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Abstract
Rationale—Blood pressure (BP) usually decreases during nocturnal sleep and increases during
daytime activities. Whether the endogenous circadian control system contributes to this daily BP
variation has not been determined under appropriately controlled conditions.

Objective—To determine if there exists an endogenous circadian rhythm of BP in humans.

Methods and Results—In 28 normotensive adults (16 men), we assessed BP across three
complementary, multi-day, in-laboratory protocols performed in dim light, throughout which
behavioral and environmental influences were controlled and/or uniformly distributed across the
circadian cycle via: (1) a 38-h ‘constant routine’, including continuous wakefulness; (2) a 196-h
‘forced desynchrony’ with seven recurring 28-h sleep/wake cycles; and (3) a 240-h ‘forced
desynchrony’ with twelve recurring 20-h sleep/wake cycles. Circadian phases were derived from
core body temperature. Each protocol revealed significant circadian rhythms in systolic and
diastolic BP, with almost identical rhythm profiles among protocols. The peak-to-trough
amplitudes were 3–6 mmHg for systolic BP and 2–3 mmHg for diastolic BP (always P<0.05). All
six peaks (systolic and diastolic BP in three protocols) occurred at a circadian phase corresponding
to ~9 PM. Based on substantial phase differences among circadian rhythms of BP and other
variables, the rhythm in BP appeared to be unrelated to circadian rhythms in cortisol,
catecholamines, cardiac vagal tone, heart rate, or urine flow.

Conclusions—There exists a robust endogenous circadian rhythm in BP. The highest BP
occurred at the circadian time corresponding to ~9 PM, suggesting that the endogenous BP rhythm
is unlikely to underlie the well-documented morning peak in adverse cardiovascular events.
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Numerous epidemiological studies reveal a profound morning increase in the incidence of
adverse cardiovascular events, including sudden cardiac death, ventricular arrhythmia,
stroke1 and myocardial infarction.2 The extent to which these peaks are caused by a day/
night pattern of behaviors and/or endogenous circadian factors is unknown.3 The circadian
timing system orchestrates endogenous circadian rhythms in physiology and behavior and is
composed of the master circadian pacemaker located in the suprachiasmatic nucleus and
circadian oscillators in peripheral tissues.4 The suprachiasmatic nucleus may influence the
cardiovascular system via multi-synaptic neural projections to the heart, adrenal cortex,
adrenal medulla, kidneys, and vasculature and resultant neural or endocrine effects.5
Moreover, recent animal investigations have also documented the actions of molecular
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circadian clocks in peripheral tissues that can affect BP,6 ischemia/reperfusion tolerance,7
and vascular remodeling.8 In contrast, mechanistic circadian studies of cardiovascular
function in humans are sparse.

A primary risk factor for adverse cardiovascular events is elevated arterial blood pressure
(BP).9 Countless studies have documented the day/night variation of BP in humans, which
has been used to classify hypertensive patients into nocturnal ‘dippers’ (≥10% drop in BP
overnight) and ‘non-dippers’, and it has been shown that ‘non-dippers’ are at increased risk
for serious adverse events.10 However, no studies have adequately studied the relative
contributions of sleep and the endogenous circadian cycle to this day/night BP variation.
Thus, we tested the hypothesis that there exists an endogenous circadian rhythm in BP in
humans.

Methods
Subjects

Subjects gave informed consent and the studies were approved by the local Human Research
Committee. We studied 28 adults (16 men) who were normotensive, non-obese and healthy
(other than mild asthma, n = 6), and who took no medications (other than oral contraceptives
and β2-agonist rescue inhalers for asthma), and no caffeine, alcohol or nicotine products for
2–3 weeks immediately prior to and throughout the laboratory studies. The subjects with
asthma participated in only one of three protocols and all data in the 4 h following any
rescue inhaler use were excluded from analyses (see Supplemental Materials).

