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Abstract
BACKGROUND—Shift-work and a sedentary lifestyle are risk factors for raised blood pressure
(BP). Exercise can reduce BP in diurnally-active individuals, but it is unknown whether
postexercise hypotension persists when people are active and eating at night. We present the first
investigation into the acute effects of exercise on BP monitored during simulated night-work.

METHODS—Nine normotensive participants, aged 20–42 years, completed at least two
crossover trials beginning at 1800 hours. Between 1900 and 2000 hours, participants either rested
or exercised at 50% peak oxygen uptake (VO2peak) and then remained awake throughout the night,
completing various tasks until 0515 hours. Six participants completed a total of four trials in
which they exercised or rested, whereas either one standardized (60 kJ/kg) meal at 2200 hours or
two smaller (30 kJ/kg) meals at 2200 and 0200 hours were eaten. Systolic and diastolic BP, mean
arterial pressure (MAP), heart rate (HR), and wrist activity were recorded every 30 min.

RESULTS—Following exercise, MAP was significantly (P < 0.0005) lower throughout the night-
shift compared with no prior exercise (95% confidence limits for reduction: 4–7 mm Hg). The
postexercise reductions in systolic BP and MAP were not moderated by diet, but the reduction in
diastolic BP was slightly greater when only one meal was eaten (P < 0.0005). BP was lower even
though wrist activity and HR were significantly higher following exercise (P < 0.0005).

CONCLUSIONS—These data indicate that prior exercise lowers BP throughout a subsequent 8-h
night-shift in healthy individuals within the normotensive range. Therefore, regular low-intensity
exercise might moderate the well-known association between shift-work participation and raised
BP.

In developed countries, shift-workers comprise 15–20% of the working population and have
an increased risk of cardiovascular morbidity and mortality compared with day-workers.1,2
The exact mechanisms for the increased risk of cardiovascular disease in shift-workers are
unknown, although disrupted circadian rhythms in cardiovascular function, disturbed sleep,
and other lifestyle-related problems have all been implicated.1,2 It is known that shift-
workers have an elevated concentration of serum triglycerides and a lower concentration of
high-density lipoproteins compared with day-workers.3 Obesity, diabetes mellitus, and
metabolic syndrome have also been reported to be more common in shift-workers and all
these diseases contribute to increased cardiovascular risk.1 Therefore, it seems plausible that
the risk of hypertension is also greater among shift-workers compared with day-workers.
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Data from cross-sectional studies have indicated that blood pressure (BP) is indeed elevated
in shift-workers.4 It has also been reported that there is a greater proportion of “nondippers”
among shift-workers compared with day-workers.5 In view of the difficulties in interpreting
differences between samples of day- and shift-workers, Suwazono et al.6 completed a 14-
year longitudinal study on the BP of a large number of shift-workers. Shift-work was found
to be a more significant risk factor for increased BP than age or body mass index. Recently,
Lo et al.7 found that the BP of normotensive shift-workers was found to increase during
sleep following a night-shift and was also slower to return to baseline. In an accompanying
editorial, the relations between these acute changes within the normotensive range and
longer-term-raised BP status were highlighted.8

Eating behavior influences BP9 and can be different among shift-workers compared with
day-workers.10 The timing and type of food eaten by shift-workers have been found to be
determined more by the opportunity afforded by the work schedule than by hunger.10
During night-work, there might be additional problems due to the unavailability of palatable
food and the influence of the “body clock,” which is not synchronized to the individual’s
wake-sleep routine.10 Night-workers tend to “graze” on snacks during the night-shift rather
than eat a substantial meal in the middle of it.11 Although the relationships between
ingestion of food and BP have been investigated previously in diurnally-active individuals,
12 we are unaware of any study in which such relationships have been explored specifically
during night-work.

