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FOREWORD
The research detailed in this thesis will be submitted to Medicine & Science, the official
journal of the American College of Sports Medicine. The thesis has been prepared according to the

guidelines set forth by the Graduate School of Appalachian State University.



ABSTRACT

EFFECTS OF AEROBIC EXERCISE ON NOCTURNAL BLOOD PRESSURE DIPPING IN
PREHYPERTENSIVE INDIVIDUALS. (December 2011)

Benjamin William Cartner, B.S., Appalachian State University
Chairperson: Scott R. Collier

During the typical nocturnal sleep cycle, blood pressure (BP) will “dip” or decrease when
compared to diurnal blood pressure reducing stress on the cardiac system. Compared with a reference
group of normotensive dippers, hypertensive non-dippers may experience a much higher relative risk
of cardiovascular mortality than normotensive non-dippers and hypertensive dippers. Post exercise
hypotension may increase the dipping response; however, exercise timing on sleeping blood pressures
has never been elucidated. Therefore, the purpose of this study was to examine how exercise timing
affects circadian blood pressure and specifically nocturnal blood pressure. METHODS: Fifteen pre-
hypertensive subjects, 7 male and 8 female (mean age 40 + 3 years), with no self-reported cardiac
disorders participated in this study. Following a graded exercise test during visit 1, subjects reported
for 3 exercise times at 7 AM (aerobic exercise completed at 7 AM), 1 PM (aerobic exercise
completed at 1 PM), and 7 PM (aerobic exercise completed at 7 PM) in random order to perform a 30
min treadmill protocol at 65% of their VO2 max (maximal oxygen uptake). An Oscar 2™
ambulatory blood pressure cuff was used to monitor blood pressure responses for the 24 hours
immediately following exercise. RESULTS: Aerobic exercise at 7 AM invoked the greatest dip in
nocturnal systolic blood pressure (SBP; 16.7% drop at 7 AM, 12.3% at 1 PM, 15.2% at 7 PM) than
exercise in the afternoon or evening time slots and 7 PM invoked the greatest dip in nocturnal
diastolic blood pressure (DBP; 20.9% drop at 7 AM, 15.4% at 1 PM, 21.1% at 7 PM).

CONCLUSION: When looking at the overall benefit of the blood pressure variables measured,



exercising in the morning at 7 AM may be the most beneficial epoch of time for nocturnal blood

pressure changes.
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INTRODUCTION

It is well known that blood pressure (BP) increases with age and, as a result, the
incidence of hypertension increases. Hypertension also remains the most prevalent
cardiovascular disease that afflicts the elderly population. Further, hypertension-associated
cardiovascular disease is the leading cause of morbidity and mortality in the Western world
4).

There is mounting evidence correlating the benefits of aerobic exercise to decreases
in resting BP, which overall will lend to the prevention and treatment of cardiovascular
disease (CVD) and all-cause mortality (12). Aerobic exercise has been shown to reduce
blood pressure in more than 75% of the hypertensive population and has become a preferred
method of non-pharmacologic treatment for the lowering and maintenance of blood pressure
(7). Thirty minutes of moderate intensity, aerobic exercise can decrease blood pressure in
hypertensive individuals when compared to otherwise non-exercise controls (12).
Individuals with undiagnosed hypertension share the same 1.5 to 3 fold higher risk of
contracting cardiovascular disease as individuals with chronic elevated blood pressure (1).
Studies have also shown that the risk of end target organ damage is comparable for both
individuals with masked hypertension and chronic hypertension (1). Recent studies have
concluded that moderate intensity aerobic exercise may have more cardiovascular benefit
than higher intensity exercises for individuals with hypertension (7). The training effect of
moderate intensity aerobic exercise has been shown to decrease systolic blood pressure an

average of 7 to10 mmHg systolic and 4 to 8 mmHg diastolic in hypertensive individuals (12).



Additionally, it has been shown that the blood pressure lowering effects for hypertensive
individuals participating in a moderate intensity aerobic exercise regimen continue to remain
steadfast even with a 33% reduction in blood pressure lowering medications (12). With a
consistent 16 week moderate intensity exercise program, daily blood pressure has been
shown to be significantly reduced in individuals with Stage 1 and 2 hypertension (5, 12).
This information continues to support current aerobic exercise prescription as an effective,
initial form or appendage to existing hypertensive blood pressure mediation (7).