Protocols
Quantifying the effect of the endogenous circadian system on BP requires controlling all
environmental factors and behaviors that can affect either BP or the circadian cycle (e.g.,
activity, posture, meals, sleep, room temperature, light) while measuring BP across the
circadian cycle, and measuring an endogenous circadian phase marker that is relatively
independent of behavior (e.g., core body temperature, rather than activity levels which has
been used in most animal studies and greatly affects BP). This was achieved by measuring
BP throughout three separate and complementary circadian protocols, as shown in Figure 1.
To stabilize circadian rhythms, subjects maintained a regular sleep-wake schedule for 2–3
weeks before entering the laboratory, followed by two baseline days and nights in the
laboratory (16-h scheduled wakefulness, 8-h scheduled sleep). Thereafter, to avoid resetting
the phase of the circadian system, all laboratory protocols were performed in dim light (<4
lux).11 Subjects completed one of the three protocols: (1) 38-h ‘constant routine’ with
continuous wakefulness, semi-recumbency, and 2-hourly isocaloric snacks (CR; Figure 1
top panel); (2) 196-h ‘forced desynchrony’ with seven recurring 28-h sleep/wake cycles
(FD28; Figure 1 middle panel: 18-h 40-min wakefulness, 9-h 20-min sleep); or (3) 240-h
‘forced desynchrony’ with twelve recurring 20-h sleep/wake cycles (FD20; Figure 1 lower
panel: 13-h 20-min wakefulness, 6-h 40-min sleep). In essence, the CR abolished sleep and
minimized behaviors, whereas the FD28 and FD20 maintained a normal sleep:wake ratio of
1:2, and scheduled all activities so that they became uniformly distributed across the
circadian cycle.

Measurements and Analyses
Subjects wore a flexible rectal temperature sensor for measurement of core body
temperature (CBT), which was used as the circadian phase marker.12 For each subject, the
fitted CBT minimum was assigned as a reference phase marker of 0°. BP was measured
repeatedly by automatic oscillometric cuff sphygmomanometer from an upper arm. Heart
rate was also measured in each protocol. These measurements were made throughout
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periods of relaxed wakefulness during each protocol. Data were assigned a circadian phase
and the existence of any circadian rhythms were tested by cosinor mixed-model analyses of
variance. To assess whether the rhythms were robust, the phases of peaks, and the
amplitudes of the circadian rhythms of BP and heart rate were compared across protocols
using analyses of variance. To gain insight into control mechanisms across the circadian
cycle, most of the following potentially related variables were measured throughout each
protocol; cardiac vagal tone (estimated from high frequency power of inter-beat interval
variability), plasma cortisol, urinary or plasma catecholamines and urine flow. The phases of
peaks and troughs of these potentially related variables were compared to the circadian
rhythm of BP using analyses of variance. Further details are provided in the Supplemental
Materials and Online Table I and Online Figure I.

Results
Each protocol revealed significant circadian rhythms in systolic and diastolic BP, with
almost identical rhythm amplitudes and phase relationships among protocols (Figures 2 and
3; Supplemental Material Online Figure I and Online Table I). For the three protocols, the
peak-to-trough amplitudes were 3–6 mmHg for systolic BP and 2–3 mmHg for diastolic BP
(P always <0.05). All six peaks (systolic and diastolic BP in three protocols) occurred in the
circadian phase range of 219–265°, with an average phase of 244°, equivalent to ~9 PM
(Supplemental Material Online Table I). The average circadian phase of the peak in heart
rate across the 3 protocols was 161°, which is ~6 h earlier than the average circadian peak in
BP. During the constant routine protocol there were substantial and significant differences
between the timing of the circadian peak in BP (systolic and diastolic) and all other
potentially relevant circadian rhythms measured, including circadian peaks in heart rate,
urinary catecholamines and plasma cortisol, and circadian troughs in urine flow and cardiac
vagal tone (Figure 3 and Supplemental Material Online Table 1). Similarly, results for these
variables during the two forced desynchrony protocols (where available), were highly
consistent with the constant routine data (see Supplemental Material Online Table I and
Online Figure I). Thus, the endogenous circadian rhythm in BP appeared to be unrelated to
circadian rhythms in cortisol, catecholamines, cardiac vagal tone, heart rate, or urine flow.

Discussion
The current study has revealed an endogenous circadian rhythm of BP. This study yielded
robust results that were almost identical in three groups of subjects during three different
protocols. This study was performed because of the possible relevance of endogenous
circadian BP rhythms to the day/night pattern of adverse cardiovascular events. Our results
are perhaps unexpected because the timing of the endogenous circadian peak in BP occurs in
the evening – whereas the lowest circadian BP occurs around the most vulnerable time for
adverse cardiovascular events. Thus, our data suggest that the morning peaks in adverse
cardiovascular events are not caused by circadian rhythm-related increases in BP.
Presumably, endogenous circadian rhythms in other cardiovascular variables (e.g. platelet
function, sympathovagal balance, and endothelial function), and/or physiological responses
to day/night patterns of behavioral changes are more important in this regard. We note that
waking in the evening, as can occur with shift work, jet lag and sleep disorders, may result
in an exaggerated BP surge due to summed behavioral- and circadian-related increases in
BP, perhaps helping to explain the curious secondary evening peak in incidence of
myocardial infarction in vulnerable individuals2. Moreover, there may be more than simple
summation of these effects, whereby the circadian system modulates the BP response to a
standardized stress.13,14,15
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This study was performed in healthy subjects and it remains to be seen whether the
endogenous circadian morning trough in BP that we observed could increase the risk of
ischemic stroke at that time in people with existing carotid or cerebral artery stenoses, and
whether the amplitudes or phases of the endogenous circadian BP rhythms are abnormal in
more vulnerable groups.