During shift-work, the amount, type, and timing of leisure-time physical activity can be
altered.1 Shift-workers are generally less active than day-workers, and those shift-workers
who do exercise tend to schedule it before, rather than after, the work period. Such
differences make it difficult to extrapolate the general health benefits of physical activity to
shift-workers. Moreover, there has been no previous study on the effects of exercise on BP
during night-work, which is surprising given the evidence that exercise can help manage
hypertension.13 An exercise program has been reported to reduce BP by a similar degree as
dietary salt restriction.14 BP can be reduced for up to 22 h after a single bout of exercise in
diurnally-active normotensive and hypertensive people.15-18 This “postexercise
hypotension” has been found to be less marked when exercise is taken in the early morning,
17,18 but these studies involved diurnally-active participants. No researcher has explored
whether exercise can reduce BP when participants are awake, active, and eating at night, as
many shift-workers are. Therefore, our aims were to examine the acute effects of evening
exercise on BP monitored throughout a subsequent 8-h night-shift, and to explore whether
such effects are moderated by meal frequency.

METHODS
Participants

Following an estimation of the sample size required for the primary comparisons (see
“Statistical Analysis”), nine healthy normotensive participants (8 men and 1 woman; aged
20–42 years) gave their written informed consent to take part in this crossover experiment,
which was approved by the local ethics committee. All participants were nonsmokers, had
no history of cardiovascular disease, were not taking any medication and engaged in regular
physical activity (defined as greater than 2 h/week). The female participant was always
tested during the first week of the follicular phase of her menstrual cycle. In terms of
“chronotype,” two of the participants were “ morning-types,” five were “intermediates,” and
two were “evening-types.” Other characteristics of the sample, including their BP status, are
shown in Table 1.
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Experimental design
After visits to the laboratory for preliminary measurements, familiarization, and a test of
peak oxygen uptake (VO2peak), all nine participants completed at least two main trials
(exercise and no-exercise control) in a randomized order. Forty-eight hours prior to all trials,
participants refrained from exercise, alcohol, and caffeine and recorded their eating habits in
a food diary. The night before each trial, participants slept between 2300 and 0700 hours and
were then instructed to abstain from food after 1000 hours. Water was consumed ad libitum
and time and amount was recorded by the participant. During all trials, participants were
given 100 ml of water to consume every 60 min throughout the night. The light level within
the laboratory was maintained at 200 lux, with room temperature being maintained at 21 °C
throughout all trials.

All trials began at 1800 hours with the consumption of a standard meal. The energy content
of this meal was equivalent to 60 kJ/kg body mass, with 52% of the energy derived from fat,
38% from carbohydrate, and 10% from protein. The participants were instructed to consume
the meal within 15 min. The participants then performed either cycling at an exercise
intensity corresponding to 50% VO2peak or rested in the seated upright position between
1900 and 2000 hours. Subsequently, participants then worked on laptop computers, read
books, watched television and listened to music until 0515 hours. Systolic BP, diastolic BP,
mean arterial pressure (MAP), and heart rate (HR) were recorded at 30-min intervals
throughout the testing period. General physical activity was measured from 2000 to 0515
hours. At 2100, 0100, and 0500 hours, participants completed standard tests of mental and
physical performance, lasting ~20 min.

Six of the nine participants completed both the exercise and resting control trials under two
conditions of meal frequency during the night-shift (a total of four trials completed). The
remaining three participants completed two trials (exercise and control) in only one of the
meal conditions. Two of the three participants completed two trials (exercise and control)
under the one-meal condition. One participant completed two trials (exercise and control)
under the two-meal condition. During the one-meal trial, participants consumed, at 2200
hours, a meal with the same energy content as the standard meal consumed at 1800 hours. In
the two-meal trial, meals were consumed at 2200 and 0200 hours, with the energy content of
each of these meals equivalent to 30 kJ/kg body mass. All these meals had the same relative
energy contributions as the standard meal eaten at 1800 hours. All meals were required to be
ingested within a 15-min period.

Preliminary visit
During this visit, height, body mass (and therefore body mass index) as well as resting BP
were recorded. Resting BP was determined with the DINAMAP Pro100 blood pressure
monitor (Critikon, Tampa, FL) from the average of three serial measurements. Chronotype
was assessed using a questionnaire.19 Participants were also familiarized with the cycle
ergometer and other equipments at this time.