Calhoun and Harding describe that even the smallest elevations in BP during sleep
project a marked increase in the risk for cardiovascular morbidity and mortality (3). During
the typical nocturnal sleep cycle, BP will decrease (dip) by 10-20% compared to the awake
BP (25). If an individual’s BP does not experience this “dipping” pattern, he or she is termed
a “non-dipper” [a “non-dipper” is arbitrarily defined as an individual with a nocturnal decline
in systolic or diastolic blood pressure of less than 10% (25)]. This non-dipping archetype
ultimately results in poor prognosis for lifespan and greater risk for future cardiovascular
complications (28). Compared with a reference group of normotensive dippers [< 135/85
mmHg out-of-office, < 140/90 mmHg clinical (19)], hypertensive non-dippers experience a
more than five-fold increase in the relative hazard rate of cardiovascular mortality; whereas,
normotensive non-dippers’ and hypertensive dippers’ relative risk rose only two- to three-
fold (15). These data infer that for each 5% increment in the systolic or diastolic night-to-
day ratio, there is a 20% rise in the risk for cardiovascular death, even when 24 hour

ambulatory blood pressure is within the normotensive range (15).



Upon review of the existing research, Pickering and colleagues have suggested that
at least 25% of the general hypertensive population suffers from a non-dipping BP pattern;
however, no studies have ever investigated the effect of exercise timing on sleep BP (20).
Therefore, the purpose of this study is to investigate the effects of aerobic exercise timing on
ambulatory BP throughout a 24 hour cycle in middle aged pre- to stage-one adult
hypertensives. We hypothesize that aerobic exercise completed at 7 PM will allow the
subsequent post exercise hypotension (PEH) phenomenon to reduce BP in the early stages of

sleep causing a more pronounced “dip” in the nocturnal BP pattern.



METHODS AND PROCEDURES

Subjects

Fifteen prehypertensive men and women (systolic blood pressure (SBP) range of 120-
139 mmHg, diastolic blood pressure (DBP) range of 80-89 mmHg) between the ages of 30
and 60 years old were recruited from the local community. The guidelines of the study
included that no subjects had any self-reported sleep disorder, and all were non-smokers and
were not on any medications, including aspirin therapy or sleep aids as identified in health
and activity history questionnaires. Investigators reviewed the screening questionnaire to
ensure subjects met the required guidelines of the study. The investigation was approved by
the Institutional Review Board of Appalachian State University.
Experimental design

Subjects reported to the laboratory on four separate occasions. On the first visit, each
subject completed a written informed consent as well as a physical activity and health history
questionnaire (American College of Sports Medicine guidelines, 2010). Age, height, weight,
and blood pressure were all recorded, followed by an assessment of peak aerobic capacity. A
graded treadmill (Quinton, Bothell, WA) exercise test to volitional exhaustion with metabolic
measurements was employed to determine each subject’s VO2pear (Parvo Medics, Sandy,
UT). This investigation utilized a randomized, crossover design where each subject
performed each separate time-of-day exercise protocol. Additionally, subjects were

familiarized with all of the data collection equipment utilized within the study.



During visits two, three, and four, participants completed the randomized aerobic
exercise protocol at either 7 AM, 1 PM, or 7 PM. An average washout period of 72 hours
was allotted between subsequent exercise sessions which all took place during a weekday
(Monday, Thursday, Monday). Subjects were asked to refrain from alcohol and caffeine 12
hours prior to each exercise session and throughout the duration of the data collection.
Following each exercise session, participants wore an ambulatory blood pressure device
(SunTech Medical Oscar 2, Morrisville, NC) for the next 24 hour period as well as an
ambulatory sleep monitoring system (Zeo, Newton, MA) on the nights following exercise.
Subjects were instructed to maintain the same time to bed and time to wake following each
exercise bout in order to control for total sleep time. All subjects slept at least 7 hours each
night following exercise as confirmed by the Zeo monitors.

