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Abstract

Sudden cardiac and cerebral events are most common in the morning. A fundamental question is
whether these events are triggered by the increase in physical activity after waking, and/or a result
of circadian variation in the responses of circulatory function to exercise. Although signaling
pathways from the master circadian clock in the suprachiasmatic nuclei to sites of circulatory
control are not yet understood, it is known that cerebral blood flow, autoregulation and
cerebrovascular reactivity to changes in CO, are impaired in the morning and, therefore, could
explain the increased risk of cerebrovascular events. Blood pressure (BP) and the rate pressure
product (RPP) show marked ‘morning surges’ when people are studied in free-living conditions,
making the rupture of a fragile atherosclerotic plaque and sudden cardiac event more likely. Since
cerebral autoregulation is reduced in the morning, this surge in BP may also exacerbate the risk of
hemorrhagic and ischemic strokes in the presence of other acute and chronic risk factors.
Increased sympathetic activity, decreased endothelial function, and increased platelet aggregability
could also be important in explaining the morning peak in cardiac and cerebral events but how
these factors respond to exercise at different times of day is unclear. Evidence is emerging that the
exercise-related responses of BP and RPP are increased in the morning when prior sleep is
controlled. We recommend that such ‘semi-constant routine’ protocols are employed to examine
the relative influence of the body clock and exogenous factors on the 24-h variation in other
circulatory factors.
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Introduction

Chronobiology is the study of cyclic variations in living organisms (Dunlap et al. 2004).
Biological rhythms can be found in many time domains, ranging from milliseconds to years.
In fact, it is difficult to find a physiological function which does notvary over time in a
cyclical manner. Since humans are diurnally active animals, it is not surprising that
biological rhythms that fluctuate over a 24-h period have the most fundamental effects on
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physiological functioning. Such fluctuations are termed circadian rhythms. The related term
of ‘diurnal variation’ refers to changes in physiological outcomes solely during the typical
hours of daylight, e.g. morning versus early evening.

It is important from a mechanisms perspective to establish the extent of endogenous control
of a circadian rhythm, i.e. to what extent the 24-h variation in a physiological function is
controlled by a self-sustaining body clock. Unfortunately, most circadian rhythms are
influenced or ‘masked’ strongly by sleep, physical activity as well as flucuations in the
environment. These influences can be controlled with a * constant routine’ protocol, in which
subjects are essentially bed-rested in a stable environment for at least 24 h (Minors and
Waterhouse 1984). For example, when the resting blood pressure (BP) of normal healthy
volunteers is measured in a constant routine, the endogenous body clock is thought to
account for only 10-15% of the daily variation in BP measured with ambulatory monitors
during ‘normal’ daily living (Atkinson et al. 2006). Nevertheless, such a protocol does not
allow one to identify whether the responses of physiological variables to various stressors,
e.g. exercise, show circadian variation. Such knowledge would be useful in explaining
whether the circadian variations in sudden cardiac and cerebral events are of endogenous
origin or merely as a result of the changes in physical activity, psychological stress and sleep
over the course of the day.

Investigating circadian rhythms in the responses of physiological systems to exercise is
more difficult than examining rhythms in resting physiology, and this difficulty raises some
important issues about experimental design and analysis. For example, some “‘hybrid’
protocols have been developed which enable physiological responses to be explored
alongside some control over prior sleep, physical activity and diet (Kline et al. 2007; Jones
et al. 2008b). There are also statistical approaches for controlling for, or “‘purifying’, the
masking influences of sleep and activity on circadian rhythms (Waterhouse et al. 2005). The
purpose of the present review is to summarize the research evidence from such protocols
and analyses for diurnal variation in the exercise-related responses of those circulatory
outcomes that are relevant to sudden cardiac and cerebral events. The review is structured so
that the hypothesized links between the human body clock and circulatory function are
discussed first. Second, the epidemiological data that indicate sudden cardiac and cerebral
events show circadian rhythmicity is discussed. Third, the various circulatory variables are
examined in terms of whether the responses to exercise are influenced by time of day.

The body clock and circulatory control

The suprachiasmatic nuclei (SCN) of the hypothalamus mediate circadian rhythms in many
biological functions. In mammals, the SCN is comprised of two clusters of nerve cells,
which are located in the anterior hypothalamus of the brain (Cassone et al. 1988). The
results of molecular level studies show that the clock mechanism in the SCN is essentially
cyclic interactions between clock genes and clock proteins (Clayton et al. 2001; Richter et
al. 2004). Information about the characteristics of the clock resides within the nucleus of the
cells within the SCN. Nevertheless, clock genes have been found in mice and humans that
are expressed widely throughout the body (Balsalobre 2002). Indeed, the circadian timing
system is thought to be comprised of a hierarchy of biological clocks (some in peripheral
tissues as discussed in below), which are commanded by the ‘master’ clock in the SCN
(Richter et al. 2004). How the SCN communicate with effectors responsible for the overt
physiological rhythms is not well understood.