Measurement of VO2peak

On the second visit, all participants completed a test of VO2peak using an incremental and
continuous protocol on the cycle ergometer.20 Ten minutes of submaximal exercise was
completed as a standard warm-up prior to the test, which began at a power output of 100 W
and comprised increments of 25 W every 2 min until volitional exhaustion was reached. The
criteria for volitional exhaustion included the point at which the participant could no longer
maintain the required pedal cadence (>60 r.p.m.), the respiratory exchange ratio being
>1.15, a plateau in VO2 and HR being close to the age-predicted maximum.
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Measurements during the main trials
BP and HR were measured at 30-min intervals throughout all trials using an automated BP
monitor (DINAMAP Pro100). The nondominant arm was used for measurement using an
appropriate-sized cuff. If the arm circumference was ≥31 cm, a large cuff was used. Each
participant was required to rest in the seated position for 5 min prior to each BP reading,
which was obtained by the same researcher. Prior to the experiment, the BP monitor was
cross-validated with three resting BP readings obtained by a research assistant using a
mercury sphygmomanometer according to British Hypertension Society guidelines.21
Reinders et al.22 found that the DINAMAP Pro100 blood pressure monitor achieved all the
required criteria of the International Protocol of the European Society of Hypertension. The
mean (s.d.) differences between the DINAMAP Pro100 blood pressure monitor and the nine
sequential same-arm measurements, alternating between two trained observers for systolic
and diastolic BPs, respectively, were 2.5 (5.4) and 0.5 (4.5) mm Hg. This degree of bias and
random error falls within the pass criteria for the Association for the Advancement of
Medical Instrumentation Standard (ANSI/AAMI SP10).

The Actiwatch AW4 (CamNtech, Cambridge, UK) resembles a wrist-watch and is a light-
weight (16 g) device which contains a miniature uniaxial accelerometer. Accelerometry data
equivalent to over 0.05 g of mass is measured 32 times per second and processed to provide
the digital integration of the amount and duration of movement within a given period, or
epoch. The Actiwatch has a variable epoch length of between 5 s and 15 min. Actigraph data
(activity counts) were recorded using 10-s epochs, and average counts were calculated
across 30-min data bins for the purpose of statistical analysis.

Statistical analysis
The primary outcomes in this study were systolic BP and diastolic BP. The primary
comparison was the difference between exercise and no-exercise trials in terms of the
average postexercise (2030–0500 hours) values of these outcomes subtracted from their
respective baseline values. Baselines were calculated from the average of measurements
made at 1800, 1830, and 1900 hours. For estimation of sample size, it was deemed from past
research work15-18 that exercise would mediate a clinically significant reduction of 5 mm
Hg in systolic and/or diastolic BP compared with the control trial. This reduction is typically
found in normotensive individuals and is likely to be clinically important, given that
exercise-related reductions in BP are generally more pronounced in people with
hypertension.23 For our crossover-type experiment, which generally holds more statistical
power than a cross-sectional study (because data are paired in nature), it was estimated that
seven participants would allow this difference to be deemed statistically significant
(statistical power = 80%, s.d. of differences ≤4 mm Hg using a one-tailed paired t-test).

Data were analyzed using the Statistical Package for the Social Sciences (SPSS) software
(version 14.0; SPSS, Chicago, IL). Systolic BP, diastolic BP, MAP, HR, and wrist activity
were analyzed using a linear mixed model with the factors being exercise (exercise vs. no
exercise), meal frequency (one meal vs. two meals), and measurement time (every 30 min).
Linear mixed modeling is the most appropriate and powerful approach to analyzing
unbalanced repeated measures experimental designs.24 Exploration of cross-correlations
between repeated measures levels indicated that a covariance type of compound symmetry
was appropriate. Data are presented throughout the text and figures as mean (s.e.) and 95%
confidence intervals (CIs). Exact P values are cited (values of P of “0.000” provided by the
statistics package are reported as “<0.0005”). Statistical significance was delimited at P <
0.05.
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RESULTS
Systolic BP

Compared to baseline values (Table 2), exercise mediated a significant reduction in systolic
BP of 7 (2) mm Hg throughout the subsequent night-shift compared to a slight increase of 1
(2) mm Hg during the night-shift without prior exercise (Figure 1). The resulting difference
between exercise and no-exercise trials in systolic BP during the night-shift was 8 (1) mm
Hg (CI = 6 to 9, P < 0.0005). This difference between trials was consistent over time,
evidenced by the nonsignificant interaction between the exercise and time factors (P = 0.74).
No significant effects of meal frequency were found on systolic BP (P > 0.10). Meal
frequency was also found not to moderate the effects of prior exercise on systolic BP
(exercise × meal interaction: P = 0.17).

