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Abstract
Study Objectives: Recovery rates of systolic blood pressure (BP) and heart rate (HR) after exercise have been used to assess cardiovascular 
fitness, and slower recovery rates are predictors of coronary heart disease and cardiac mortality. The endogenous circadian system is known 
to modulate BP and HR at rest and during exercise. Here, we examined whether the post-exercise recovery rates of BP and HR are also under 
circadian control.

Methods: Twelve healthy adults (mean age = 26 ± 6 (SD) years; 6 female) participated in a 240 h forced desynchrony protocol in dim light 
where all behaviors, including 15 min cycle exercise tests at 60% maximal HR, were uniformly distributed across the circadian cycle. 
Circadian phases were assigned based on the rhythm of core body temperature. For each session, HR was measured continuously, and BP 
every 3–5 min throughout baseline, exercise, and recovery. Recovery was quantified as the proportional return to pre-exercise baseline levels 
following exercise ([peak exercise-recovery]/[peak exercise-baseline) × 100%], whereby 100% represents full recovery to baseline).

Results: There was a significant circadian rhythm in systolic BP recovery, with fastest recovery at the circadian phase corresponding to late 
afternoon (equivalent to ~5 pm) and slower recovery across the early morning (~8:30 am; p = 0.029, peak-to-trough: 9.2%). There were no 
significant circadian variations in post-exercise recovery rates of diastolic BP or HR.

Conclusions: The circadian system modulates the rate of recovery of systolic BP after exercise with fastest recovery in the biological 
afternoon. These data could have implications for exercise prescription and interpretation of clinical tests of stress recovery.
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Statement of Significance

Here we show, for the first time, a significant endogenous circadian rhythm in the recovery rate of systolic blood pressure (BP) after exercise 
in healthy young, lean adults. The fastest recovery of post-exercise systolic BP occurs in the late afternoon, while the slower recovery occurs 
across the night and into the early morning. Because recovery rates of systolic BP after exercise have been used to assess cardiovascular 
fitness and to detect risk for coronary artery disease, healthcare professionals may consider circadian variation when prescribing exercise 
for therapeutic intervention and when interpreting clinical tests of stress recovery.
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Introduction

Electrocardiographic, heart rate (HR), and blood pressure (BP) 
responses to exercise are commonly monitored in athletes to 
assess cardiovascular adaptations to training, and in untrained 
and/or patient populations to detect potential cardiovascular 
disease [1]. The speeds of recovery of HR and BP immediately 
after stopping exercise are used to assess cardiovascular fitness 
and to predict an individual’s risk of cardiovascular diseases and 
cardiac mortality [2–5]. Moreover, the decrease of BP after acute 
exercise contributes to the hypotensive effects of chronic exer-
cise training [6, 7] and HR recovery is used as a non-invasive 
indicator of cardiac autonomic control [8]. Thus, it is important 
to understand the mechanisms underlying the rate of post-
exercise hemodynamic recovery.

The circadian system, consisting of the suprachiasmatic 
nucleus (SCN) in the hypothalamus and circadian oscillators 
in virtually all cells and tissues throughout the body, plays an 
important role in the regulation of cardiovascular function 
[9]. Animal studies have demonstrated that the SCN regu-
lates the cardiovascular system through humoral factors and 
multi-synaptic neural projections to the heart and vasculature 
[10, 11] and that deletion or mutation of core clock genes (i.e., 
Bmal1, Clock, and tau) results in abnormal sympatho-adrenal 
function and vascular responses to stressors [12, 13]. It has 
been shown in humans that the circadian system regulates 
many autonomic functions (e.g., circulating catecholamines, 
markers of cardiac vagal modulation, BP, and HR) at rest, as 
well as their responses to behavioral stressors such as exer-
cise and postural tilt [14, 15]. Indeed, we discovered that the 
greatest systolic BP increase in response to standardized exer-
cise occurred in the biological evening [14]. Here, we analyzed 
data from the same study [14] to determine whether the post-
exercise recovery rates of BP and HR are also under circadian 
control.

