + 3 mmHg; P = 0.16) (Figure 1b). Sleep
period HR was similar in the ambulatory (59 + 2 beats/min)
and bed rest trials (61+2 beats/min; P = 0.56) (Figure 1c).
See Supplementary Figure Sla, ¢, and e for each subjects
sleep period data for systolic BP, diastolic BP, and HR under
ambulatory and bed rest conditions.

The systolic/diastolic BP decrease from the wake period
to the sleep period was not significantly different between
the ambulatory trial (by 11 +2mmHg/8 £ 1 mmHg) and bed
rest trial (by 8 +3mmHg/4+2mmHg; P = 0.38/P = 0.12).
The HR decrease from the wake period to the sleep period
was significantly larger during the ambulatory trial (by 14+ 1
beats/min) than during the bed rest trial (by 8+2 beats/
min; P = 0.01). Sleep period/wake period ratios for systolic
BP, diastolic BP, and HR were 0.91+0.02, 0.88+0.02, and
0.81+0.02 in the ambulatory trial and 0.94 £0.02 (P = 0.38),
0.94+0.02 (P = 0.07), and 0.88+0.03 (P = 0.03) in the bed
rest trial, respectively (Figure 1d). See Supplementary Figure
S2 for each subject’s sleep period/wake period difference in
systolic BP, diastolic BP, and HR under ambulatory and bed
rest conditions.

Similar results were found when data were differentiated
by day (after 6 aM and before 10 pm) and night (between
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10 pm and 6 AM) rather than wake and sleep periods (see
Supplementary Figure S3).

Twenty-four hour and hourly average SBP, DBP, and HR
values for both trials are depicted in Figure 2a, ¢, and e.

Cosinoranalysis. ~ Overall (i.e., in both conditions), signifi-
cant 24-hour and 12-hour rhythms in systolic BP (fundamental:
P <0.0001; second harmonic: P < 0.0001), diastolic BP (funda-
mental: P < 0.0001; second harmonic: P = 0.004), and heart
rate (fundamental: P < 0.0001; second harmonic: P < 0.0001)
were observed (Figure 2b, d, and f). The time of the peak/
trough for systolic BP, diastolic BP, and HR was 8:30 pm/4:00
AM, 11:30 AM/3:30 AM, 7:30 PM/3:30 AM in the ambulatory trial
and 8:00 PM/5:00 AM, 6:30 PM/4:30 AM, 1:30 PM/4:00 AM in the
bed rest condition, respectively. There was no main effect of
condition on systolic BP (P = 0.92) or diastolic BP (P = 0.16),
indicating no significant difference in average systolic BP and
diastolic BP between trials. A significant main effect of condi-
tion for heart rate was observed (P = 0.001), with higher values
occurring in the ambulatory trial than the bed rest trial. The
morning surge in diastolic BP was attenuated in the bed rest
trial (trial*fundamental component; P = 0.001), and there were
statistical trends for the same effect in systolic BP (P = 0.06)
and heart rate (P = 0.06). There was a significant interaction
between the second harmonic and condition for heart rate
(P = 0.01), statistical trend for diastolic BP (P = 0.08), and no
evidence for an effect for systolic BP (P =0.13).

Physical activity

Average daily accelerometer counts were reduced
(193,514 +15,588 to 61,687 +5,313) during bed rest (P =
0.0003). Estimated energy expended by physical activity
was also markedly and significantly reduced by approxi-
mately 67% in the bed rest condition (158+16 kcal/day)
compared with the ambulatory condition (480 + 40 kcal/day;
P =0.0003). The above findings highlight that physical activ-
ity was significantly reduced and minimized in our bed rest
condition.