Anthropometric assessment

Body weight and body composition were calculated to the nearest 0.01 kg using a
calibrated laboratory electronic scale (Tanita bioelectrical impedance analysis (BIA), Tokyo,
Japan). Height was calculated using a stadiometer and recorded to the nearest 0.5 cm.
Maximal aerobic capacity

Peak oxygen consumption (VOzpea) Was assessed using a customized treadmill
protocol (Modified Armstrong protocol). Intensity started at 2.5 miles per hour (mph) and
increased by 1 mph every two minutes until a comfortable pace was established. If additional
intensity was required, the grade of the treadmill was increased (2.5 %) at two-minute
intervals until volitional fatigue was reached. Heart rate was recorded once per minute during
the protocol, and a minimum of four minutes into recovery, using a Polar Heart Rate Monitor

(Polar Electro Incorporated, Woodbury, NY). Ratings of perceived exertion (RPE) were also



assessed once per stage using the 6-20 Borg Scale. Expired gases were analyzed using a True
One metabolic system (Parvo Medics, Sandy, UT). Exercise capacity was assessed by
exercise time and total workload expressed in metabolic equivalents (METSs). A 12-lead
electrocardiogram (ECG) was used to monitor the test for men and women greater than 45
and 50 years of age, respectively.

Exercise protocol

Values attained from the preliminary exercise testing session were used to design the
aerobic exercise prescription. All individuals were provided with a 30 minute, aerobic
exercise bout on a motorized treadmill at an intensity that elicited a HR consistent with 65%
of their VO,peak. Heart rate was monitored throughout every 30 minute session using a Polar
Heart Rate Monitor to ensure that subjects remained at 65% of their corresponding VO2peak
HR. Each subject completed each bout of exercise at all three time points.

Ambulatory blood pressure measurement (ABPM)

Upon completion of each exercise session, subjects were outfitted with a SunTech
Medical Oscar 2 ambulatory blood pressure device. The device was programmed to take
oscillatory blood pressure measurements every 20 minutes throughout the 24 hour post-
exercise time and every 40 minutes during sleep. Data was stored within the device until it
was later uploaded onto the laboratory computer.

Ambulatory sleep stage measurement

On nights following the completed exercise sessions, subjects wore a Zeo™
ambulatory sleep monitoring headband. The system consists of a soft headband (metallic
fibers woven into the material) and a bedside display. The two-piece system utilizes dry

sensor electroencephalogram (EEG) technology to transmit brainwave data wirelessly to the



bedside display where it is stored for later analysis. The Zeo™ system has been validated
against an in-laboratory polysomnography and shown to be an accurate and easy way to
measure sleep stages (23).
Treatment of the data

Data were gathered as mean +/- standard error of the mean (SEM) for SBP, DBP, and
percent dip throughout the 24 hour cycle. Data were divided into wake blood pressure and
sleep blood pressure groups. All data were analyzed by SPSS version 15 (SPSS, Chicago,
IL, USA) using a 1 x 3 (exercise x time) analysis of variance (ANOVA) with repeated
measures. A Bonferroni post-hoc test was applied to determine significance between

pairwise comparisons.



RESULTS

Subjects each completed their non-exercise control session to be compared with their
individual exercise data. All of our subjects were classified as dippers following the initial
lab assessment. Subject descriptive characteristics are presented in Table 1. The timing of
aerobic exercise has various marked effects on ambulatory BP. These significant differences
arose during times of sleep with no significant BP changes during awake times. These
timing differences allowed for comparison of absolute differences in sleep time BP among
the separate exercise timing bouts.

Nocturnal blood pressure variables

Sleep SBP was significantly augmented by the timing of exercise as demonstrated in
Figure 1. Aerobic exercise completed at 7 AM revealed a significant reduction in sleep
systolic pressure (107.00 mmHg + 9.08 mmHg) when compared to sleep systolic blood
pressure when aerobic exercise was completed at the 1 PM (114.8 mmHg + 15.53 mmHg)
time point (p < 0.05; Figure 1). There were no significant differences in sleep systolic blood
pressure between 7 AM and 7 PM (110.0 mmHg + 12.8 mmHg) or between 1 PM and 7 PM

(p < 0.05).