Methods
We note that other aspects of this study—which was designed 
to test separate hypotheses—have been previously published 
[14–20].

Participants

Twelve healthy participants [6 males; 6 females; age: mean ± SD 
(range) 25.8 ± 5.7 years (20–42 years); BMI: 23.6 ± 3.2 kg/m2 (19.9–
29.6 kg/m2)] completed a 13 day inpatient protocol in the Clinical 
and Translational Research Center at Brigham and Women’s 
Hospital. All participants provided written informed consent 
prior to enrollment, and ethical approval was granted by the 
Partners Human Research Committee. Health status was deter-
mined by extensive medical history, physical, psychological, and 
laboratory examination. To ensure a stable circadian rhythmi-
city and minimize training and detraining effects, participants 
maintained a regular sleep–wake cycle of 8 h sleep per night 
and an exercise level equivalent to a 30 min brisk walk per day 
for 2–3 weeks immediately before admission to the laboratory 
(verified by sleep–wake diaries, call-in times to a time-stamped 
voice recorder and wrist actigraphy). Toxicology screens upon 

admission confirmed that participants were free of any drugs, 
including caffeine, alcohol, and nicotine.

Study protocol

A forced desynchrony (FD) protocol was used to dissociate the 
separate effects of the circadian system and behavioral/envir-
onmental cycles upon variables of interest [21]. Participants 
lived in a private laboratory room, free of time cues, for 13 days 
and nights including two baseline days and nights (16 h wake/8 
h scheduled sleep) followed by the FD portion of the protocol 
which consisted of 12 standardized 20 h “days” (13:20 h sched-
uled wakefulness; 6:40 h scheduled sleep; maintaining a 2:1 
wake:sleep ratio) with controlled activity, posture, meals, sleep, 
room temperature, and light (<4 lx, Figure 1). Because the 20 h 
sleep–wake cycle in dim light is outside the range of entrain-
ment, the circadian timing system cycles at its inherent rate 
of close to 24 h. Thus, the sleep and wake episodes, and the 
exercise tests, were uniformly distributed across the circadian 
cycle [22].

Exercise stress test

On the day of admission, participants performed an initial exer-
cise session on a cycle ergometer (Cybex Semirecumbent Cycle 
Ergometer) at 70 rpm to determine the personalized workload 
to achieve a target HR of approximately 60% of maximal HR 
(estimated as 220 beats/min minus age in years). Thereafter, 
each subsequent exercise stress test was performed at each 
participant’s personalized constant workload at 70 rpm. Exercise 
tests began at 5 h 25 min after each scheduled awakening, and 
consisted of 25 min rest for baseline, 15 min exercise, and 20 
min recovery. During each of the three sections, participants 
maintained the same body posture (seated on the ergometer), 
did not drink or talk and were asked to limit any unscheduled 
movements.

Figure 1. Forced desynchrony protocol. Solid back bars, scheduled sleep (0 lux); 

gray bars, wakefulness in dim light [≈1.8 lux (≈0.0048 W/m2)]; green bars, baseline 

days and discharge day in normal room light (≈90 lux); orange bars, test bat-

teries in dim light; dashed purple line, illustration of trajectory of circadian core 

body temperature minimum throughout the FD protocol as a circadian phase 

marker (average circadian period of 24.09 ± 0.06 h in these subjects).
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Measurements

Blood pressure was measured using a automatic oscillometric 
cuff sphygmomanometer (Dinamap; Critikon) every 5 min 
during baseline and recovery and every 3 min during each ex-
ercise test. HR was assessed by three-lead ECG using a Vitaport 
(Temec Instruments) at 256 Hz throughout each baseline, exer-
cise test, and recovery section.