DISCUSSION

The primary new finding from this study is that, con-
trary to our hypothesis, 24-hour BP variation was largely
the same in healthy individuals regardless of whether they
were under ambulatory or strict bed rest conditions. Given
that the bed rest protocol maintained constant posture and
minimized physical activity, these findings indicate that
typical day/night changes in posture and physical activity do
not entirely explain the 24-hour rhythm in BP. Conceivably,
other behavioral cycles (e.g., wake/sleep and feeding/fasting
rhythms) and/or the endogenous circadian timing system
must be major mechanisms underlying the normal 24-hour
BP variation. However, we did observe an attenuation of the
rate and magnitude of the morning increase in BP (particu-
larly diastolic) in the bed rest trial, suggesting the adoption
of an upright posture and/or physical activity upon awaken-
ing during normal ambulatory conditions contributes to the
morning surge in BP.
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Figure 1. Blood pressure and heart rate measured during wake peri-
ods and sleep periods under ambulatory and bed rest conditions. (a)
Systolic blood pressure (SBP) data. (b) Diastolic blood pressure (DBP)
data. (c) Heart rate data. (d) Sleep period (SP)/wake period (WP)ratios.
P values are given for comparison between ambulatory and bed rest tri-
als. The additional data next to the P values indicates mean + SEM differ-
ence between conditions.

This is the first study comparing 24-hour BP recordings
within the same individuals in both freely ambulatory
and strict bed rest conditions. Mann et al.!! reported that

daytime BP was the same in ambulatory and partial bed rest
conditions, but BP was higher at night in the semi-bed rest
trial. The higher nighttime BP may have been because of the
disturbed sleep that occurs during the first night of sleeping
in a hospital/laboratory.’” This adverse first-night effect
on sleep diminishes over a few consecutive sleep periods.
Our sleep period BP recordings were obtained either on
the 7th or 14th in-laboratory night; thus our findings are
significantly less likely to be effected by poor in-laboratory
sleep. Fritsch-Yelle et al.'® compared 24-hour BP variability
in humans under normal ground conditions and while in
space, where BP effects of posture are negated and the level
of physical activity is reduced. The reduction in BP during
sleep was smaller in space, which contrasts our findings,
where no significant difference between ambulatory and
bed rest conditions was found in regard to sleep period BP
reduction. It is difficult to pinpoint why our findings differ,
but the attenuated reduction in sleep BP in space is likely
associated with disturbed sleep during space missions.!
Athanassiadis et al.! also reported a day/night rhythm in BP
in bed rest conditions, although ambulatory measurements
were not made. These findings, like our own, suggest that
24-hour BP variation is not majorly influenced by day/night
changes in posture and physical activity (i.e., routine daily
activity that does not include structured exercise). However,
we did find evidence for the morning increase in systolic
(trend) and diastolic BP being attenuated in the bed rest
trial, indicating that the transition to an upright posture
and/or physical activity upon awakening is important for the
morning increase in BP under ambulatory conditions.

Posture is traditionally thought as a behavior that signifi-
cantly contributes to the 24-hour rhythm in BP. This concept
stems from studies demonstrating that BP changes when
transitioning between supine, sitting, and standing postures.?
Dynamic exercise, even of low intensity (e.g., walking),
raises BP? Thus, day/night changes in posture and physical
activity are often thought to explain the 24-hour rhythm in
BP. Our subjects were sedentary (i.e., not engaged in regular
exercise) and thus probably mainly performed light activi-
ties during the ambulatory trial. Despite this, it was expected
that constant posture and minimization of physical activity
during complete bed rest would abolish or severely blunt
the 24-hour rhythm in BP, but surprisingly we only found
evidence for attenuation in the morning systolic (trend) and
diastolic BP surge, and an overall 24-hour rhythm in BP was
still present

Under ambulatory conditions, BP decreases during sleep.!
It is not clear if sleep decreases BP irrespective of concurrent
changes in behaviors such as posture and physical activity
and independent of internal circadian rhythms. Nevertheless,
BP does vary with changes in sleep architecture.?’ Relative
to wake, BP decreases as sleep becomes deeper (stage 1
to slow-wave sleep). During sleep, BP is highest during
rapid eye movement sleep, but it is still lower than during
wakefulness. In the abovementioned study, the mean
decrease in systolic BP and diastolic BP during slow wave
sleep was approximately 15mmHg and approximately
10mmHg, respectively. Although slow-wave sleep only
makes up a small percentage of the whole sleep episode,
such large reductions during slow-wave sleep and smaller
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Figure 2. Twenty-four-hour blood pressure and heart rate profiles under ambulatory and bed rest conditions. (a and b) Systolic blood pressure (SBP)
data. (c and d) Diastolic blood pressure (DBP) data. (e and f) Heart rate data. (a, ¢, e) Hourly plots of data (mean + SEM). (b, d, f) Cosinor fits (mean + 95%

confidence interval). See text for P values.

reductions during lighter stages of sleep could help explain
the decrease in BP during sleep in both the ambulatory and
bed rest conditions of this study.