Sleep diastolic blood pressure also presented with a significant pressure decrease at 7
AM (60.80 mmHg £ 1.61 mmHg) when compared to aerobic exercise completed at the 1 PM
(65.67 mmHg + 1.99 mmHg) time point (p < 0.05; Figure 2). Sleep diastolic blood pressure
was significantly lower following aerobic exercise completed at 7 PM (61.87 mmHg + 1.99
mmHg) compared to sleep diastolic blood pressure when aerobic exercise was completed at 1
PM (65.67 mmHg £ 1.99 mmHg; p < 0.05; Figure 2). There was no significant sleep
diastolic pressure difference between aerobic exercise completed at 7 AM and 7 PM (p <
0.05).

Nocturnal blood pressure dipping

The percent dip for systolic pressure was significantly altered between aerobic
exercise completed at the 7 AM (16.67 % + 0.92 %) and the 1 PM (12.34 % + 1.24 %)
exercise time points (p < 0.05; Figure 3). There was no significant difference in systolic
blood pressure dip between 1 PM and 7 PM (15.23 % + 5.23 %) or 7 AM and 7 PM (p <
0.05).

The percent dip for diastolic pressure was significant between aerobic exercise
completed at the 7 AM (20.90 % + 1.14 %) and the 1 PM (15.44 % + 1.67 %) exercise time
points (p < 0.05) as well as the 7 PM (21.16 % * 1.91 %) and the 1 PM (15.44 % +1.67 %)
exercise time points (p < 0.05; Figure 4). There was no significant difference in the diastolic

blood pressure dip between 7 AM and 7 PM.



Diurnal blood pressure variables

There were no significant changes in the mean awake systolic (7 AM 123.2 £ 11.01

mmHg, 1 PM 126.4 + 12.3 mmHg, 7 PM 124.3 £ 15.8 mmHg) or diastolic (7 AM 72.8 £7.2

mmHg, 1 PM 75.0 £ 6.7 mmHg, 7 PM 73.8 + 9.9 mmHg) pressures at any time point.
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Table 1. Descriptive Characteristics (n = 15)

Blood
Age (years) Height (cm) Weight (kg) VO, (ml'kg'min) BMI (kg/m?) Pressure
(mmHg)
40+3 173+2.2 75+3.2 40+3.3 25.3+25  133/80+3.1

Values are mean + SEM.
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Figure 1. Changes in systolic blood pressure at night following the exercise protocol at 7
AM, 1 PM, and 7 PM. The data shown are nocturnal systolic blood pressures 107.00 mmHg,
114.80 mmHg, and 110.00 mmHg compared to exercise time intervals 7 AM, 1 PM, and 7
PM, respectively. Data are presented as mean £ SEM in millimeters of mercury (mmHg).

*Significance at p < 0.05 noted at 7 AM versus 1 PM.
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Figure 2. Changes in diastolic blood pressure at night following the exercise protocol at 7
AM, 1 PM, and 7 PM. The data shown are nocturnal diastolic blood pressures 60.80 mmHg,
65.67 mmHg, and 61.87 mmHg compared to exercise time intervals 7 AM, 1 PM, and 7 PM,
respectively. Data are presented as mean + SEM in millimeters of mercury (mmHg).

*Significance at p < 0.05 noted at 7 AM versus 1 PM and 7 PM versus 1 PM.
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Figure 3. Changes in systolic blood pressure dip at night following the exercise protocol at 7
AM, 1 PM, and 7 PM. Exercise timing resulted in differential nocturnal systolic dips of
16.67 %, 12.34 %, 15.23 % at 7 AM, 1 PM, and 7 PM, respectively. Data are presented as
mean £ SEM in percent dip (%).

*Significance at p < 0.05 noted at 7 AM versus 1 PM.
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Figure 4. Changes in diastolic blood pressure dip at night following the exercise protocol at
7 AM, 1 PM, and 7 PM. Exercise timing resulted in differential nocturnal diastolic dips of
20.90 %, 15.44 %, and 21.16 % at 7 AM, 1 PM and 7 PM, respectively. Data are presented
as mean £ SEM in percent dip (%).