Circadian phase estimation

Core body temperature derived from a rectal thermistor was con-
tinuously recorded and used to estimate circadian period and 
phase by non-orthogonal spectral analyses [21]. All data were 
assigned an endogenous circadian phase (0–359°) depending on 
the time from the fitted core body temperature minimum (set to 
0°; equivalent to ~4:30 am in these participants) [14].

Post-exercise recovery measures

For systolic BP and diastolic BP, the rate of recovery after exercise 
was quantified as the proportional return to the pre-exercise 
average baseline levels following exercise cessation ([peak 
exercise-recovery]/[peak exercise-baseline) × 100%], whereby 
100% represents full recovery to baseline). This is shown graph-
ically in Supplementary Figure S1A. The decrease in HR after 
exercise usually follows a first order exponential decay [23, 24], 
so we quantified the HR recovery rate as the time constant of 
the beat-by-beat HR decay for the first 5 min after exercise (T300), 
whereby a shorter T300 corresponds to a quicker recovery to pre-
exercise baseline levels. This decay function is shown graph-
ically in Supplementary Figure S1B and described fully in the 
SI. In addition, because absolute differences in systolic BP from 
baseline to recovery and absolute differences in HR from peak 
exercise to 1 and 2 min into recovery have been associated with 
increased risk of coronary heart diseases or cardiac mortality 
[2, 25–27], we also assessed the circadian effects on these two 
outcomes.

Statistical analysis

Based on pre-hoc criteria to eliminate spurious outliers, values 
more than 3 SDs from the mean within each subject across all 
wake periods were excluded from analyses. The independent 
effects of the circadian cycle on the aforementioned recovery 
indices were assessed by cosinor analyses using mixed model 
analyses of variance with “participant” as a random factor. 
These models included a fundamental circadian component 
(~24 h; effect of “circadian phase”; where the exact period used 
was based on the individual’s personal circadian period derived 
from the core body temperature during the FD protocol), a har-
monic component (~12 h), and a linear component (hours into 
FD protocol to account for any gradual changes across time into 
the protocol). To account for time-course within test sessions, 
elapsed time from start of exercise recovery (time since re-
covery: 1, 6, 11 min for BP; 1 and 2 min for HR) were included in 
the models. To account for the autocorrelation of the repeated 
measurements, we assumed first-order autoregressive or com-
pound symmetry covariance structure as appropriate. The inter-
action between circadian phase and time into recovery was also 

explored and included if the effect was significant. Where ap-
propriate based on data distributions, analyses were performed 
on log-transformed data and back-transformed to the original 
scales for reporting in order to aid interpretations. Estimates for 
log-normal distributed data were reported as geometric means 
(95% CI). Estimates for normally distributed data are reported as 
mean ± SEM. All statistical analyses were performed using stat-
istical software (JMP Pro14; SAS Institute, Cary, NC). Statistical 
significance was accepted as p < 0.05.

Results
There were no significant interactions between circadian 
phase and time into recovery; therefore, all reported statistics 
are based on mixed model analyses without this interaction. 
The data for recovery rates of systolic BP and HR are shown 
in Figures 2 and 3, respectively (data in absolute units are pre-
sented in Supplementary Figure S2).

The average systolic BP recovery rate across all circadian 
phases was 55.9 ± 2.1% [95% CI 51.9% to 60.0%], 87.5 ± 1.5% [95% 
CI 84.6% to 90.3%], and 93.4 ± 1.5% [95% CI 90.4% to 96.4%] at 1, 
6, and 11 min into recovery, respectively (time since recovery: 
p < 0.0001). We first investigated whether the circadian system 
influences the systolic BP decline during the post-exercise re-
covery period (testing main effect of “circadian phase” on sys-
tolic BP recovery rate). There was a large amplitude endogenous 
circadian rhythm in systolic BP recovery rate (fundamental: p = 
0.029, Figure 2, A and C). The fastest recovery (peak of the cir-
cadian rhythm) occurred in the biological late afternoon (circa-
dian phase of 190°, corresponding to ~5:00 pm), while slowest 
recovery occurred in the biological morning (60°, ~8:30 am; peak-
to-trough amplitude = 9.2%). Because we previously found cir-
cadian variation in systolic BP increase in response to exercise 
(i.e., reactivity), we attempted to determine whether the circa-
dian system influences the systolic BP recovery beyond its effect 
on the reactivity. In a complementary analysis when including 
systolic BP reactivity (peak exercise-baseline) as a covariate, the 
circadian effect on the systolic BP recovery rate remained sig-
nificant (fundamental: p = 0.03) without a significant effect of 
the systolic BP reactivity (p = 0.82).