The internal circadian timing system, independent of
exogenous factors (e.g., sleep, activity, and feeding), has
been reported to influence BP by some researchers,>7?! but
not all.?*? The 2 latter studies?>* may not have detected an
endogenous circadian rhythm in BP because of methodolog-
ical limitations (for details, see Shea et al.®). The endogenous
circadian timing system causes a peak in the biological even-
ing (corresponding to approximately 9 pM) and a decrease
across the biological night (habitual rest period in humans).
Peak-to-trough amplitudes are relatively small, between 2
and 6 mmHg. Thus, this rhythm, to some degree, may con-
tribute to the fall in BP observed during the sleep period and
the evening peak in BP during the bed rest study. Endogenous
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circadian rhythms are present in many physiological varia-
bles (e.g., cortisol, catecholamines, cardiac vagal modulation,
and HR) that normally regulate BP.%** However, the timing
of these rhythms does not align with the peak in BP, suggest-
ing other unknown control mechanisms are involved.

Mean wake period HR was lower (4 beats/min) in the bed
rest trial than in the ambulatory condition. Cosine analysis
also revealed HR to be higher in the ambulatory trial than in
thebed rest trial, particularly during the daytime. This finding
is not unexpected, as HR is well-known to be sensitive to
changes in posture and physical activity,?> both of which were
permissible in the ambulatory trial but strictly minimized
in the bed rest trial. Despite the difference in HR between
conditions, average BP was similar in the ambulatory and
best rest trials. This suggests that normal daily changes in BP
are not dramatically influenced by small changes in HR. The
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daily rhythm in HR in the bed rest condition is somewhat
similar to what is caused by the endogenous circadian system
per se (i.e.,, a peak in the biological afternoon/early evening
and a trough in the biological night).5-72

Our study has limitations that should be considered when
interpreting the findings. First, our study only included nor-
motensive individuals and had a small sample size. Thus,
our findings may not be representative for diseased popula-
tions, and extrapolation to patients with hypertension should
be done with caution. For this purpose, this study should be
replicated with a larger sample that includes hypertensives.
Second, ambulatory systolic BP and diastolic BP decreased
by 9% + 2% and 12% + 2% during sleep periods, respectively,
which is somewhat lower than typically expected in normal
populations. Therefore, our subjects appeared to have some-
what attenuated 24-hour BP profiles. This attenuation could
decrease the chance of detecting a blunting effect of bed rest
on BP variation and increase the chance of a type 2 error.
Third, we had no measure of posture during the ambulatory
recordings. Thus, we are unable to objectively compare posture
between our ambulatory and bed rest conditions. Fourth, sleep
was not assessed; therefore it is not clear if total sleep time and
structure were similar in both trials. Despite this uncertainty,
we observed no BP differences between both trials. Fifth, our
findings may have been confounded by adverse effects of pro-
longed 6-degree head-down bed rest on cardiovascular func-
tion. Moreover, subjects were studied either after 7 or 14 days
of bed rest, but this difference had no effect on our results.

Despite a marked reduction in physical activity and elimi-
nation of changes in posture, a large 24-hour BP rhythm was
still present in our bed rest trial, indicating that typical daily
changes in posture and/or physical activity do not entirely
explain 24-hour BP variation under normal ambulatory con-
ditions. Our findings suggest that day/night changes in other
factors than posture and physical activity (e.g., sleep and the
internal circadian timing system) substantially contribute to
the 24-hour BP rhythm in normal individuals. There was,
however, a significant attenuation of the morning surge in
BP during bed rest, suggesting that the transition from a
supine position to an upright position and/or physical activ-
ity in the morning contributes to the morning BP surge.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal
of Hypertension (http://ajh.oxfordjournals.org).
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