In mammals, oscillations in circadian clock genes have been discovered not only in the SCN
(Okamura et al. 2002), but also in the heart and the liver (Storch et al. 2002), and other
peripheral tissues (Nonaka et al. 2001). It has been hypothesized that these peripheral
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circadian oscillators could contribute to circadian rhythms in BP and rhythmic occurrence of
some cardiovascular diseases (McNamara et al. 2001). Nevertheless, it is not clear which
modulators connect the central oscillations in the SCN with the peripheral ones in the blood
vessels. It is also not well understood how the time information generated by the
transcription—translation-based core feedback loop is transmitted to clock-controlled genes
that represent the output pathway of the clock.

Although circadian expression of clock genes can occur in healthy tissues relevant to the
circulation, such as the heart, aorta and kidney (Maemura et al. 2000; Nonaka et al. 2001),
no circadian variation in clock gene expression has been reported in cultured cardiac cells in
vitro. Cultured vascular smooth muscle cells show circadian variation in clock gene
expression, which can be entrained to a 24-h period by angiotensin Il and retinoic acid
(McNamara et al. 2000; Nonaka et al. 2001). In terms of heart disease, the circadian
expression of core clock genes persists normally in the pressure-overloaded heart.
Nevertheless, the circadian variation in transcription factors and genes involved in
metabolism is blunted in the hypertrophied heart (Takeda and Maemura 2007). Takeda and
Maemura (2007) maintained that peripheral circadian clocks in the circulatory system
provide an anticipatory function, enabling the heart and the vasculature to prepare for
external stimuli, such as the morning surge in BP. This raises the primary question in the
present review of whether the responses of BP and other circulatory variables to physical
exertion, which is a potent trigger of cardiac and cerebrovascular events, vary with time of
day. Before this question is addressed, it is important to cover the ‘chronoepidemiology’ of
sudden cardiac and cerebrovascular events, i.e. to describe the 24-h variation in these
outcomes.

Chronoepidemiology of cardiac and cerebral events

Circadian variation in cardiac and cerebral events has been discussed previously in several
comprehensive systematic reviews and meta-analyses (Elliott 1998; Smolensky et al. 2007),
including one manuscript devoted specifically to circadian variation in events with a known
exercise cause (Atkinson et al. 2006). There is also a special issue of Biological Rhythm
Research devoted to circadian variation in cardiac events (Manfredini and Waterhouse
2007). Nevertheless, few reviewers have considered cardiac and cerebral events together in
the same manuscript, nor discussed in particular circadian variation in the exercise-related
responses of variables postulated to be involved in the pathology of these events. Therefore,
as a prelude to our later discussions on exercise-related pathophysiology, we summarize
below the main observations, which are described in detail in the past reviews (Elliott 1998;
Smolensky et al. 2007).

Angina pectoris and myocardial ischemia

Both physical exertion and emotional stress can trigger the pain that is characteristic of
angina pectoris, which can also be detected by a depressed ST segment with
echocardiography. Angina pectoris has been found to occur most frequently during the
morning (Behar et al. 1991). A secondary peak in incidence has also been reported during
the afternoon or evening. Nevertheless, the peak incidence of Prinzmetal angina occurs
during nocturnal sleep (Waters et al. 1984). Prinzmetal angina is different from angina
pectoris in that it is detected by an elevated, not depressed, ST segment with
echocardiography, which illustrates that the specific type of cardiovascular disease can have
a specific circadian timing.

The frequency and duration of myocardial ischemia (for which angina pectoris is a
symptom) peak between 06:00 and 12:00 hours (Mulcahy et al. 1988). Parker et al. (1994)
reported that this peak circadian time can be influenced to some degree by the specific sleep-
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wake habits of patients (i.e. waking and becoming active at earlier or later times of the day).
Nevertheless, Krantz et al. (1996) examined the circadian variation in myocardial ischemia
whilst participants performed “normal” daily activities out-of-hospital. In contrast to the
results of Parker et al. (1994), ischemia was found to peak in the morning, even after
allowing for inter-individual changes in activity. Such analyses of descriptive data, which
include covariate control for the effects of activity, are rare, but would be illuminating in
helping to separate the effects of physical exertion per se on these events from the influence
of an endogenous mechanism altering the pathology of risk at different times of day.