We also investigated the circadian effects on the differ-
ence in systolic BP from baseline to recovery as it has been re-
ported to predict the risk for acute myocardial infarction [27]. 
The average differences in systolic BP from baseline to recovery 
across all circadian phases at 1, 6, and 11 min into recovery 
were 21.5 ± 1.0 mmHg [95% CI 19.5 to 23.4], 6.7 ± 0.7 mmHg 
[95% CI 5.2 to 8.1], and 3.8 ± 0.8 mmHg [95% CI 2.3 to 5.2], re-
spectively (time since recovery: p < 0.0001). This differences in 
systolic BP from baseline to recovery also showed a significant 
circadian rhythm (fundamental: p = 0.0061, Figure 2, B and D), 
with the smallest value (the fastest decline) similarly in the 
biological late afternoon (180°, ~4:30 pm; peak-to-trough amp-
litude = 5.5 mmHg). The significant circadian effect remained 
(fundamental: p = 0.0029) after adding systolic BP reactivity as 
a covariate (p < 0.0001). These results suggest that the circadian 
system influences the systolic BP recovery rate beyond its effect 
on the reactivity.

We did not find significant circadian influences on the re-
covery of diastolic BP (fundamental: all p > 0.077; Supplementary 
Figure S3).
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We found no significant circadian rhythm in T300 (geometric 
mean 42.6 s, [95% CI 39.5 to 89.5]; fundamental: p > 0.53; Figure 
3, A and C). Consistent with this result, there was no significant 
circadian variation in the HR decrease from exercise to 1 and 2 
min into recovery (29.8 ± 0.8 bpm [95% CI 28.3 to 31.3], 34.9 ± 0.7 
bpm [95% CI 33.6 to 36.3], respectively; fundamental: p > 0.34, 
time since recovery: p < 0.0001; Figure 3, B and D).

Discussion
To the best of our knowledge, this is the first report of the en-
dogenous circadian effects on the recovery of BP and HR after 
exercise. We discovered that, independent of environmental 
and behavioral changes, the human endogenous circadian 
system influences the post-exercise recovery of systolic BP, 

with the fastest recovery in the biological late afternoon and 
slower recovery across the biological night and into the bio-
logical morning. However, we did not find significant circadian 
variations in diastolic BP or HR recovery following exercise. 
These data could have implications for exercise prescription or 
interpreting clinical tests of stress recovery.

Previous studies on diurnal or circadian variations 
in hemodynamic responses to exercise

There are clear day/night patterns in HR and BP in humans at 
rest and during exercise [28]. However, it is less clear whether 
such patterns persist during recovery from exercise, with studies 
showing either no diurnal patterns in HR recovery [29], less HR 
recovery in the afternoon [30, 31], or greater systolic BP declines 