*Significance at p < 0.05 noted at 7 AM versus 1 PM and 7 PM versus 1 PM.
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DISCUSSION

The current study investigated the effects of aerobic exercise timing on nocturnal BP
using the variables of 24-hour ambulatory systolic and diastolic pressures as well as the
percent dip of systolic and diastolic pressure during sleep. Significant differences in systolic
BP, diastolic BP and dipping parameters were shown between exercise times during times of
sleep with no significant blood pressure changes during awake times. This study revealed
that aerobic exercise conducted at 7 AM produced the most beneficial changes in ambulatory
blood pressure when compared to aerobic exercise completed at either the 1 PM or 7 PM
time points. Aerobic exercise completed at 7 AM elicited a significantly lower nocturnal
systolic pressure, nocturnal diastolic pressure, nocturnal systolic BP dip, and nocturnal
diastolic BP dip compared to aerobic exercise completed at 1 PM or 7 PM. These data agree
with a study by Jones et al. that showed moderate intensity aerobic exercise decreased
nocturnal blood pressure (9).

The most likely cause of the overall decreases in nocturnal blood pressures is a
reduction in sympathetic nervous activity (2, 18, 21). Although there are many physiological

factors that influence blood pressure change, we can speculate a possible
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mechanism for the decreased nocturnal pressures we recorded in this study to be related to
the post exercise hypotension phenomenon.

Moderate intensity aerobic exercise has been shown to reduce ambulatory systolic BP
for 11 to 12 hours and diastolic BP for 4 to 8 hours post-exercise (post-exercise hypotension),
which is propagated by the increased peripheral vasodilation (7, 11, 17). Post exercise
hypotension occurs as a product of reduced vascular resistance mediated by the autonomic
nervous system and up regulation of multiple vasodilatory mechanisms. Post exercise
hypotension has been shown to be present in both normotensive and hypertensive
individuals, but it has been observed in greater magnitude in prehypertensive and
hypertensive individuals (13). Additionally, it has also been suggested that the magnitude of
PEH is unrelated to the size of the muscle group being exercise, but the greater the mass of
the muscle group being exercised could have an augmented effect on the duration of the
PEH phenomenon (13). This projected increase in the PEH response may explain why we
recorded lower nocturnal blood pressure values following morning exercise using a treadmill
protocol instead of during arm or leg ergometry. A recent study conducted by Jones et al.
concluded that moderate aerobic exercise conducted in the morning showed the highest
reactivity of the PEH phenomenon with a differential of 8 to 14 mmHg in mean arterial BP
from diurnal to nocturnal pressure values (8). This finding is consistent with the lowered
nocturnal BP responses we recorded following the morning exercise protocol. It has been

17



shown that the reduction in blood pressure due to PEH is directly related to the current level
of BP; that is to say that the higher the blood pressure is initially, the greater the PEH
response and the greater the reduction in blood pressure (13). This may further explain why
the prehypertensive group that we studied had an augmented blood pressure response to the
exercise protocol.

BP and heart rate both experience a spike upon wakening known as the “morning
pressure surge” and can be attributed to circadian rhythms of many other physiological
parameters including hemodynamic, hematological, and humoral factors as well as postural
changes (29). If an exercise treatment is to be implemented at this morning time of
heightened BP, then the resulting PEH would exhibit greater reductions in blood pressure
following exercise (13). The effects of PEH on sleep pattern are not well understood, but the
limited research has concluded that exercise in the morning shows the largest fluctuation in
BP due to PEH (11). Further, a greater magnitude of PEH has been documented following
periods of nocturnal sleep and was absent when exercise was completed after day time sleep
(8).

The benefit of aerobic exercise on blood pressure and hypertension has been well
documented, but little data exist on how the timing of aerobic exercise can influence these
benefits. A recent study conducted by Shiotani et al. shows that aerobic exercise conducted
in the morning elicits a significantly favorable decrease in heart rate throughout the day (24).

18



The Shiotani et al. study did not, however, find significance in any parameter of blood
pressure but attested that aerobic exercise completed during morning hours may have the
most benefit to the cardiovascular circadian rhythm (24). The findings from this study
support the theory that blood pressure reactivity to physical activity is greater during bouts of
morning exercise (10).

A recent study investigating the effects of morning aerobic exercise on vascular shear
stress reported that brachial shear stress was significantly higher in the morning at 8 AM than
at 2 PM following moderate intensity aerobic exercise protocols (10). This increase in shear
stress may contribute to the decreased nocturnal blood pressure values we recorded following
aerobic exercise conducted at 7 AM in our current study. The decreased sheer stress rate at 2
PM may also validate why we recorded a decreased benefit of aerobic exercise conducted at
1PM.