Diastolic BP
Prior exercise reduced diastolic BP by 4 (2) mm Hg throughout the subsequent night-shift
compared to a slight increase of 1 (2) mm Hg without exercise (Figure 2). The resulting
difference between trials of 6 (1) mm Hg was statistically significant (CI = 4–7, P < 0.0005).
There was a significant interaction between the exercise and time factors (P = 0.02),
indicating that differences between the exercise and no-exercise trials reduced toward the
end of the simulated night-shift (Figure 2). Diastolic BP was generally 2 (1) mm Hg lower
when only one large meal was eaten during the shift compared to two smaller meals (P =
0.004). Meal frequency also significantly moderated the exercise-related effects on diastolic
BP (P < 0.0005). Exercise reduced diastolic BP by 6 (2) mm Hg when one meal was eaten
compared with a reduction of 3 (2) mm Hg in the two-meal trials.

MAP
Generally, MAP reduced over the duration of the simulated night-shift (P = 0.03).
Nevertheless, the reduction in MAP of 6 (2) mm Hg was significantly greater following
exercise than the reduction of 1 (2) mm Hg in the no-exercise trials (CI = 4–7, P < 0.0005,
Figure 3). The interaction between the meal frequency and time factors was significant (P =
0.02). In the two-meal trials, two distinct increases in MAP were observed soon after the
meals, which differed from the time course of MAP in the one-meal trials (Figure 3).
Nevertheless, meal frequency did not moderate the exercise-related effects on MAP (P =
0.51).

HR
Prior exercise mediated an increase of 2 (2) beat/min throughout the subsequent night-shift
compared with a slight decrease of 1 (2) beat/min without exercise (Figure 4). The
difference between trials was 3 (1) beat/min (CI = 1.3–4.0, P < 0.0005). The interaction
between the meal frequency and exercise factors was statistically significant (P = 0.002); in
the two-meal trials, the exercise-related increase in HR (3 beat/min) was larger than that
observed in the one-meal trials (1 beat/min).

Wrist activity
Prior exercise mediated an increase in wrist activity by 85 (11) counts/min throughout the
subsequent night-shift compared with a slight reduction of 21 ± (11) counts/min without
exercise. The difference between trials was 106 (8) counts/min (CI = 90–122, P < 0.0005).
Meal frequency significantly moderated these exercise-related effects on activity (P <
0.0005). In the two-meal trial, the exercise-related increase in subsequent wrist activity was
much larger (120 counts/min) compared with the one-meal trials (51 counts/min).
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DISCUSSION
In light of the established relationship between shift-work and chronically raised BP, we
have undertaken this first study into whether the aftereffects of exercise on BP persist when
simulated night-work is undertaken in the postexercise period. Following a 1-h bout of
moderate-intensity exercise in the evening, clinically worthwhile (CI = 4–7 mm Hg) and
statistically significant reductions in MAP were observed throughout a subsequent 8-h
simulated night-shift (2100–0500 hours) in healthy normotensive volunteers. The reduction
in diastolic BP was slightly larger when one larger meal was ingested at the start of the shift
compared with “grazing” on two smaller meals during the shift, which is a common
behavior among night-workers. The exercise-mediated reductions in systolic BP and MAP
were not moderated by meal frequency.

Our data provide the first indication that the postexercise reduction in BP (commonly
described as postexercise hypotension) is robust and prolonged when a simulated night-shift
is undertaken after a bout of evening exercise prior to the shift. The exercise-mediated
reductions in systolic and diastolic BPs we found are comparable in magnitude and duration
with those reported in studies undertaken during the hours of daylight. Brandão Rondon et
al.25 showed that a 45-min bout of relatively low-intensity (50% VO2max) bicycle exercise
undertaken diurnally mediated prolonged (up to 22 h) reductions in the systolic and diastolic
BPs of hypertensive patients. Researchers who have examined normotensive participants
during the daylight hours have generally reported exercise-related reductions in BP of 5–9
mm Hg.26,27 Our findings also agree with those of Jones et al.18 who examined whether
time of day moderates postexercise hypotension. Similar reductions in BP to ours were also
found by Jones et al.17 following exercise at 2000 and 2200 hours, although BP was
measured for only 20 min in the postexercise period by these researchers.17 It is important
to note that our findings are relevant to the situation in which evening exercise is performed
prior to a night-shift. The hypotensive effect of exercise prior to an early morning shift (e.g.,
0600–1400 hours) may, for example, be different, given recent evidence that postexercise
hypotension is generally attenuated when exercise is undertaken in the early morning.17,18