Figure 2. Circadian rhythm in systolic BP recovery after exercise. Systolic BP recovery rates are expressed in two ways: (A, C) as the proportion of the return to the 

pre-exercise average baseline relative to the peak achieved during exercise ([peak exercise-recovery]/[peak exercise-baseline) × 100%]), (B, D) as the absolute difference 

between recovery and baseline (previously used for prognostic purpose). (A, B) Light, medium, dark blue circles, 1, 6, and 11 min into exercise recovery (ER), respectively; 

error bars, SEM; gray bars, group average habitual sleep episodes; horizontal dotted lines, baseline. (C, D) The cosinor fits to the SBP recovery indices. Each model re-

flects the summed MESOR, fundamental circadian and harmonic components, and averaged time since recovery effects. Cosinor analyses were performed on the 360° 

data sets, whereas data are double plotted (two identical circadian cycles) to aid visualization of rhythmicity. Lines, model fit; error bars, SEM; p values, significance of 

circadian effect from cosinor analyses.
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following morning [32] or afternoon exercise [33, 34]. Since hemo-
dynamic variables are sensitive to changes in body posture, fluid 
loss/intake, preceding activity levels and thermal stresses, it is 
possible that discrepancies in the results of these studies might 
be due to differences in these conditions between studies and 
between different times of day. Thus, to separate endogenous 
circadian effects from potential behavioral/environmental ef-
fects (e.g., induced by light–dark, rest–activity, fasting/feeding, 
sleep–wake cycles), we used a highly controlled FD protocol to 
standardize behavioral and environmental factors across the cir-
cadian cycle. Discrepancies between previous studies also might 
be due to differences in the definitions of post-exercise recovery 
which encompassed changes between peak exercise and re-
covery, changes between baseline and recovery, or the absolute 
values during recovery. Moreover, all of these indices would be 
influenced by underlying diurnal variations in HR and BP. Thus, 
to better compare the time-of-day effects on the magnitudes of 

recovery, in the current analyses we accounted for such diurnal 
variations. In our previous work, we demonstrated that there 
are endogenous circadian effects on the reactivity of systolic BP 
to exercise, with the greatest rise in the biological evening [14]. 
Interestingly, while this peak is close to the fastest recovery of 
systolic BP post-exercise presented here, our further analyses 
suggested that the circadian rhythm in the reactivity does not 
fully account for the circadian rhythm in the recovery rate. These 
results may suggest that different downstream pathways are 
involved in the circadian modulation of the hemodynamic re-
activity and recovery to behavioral challenges.

Potential mechanisms underlying circadian 
variations in post-exercise hemodynamic recovery

Recovery of HR and BP following exercise involves multiple 
complex mechanisms [7]. For instance, HR deceleration is 

Figure 3. Heart rate (HR) recovery after exercise across circadian cycles. HR recovery indices are expressed in two ways: (A, C) T300, time constant obtained by fitting a 

first order exponential decay curve to the HR responses for the first 5 min after exercise, and (B, D) as the difference between recovery and maximal HR during exercise 

(previously used for prognostic purpose). Light and medium blue circles, 1 and 2 min, into exercise recovery (for B only), respectively; gray bars, group average habitual 

sleep episodes. (C, D) The cosinor fits to the HR recovery indices. Each model reflects the summed MESOR, circadian fundamental and harmonic components, and aver-

aged time since recovery effects (the latter for D only). Cosinor analyses were performed on the 360° data sets, whereas data are double plotted (two identical circadian 

cycles) to aid visualization of rhythmicity. Lines, model fit; error bars, 95% CI in (A, C) and SEM in (B, D); p values, significance of circadian effect from cosinor analyses.
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attributable to a coordinated interaction of parasympathetic 
re-activation and sympathetic withdrawal, with parasympa-
thetic re-activation predominating in the early phase after ex-
ercise [8, 35]. Indeed, the time constant (T300) of the immediate 
HR drop following exercise has been used as marker of cardiac 
parasympathetic tone [8, 23, 36]. As we did not find a signifi-
cant circadian rhythm in T300, we found no evidence of circa-
dian regulation of post-exercise parasympathetic re-activation. 
The fall in systolic BP after exercise is attributed to a delayed 
increase in systemic vascular resistance to match the reduc-
tion in cardiac output. This is achieved by a combination of 
baroreflex resetting (results in reduced sympathetic outflow), 
reduced signal transduction from sympathetic activation into 
vasoconstriction, and local vasodilator mechanisms [37, 38]. 
Previous studies focusing on the daily pattern of exercise re-
sponses have shown that: (1) post-exercise forearm blood flow 
peaked between 3 and 7 pm [39], and (2) slower increase in sys-
temic vascular resistance following afternoon exercise (4 pm) 
than morning exercise (8 am) [33]. These observations suggest 
faster post-exercise decline of systolic BP in the afternoon. 
Although the relative circadian contribution in these cases 
is not clear, these results are consistent with our observation 
of the fastest systolic BP recovery in the biological late after-
noon. Moreover, both animal and human experimental work 
has found significant circadian regulation of vascular function 
through SCN projections and peripheral oscillators located in 
the vasculature [40, 41]. Taken together, it is possible that the 
observed circadian rhythm in systolic BP recovery is due to a 
circadian-governed slower return (increase) in systemic vas-
cular resistance after exercise.