Park et al. investigated the circadian blood pressure difference between dippers and
non-dippers following aerobic exercise (30 minutes of intermittent training on a motorized
treadmill at 50% VOzpeax) during morning (6 AM to 8 AM) and evening (5 PM to 7 PM)
exercise (16). Park et al. ultimately concluded that aerobic exercise in the evening exhibited
a greater reduction in systolic pressure for non-dippers and morning exercise produced
similar systolic blood pressure responses for both dippers and non-dippers (16). These data
are similar to the findings in the current study that there is a benefit of aerobic exercise at 7

19



PM; however, the present study supports that the most beneficial blood pressure response
follows aerobic exercise completed at 7 AM. These disparities may be partially due to the
fact that the subjects in the Park et al. study were hypertensive and were on anti-hypertensive
medications which may produce lower blood pressure responses throughout the day and
alternate the overall blood pressure response to exercise. A large difference between the
Park et al. study and the present study may be the training intensity since they used 50% of
VOgpeak, Yet we used 65% VOqpeak, Which may elicit divergent BP responses (6).

Sleep is the most important recovery period from the elevated pressures associated
with daily activities and it has been reported that regular physical activity enhances overall
sleep quality (14). However, the most appropriate time period of exercise for cardiovascular
benefit during sleep has yet to be established. Recent studies have shown that vigorous
activity right before bed time may not be beneficial to the cardiovascular system (14). When
comparing a vigorous exercise group to a non-exercise control group, the exercise group
experienced a greater proportion of Non-Rapid Eye Movement sleep and maintained an
elevated HR throughout their sleep cycle, especially within the first 3 hours of sleep when
compared to the non-exercising control group (14).

Another seemingly potential mechanism for the augmented BP response to exercise
timing may be the influence of catecholamines and the subsequent circadian rhythms. It has
been documented that moderate intensity training increases baroreflex sensitivity (BRS)

20



throughout the day (27). This increased BRS has been associated with lower arterial
pressures, especially at night during sleep (26). BRS has been documented as significantly
higher during dreaming sleep and that arterial pressures are inversely correlated with BRS
(26). It is possible that the acute bout of aerobic exercise completed at 7 AM heightened the
BRS response and provided a cascade for lower pressures throughout the remainder of the
day and into the evening. The lower arterial pressures we recorded during sleep may be
actively maintained in individuals through a heightened BRS (26).

There is a measurable increase in catecholamines during the morning hours which
contribute to the increases in cardiac output, heart rate, and blood pressure. It has been
shown that the “morning surge” in catecholamines is evident from 6 AM to 12 PM,
increasing the risk for cardiovascular events (29). The circadian peak for vagal cardiac
markers that are cardioprotective and the trough in SBP and DBP occurs during the
biological night corresponding to 12 AM to 8 AM (22). The existing research continues to
support that this vagal peak overlaps with the sympathetic rise from 6 AM to 8 AM and may
possibly counterbalance the sympathetic peak and ultimately prove to be more
cardioprotective (22). With regard to the heightened BRS and this overlap in sympathetic
and vagal circadian rhythms, performing moderate intensity aerobic exercise at 7 AM may

explain the lowered SBP and DBP values we recorded throughout the night.
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Data from the present study indicated that exercise at 7 AM had the most favorable
influence on sleep systolic and diastolic pressure change benefits for all prehypertensive
subjects. The benefit of diastolic dipping may be most beneficial for clinical populations

suffering from congestive heart failure or any other cardiovascular diseases that relate to

ventricular filling.
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CONCLUSIONS AND IMPLICATIONS

The results from the present study show that partaking in a moderate bout of aerobic
exercise in the morning (7 AM) can have marked effects on the circadian BP rhythm. Itis
well known that aerobic exercise contributes to decreased cardiovascular risk; however, no
studies have been conducted pertaining to a specific epoch that may produce the most
beneficial response to the blood pressure archetype. Aerobic exercise completed at 7 AM
and 7 PM both yielded beneficial results with the most wide ranging benefits coming from
exercise at 7 AM. A specifically timed bout of moderate intensity aerobic exercise
completed at 7 AM may be an appropriate treatment to absolve or at least alleviate some the
problems associated with cardiovascular disease. The current investigation suggests that the
timing of aerobic exercise may influence the nocturnal BP system and may be a useful

intervention in treating cardiovascular disease.
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