The precise mechanisms governing the acute and longer-term hypotensive response to
exercise are inconclusive. It is generally thought that postexercise hypotension is the result
of persistent reductions in systemic and peripheral resistance that are not offset by changes
in cardiac output. Both these physiological changes are mediated via the autonomic nervous
system and by vasodilatory substances.18,27 Recently, Halliwill et al.28 provided evidence
that the vasodilatory effects of histamine are important in explaining postexercise
hypotension. Endogenous concentrations of histamine are known to show circadian
variation29 with lower values being observed at night. Endogenous nitric oxide is another
important vasodilatory substance, which has also been reported to show circadian variation
in normotensive but not hypertensive individuals.30 Our finding of a prolonged hypotensive
effect of exercise during the night is interesting when considered alongside these studies that
have attempted to identify the underlying vasodilatory substance. Of special interest is
melatonin, as this secretory product of the pineal gland has vasodilatory properties and is
also thought to be crucial to the circadian system.31 Nevertheless, any interactive effects of
exercise and time of day on endogenous concentrations of histamine, nitric oxide, and
melatonin are, at present, unclear.28,31 It would be sensible for future researchers to
measure these vasodilatory substances alongside the BP measurements following exercise at
different circadian times.

HR and wrist activity levels were found to be significantly higher during the simulated
night-shift when prior exercise was undertaken. It has been suggested that prior moderate-
intensity exercise lasting 20 min or more (but no longer than 1 h) can increase feelings of
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vigor and work productivity, and this could account for the increased activity and, therefore,
HR following the exercise.32,33 The exercise-mediated increase in wrist activity could also
be explained by the “cognitive appraisal hypothesis” in that the prior exercise could have
improved mood states and mediated a more favorable perception of the simulated work that
was undertaken during the night.32,33 The most important point for our study results is that
sustained reductions in BP were observed in our study even though wrist activity and HR
were higher following exercise. This finding agrees with those of MacDonald26 who found
that postexercise hypotension is sustained during typical daytime activities in the
postexercise period.

MAP was generally influenced by meal frequency, being increased by ~5 mm Hg at about
the time when a meal was ingested. This increase was typically sustained for 30–60 min
after a meal (Figure 3). Nevertheless, it can be seen in Figure 3 that the meal-mediated
changes in MAP were clearer in the two-meal, compared with the one-meal, condition.
Although these different meal frequencies did not moderate the postexercise reductions in
systolic BP and MAP, postexercise diastolic BP was ~2 mm Hg lower in the one-meal trials
compared with the two-meal trials. Cardiovascular responses to food are, in part, dependent
upon the composition, the size, and the timing of the meal ingested as well as choice/
availability and palatability.34,35 It is important to note that we controlled meal
composition and total energy intake while we varied meal frequency and size of each meal
ingested. The composition of the meals was also dictated by us, although checked
beforehand for palatability to our participants. Although a postprandial reduction in BP is
common in elderly people, Jakulj et al.34 found that the ingestion of a single high-fat (65%
of total energy intake) meal amounting to 3,433 kJ led to a statistically significant increase
in both systolic and diastolic BPs, as well as total peripheral resistance, in comparison with a
low-fat meal of the same total energy content. Our meals also contained a relatively high-fat
content in line with the known dietary habits of night-workers,10 and so our data are
consistent with those of Jakulj et al.34