Potential implications

According to the Exercise Standards Statement from the 
American Heart Association (2013), continuous monitoring of 
HR and BP after the clinical exercise stress test is highly re-
commended, because some abnormal cardiac responses occur 
only in the recovery period [38]. Hemodynamic recovery after 
exercise is widely used to detect coronary artery disease, and 
predict cardiovascular events and all-cause death [2, 5, 26, 27, 
42]. Thus, to ensure the reliability of the exercise test, it is im-
portant to account for any circadian variations in the meas-
urements. We note that the sluggish recovery in the morning 
coincides with the highest frequency of adverse cardiovas-
cular events in the general population [43], and it may be 
worth studying this phenomenon further in more vulnerable 
clinical populations. Moreover, it seems possible that the rela-
tively sluggish recovery of systolic BP across the night could 
have relevance to night-shift workers. Our data also have pos-
sible implications for the timing of exercise when used thera-
peutically, especially considering that the circadian amplitude 
of systolic BP recovery (5.5 mmHg or 9.2%) is comparable to 
the order of magnitude achieved by antihypertensive medi-
cations [44]. A recent study recognized that the magnitude of 
BP decrease immediately following acute exercise predicts the 
BP lowering effect of chronic exercise [6]. Importantly, Brito 
and colleagues, using a randomized-control trial, found that 
treated hypertensive patients had more reduction in mean BP 
after a 10 week aerobic training performed in the evening than 
in the morning [45].

Strengths and limitations

Strengths of this study include the gold standard circadian 
protocol, the within-participant comparison, and the highly 
controlled in-laboratory monitoring which allowed us to 
separate circadian effects from any behavioral and environ-
mental factors. Limitations of the study include the relatively 
small sample size. Thus, we may have been underpowered to 
statistically detect the circadian rhythm in some of the out-
come variables. Nonetheless, this sample size is in keeping 
with similar prolonged, highly controlled, within-participant 
studies. Second, we used short submaximal exercise work-
load (15 min at 60%-HRmax) to minimize training effects of 
repeated testing. The circadian variations in hemodynamic 
recovery may be different with different forms of exercise. 
Third, we studied healthy young adults without a history of 
cardiovascular diseases. It is important to validate our findings 
in vulnerable populations who may have an altered circadian 
profile of cardiovascular function. It would also be of interest 
for future studies to examine whether the circadian rhythm 
in hemodynamic recovery may change in trained athletes, or 
in people who consistently perform exercise at a specific time 
of day. Fourth, we did not control the time of the study rela-
tive to the menstrual cycle, so we could not formally assess 
the effect of menstrual phase on any of the results in females. 
Furthermore, we only have hemodynamic measures for up to 
20 min after exercise, and only measured BP every 5 min, such 
that we may have missed some resolution of the BP response 
dynamics. Last,  it would be interesting to know  whether the 
quicker drop of systolic BP in the first 10 min after exercise in 
the biological late afternoon can translate into a bigger magni-
tude of sustained post-exercise hypotension.

Supplementary Material
Supplementary material is available at SLEEP online.
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