There are many studies that refer to a ‘circadian rhythm’ of BP in humans and other animals
without clarifying whether this is an endogenous rhythm, as almost all such studies made BP
measurements across the 24-h period while permitting sleep and altered activity across the
day and night, such that these behaviors rather than endogenous circadian rhythmicity could
cause much of these observed day/night pattern in BP. Our study overcame many such
limitations and quantified the independent endogenous circadian rhythmicity of BP, and
ought to help clarify some misperceptions in the field due to such methodological and
interpretative problems (see discussion in Supplemental Materials).

Regarding mechanisms, there were notable circadian rhythms in numerous variables that
would be expected to correlate in the short term with acute changes in BP, including
cortisol, catecholamines, cardiac vagal tone, heart rate, and urine flow (likely inversely
related to blood volume). However, based on the substantial phase differences among these
rhythms, the endogenous circadian evening peaks in systolic and diastolic BP did not appear
to be mechanistically linked with the endogenous ~24 rhythmicity of these other variables.
This is an intriguing result and points to different control mechanisms, which have yet to be
elucidated, that must regulate BP across the circadian cycle.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

BP Blood pressure

CR Constant routine protocol

FD20 Forced desynchrony protocol with 12 recurring 20-h sleep/wake cycles

FD28 Forced desynchrony protocol with 7 recurring 28-h sleep/wake cycles

CBT Core body temperature
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Figure 1. Three complementary protocols used to examine underlying circadian rhythmicity of
blood pressure
Three protocols designed to keep behaviors constant across the circadian cycle (top panel, 2
baseline days followed by 38-h ‘constant routine’ while semi-recumbent and awake) or to
evenly distribute behaviors across all circadian phases (middle panel, 7 recurring 28-h
behavioral cycles [28-h ‘forced-desynchrony’]; bottom panel, 12 recurring 20-h behavioral
cycles [20-h forced desynchrony]). In each panel, subsequent days are ‘double-plotted’ to
the right and below prior days to visually aid protocol continuity. X-axes: clock times for an
example subject having an habitual wake time of 8 AM. Black boxes, scheduled sleep
episodes in darkness; gray/hatched bars, scheduled wakefulness in dim light conditions (<4
lux) to avoid circadian rhythm resetting.11
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Figure 2. Similar endogenous circadian variations in blood pressure across two complementary
forced desynchrony protocols
Shown are (mean ± SEM) systolic BP (SBP), diastolic BP (DBP) and heart rate (HR)
expressed in absolute units (left axes) and as percentages of individual averages (right axes).
Data are aligned according to circadian phase (X-axis) and plotted in 60° bins (equivalent to
~4 h). Corresponding approximate clock time is shown on top X-axis. 0° represents core
body temperature minimum (~5 AM in these subjects). Thin gray shaded bars are shown at
the top of each panel to indicate the average equivalent clock time when subjects would
normally sleep when at home (although all data were collected during wakefulness in the
laboratory). Solid lines represent the Cosinor model fit and the p values indicate significance
of circadian rhythmicity. The phases of the peak SBP are shown by dashed vertical lines in
each protocol and occurred close to 240° (equivalent to ~9 PM), which was similar to the
timing of the peaks in DBP, but quite distinct from the timing of the circadian peaks in HR.
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Figure 3. Endogenous circadian variation in blood pressure during the constant routine protocol
is out of phase with circadian variations in other measured variables
Shown are data from the constant routine protocol. lnHF is a marker of cardiac vagal tone
(see legend to Figure 2 for other abbreviations and explanations). The phase of peak SBP is
shown in each panel by a dashed vertical line close to 251° which was similar to the timing
of the circadian peak in DBP, but quite distinct from the circadian peaks or troughs in other
relevant physiological variables shown above in the other panels. Very similar circadian
rhythms occurred in the two forced desynchrony protocols (Figure 2; Supplemental Material
Online Figure I and Online Table I).
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