Large meals generally elicit a more prolonged cardiac response in comparison to small
meals,35 but this was not apparent when the responses of MAP to the larger (one-meal trial)
and smaller (two-meal trial) meal at 2200 hours are compared (Figure 3). The greater
postprandial increment in cardiac output is the direct consequence of a greater demand in the
mesenteric bed, which has been postulated to lead to greater blood flow and a decrease in
BP in comparison to little or no change in cardiac reactivity following smaller meals.36,37
In the present study, even though each of the two meals was half the size of the one meal, it
was apparent that two meals in the postexercise period somewhat “swamped” the exercise-
related changes in BP, suggesting that meal frequency has greater effects on longitudinally
studied BP than meal size. Sidery and Macdonald35 provide some support for this notion in
that no differences in postprandial BP were found between three different meal sizes (1, 2,
and 3 MJ with ~84% of the energy coming from carbohydrates). It is also plausible that the
“grazing/snacking” approach adopted in the two-meal trials did not fulfill the immediate
hunger needs of the participants, leading to a “hunger-stress” effect. Several other
researchers have found that changes in eating habits associated with shift-work (a decrease
in meal size but increase in snacking and smaller meal frequency) have detrimental effects
on other physiological outcomes.38,39 Nevertheless, this mechanism is unlikely because
meal frequency did not moderate the exercise-related reductions in systolic BP and MAP in
the present study. In conclusion, these data indicate for the first time that prior exercise
lowers BP throughout a subsequent 8-h night-shift. There is now good evidence that shift-
work is a risk factor for chronically raised BP, and circadian-related disturbances have been
postulated to be important in explaining this phenomenon. Although our findings should be
limited to healthy volunteers within the normotensive range, they suggest that leisure-time
physical activity may be an important lifestyle factor in managing hypertension in shift-
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workers in that regular low-intensity exercise has the potential to attenuate the longer-term
increase in BP in shift-workers.
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Figure 1.
Mean ± s.e. systolic blood pressure measured every 30 min during a simulated night-shift
with, and without, exercise prior to the beginning of the shift. (a) Consumption of two
smaller (30 kJ/kg body mass) meals during the shift at 2200 and 0200 hours. (b)
Consumption of one larger (60 kJ/kg body mass) meal during the shift at 2200 hours. The
gray panel indicates time of exercise or rest. Black vertical lines indicate time of meal
consumption.
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Figure 2.
Mean ± s.e. diastolic blood pressure measured every 30 min during a simulated night-shift
with, and without, exercise prior to the beginning of the shift. (a) Consumption of two
smaller (30 kJ/kg body mass) meals during the shift at 2200 and 0200 hours. (b)
Consumption of one larger (60 kJ/kg body mass) meal during the shift at 2200 hours. The
gray panel indicates time of exercise or rest. Black vertical lines indicate time of meal
consumption.
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Figure 3.
Mean ± s.e. MAP measured every 30 min during a simulated night-shift with, and without,
exercise prior to the beginning of the shift. (a) Consumption of two smaller (30 kJ/kg body
mass) meals during the shift at 2200 and 0200 hours. (b) Consumption of one larger (60 kJ/
kg body mass) meal during the shift at 2200 hours. The gray panel indicates time of exercise
or rest. Black vertical lines indicate time of meal consumption. MAP, mean arterial pressure.
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Figure 4.
Mean ± s.e. heart rate measured every 30 min during a simulated night-shift with, and
without, exercise prior to the beginning of the shift. (a) Consumption of two smaller (30 kJ/
kg body mass) meals during the shift at 2200 and 0200 hours. (b) Consumption of one larger
(60 kJ/kg body mass) meal during the shift at 2200 hours. The gray panel indicates time of
exercise or rest. Black vertical lines indicate time of meal consumption.
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Table 1
Participant characteristics

Mean (s.d.) age (years) 30.5 (8.0)

Mean (s.d.) weight (kg) 75.3 (6.8)

Mean (s.d.) height (m) 1.8 (0.1)

Mean (s.d.) BMI (kg/m2) 22.9 (1.7)

Mean (s.d.) VO2peak (ml/kg/min) 49.2 (6.7)

Mean (s.d.) systolic BP (mm Hg) 117 (3)

Mean (s.d.) diastolic BP (mm Hg) 69 (5)

Mean (s.d.) MAP (mm Hg) 87 (3)

Mean (s.d.) HR (bpm) 58 (5)

BMI, body mass index; BP, blood pressure; bpm, beat/min; HR, heart rate; MAP, mean arterial pressure; VO2peak, peak oxygen uptake.
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