Acute myocardial infarction and sudden cardiac death

Although clinicians have been aware for many years that acute myocardial infarction (AMI)
seems more common at some times of day compared with others, Muller et al. (1985) were
the first research group to formally analyze a large number of cases and found that AMI is
most common during the first few hours after waking from nocturnal sleep (Fig. 1). Data
from large-scale meta-analyses have subsequently confirmed with good statistical precision
that there is a prominent morning peak in incidence of AMI (Cohen et al. 1997) and sudden
cardiac death (Fig. 2). These outcomes can be two to three times more likely during the first
3 h after waking from nocturnal sleep than at other times of day. When circadian variation in
AMI is examined with a large number of data collection periods over 24 h, a secondary peak
in incidence occurring during the late afternoon or early evening has also been reported
(Levine et al. 1992). It is interesting that patients with obstructive sleep apnea syndrome
(OSAS) do not show the typical morning peak in myocardial infarction. Conversely, these
events have been reported to be more common at night in these patients (Kuniyoshi et al.
2008). A discussion of the specific pathophysiological reasons for the unusual timing of
cardiac events in OSAS is beyond the scope of the present review. Suffice to say that the
circadian peaks in several pathophysiological variables considered in the present review,
such as arterial BP (Somers et al. 1995), platelet activation (Sanner et al. 2000), whole-blood
viscosity and fibrinolytic activity (Rangemark et al. 1995), have been reported to be shifted
to the nocturnal hours in OSAS patients. Pathophysiologic explanations unique to OSAS are
also likely, e.g. cardiac wall stress caused by obstructed breathing with negative
intrathoracic pressures (Floras and Bradley 2007). Given the common (10-15% of the
population) nature of this complaint (frequent nocturnal awakenings and large increases in
BP during apnea periods), it is surprising that the pathology of this circadian variation in
AMI has not been fully elucidated.

Atkinson et al. (2006) considered the question of whether cardiac events, occurring
specifically during supervised exercise programmes, are more common at specific times of
day. In one study that was discussed, Murray et al. (1993) randomly assigned patients with
established heart disease to either a morning (07:30 hours) or afternoon (15:00 hours)
supervised exercise training group. The incidence of cardiac events was very low,
irrespective of when the patients exercised (2.4-3.0 events per 100,000 patient hours of
exercise). The relative risk of a cardiac event was 1.27 in the morning compared with the
afternoon, although this estimate was not very precise (95% confidence interval 0.25-6.55).
Murray et al. (1993) argued that, even if the true population relative risk was as high as the
upper confidence limit of 6.55, the absolute risk would still not be clinically significant.
Similarly, Franklin et al. (1998) found that a rehabilitation program involving submaximal
exercise gave rise to only three morning and two afternoon non-fatal complications over a
16-year period involving 3,335 patients. Again, this low number of clinical events is
indicative of a low absolute risk during supervised training programmes, irrespective of time
of day. Nevertheless, freely chosen physical exertion performed out-of-hospital by
individuals already at risk might be less safe than during a closely controlled and clinically
monitored bout of exercise in a clinic, and therefore more prone to changes in behavior (e.g.
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physical exertion) with time of day. Unfortunately, there are sparse chronoepidemiological
data specifically on cardiac outcomes with a known out-of-hospital cause (Atkinson et al.
2006). Albert et al. (2000) found that relative risks of sudden cardiac death during vigorous
compared to light physical activity were quite stable (16.6-19.0) between the hours of 06:00
and midnight, although a much lower relative risk (4.6) was found between midnight and
06:00 hours.

In summary, AMI and sudden cardiac death are rare in closely supervised clinic-based
exercise programs, irrespective of time of exercise. There are insufficient data to arrive at
any firm conclusions regarding out-of-clinic cardiac events. This lack of sufficient and
specific epidemiological data makes the question of whether a person with known risk
factors for heart disease should take recreational physical activity in the morning or
afternoon unanswered. In the absence of such data, it is pertinent to examine whether known
pathophysiological correlates of a sudden cardiac event are most pronounced in the morning
hours.

Cerebrovascular disease

Stroke is the culmination of a heterogeneous group of cerebrovascular diseases that is
manifested as ischemia or hemorrhage of one or more blood vessels in the brain (Edvinsson
and Krause 2002; Hachinski and Norris 1985). Such strokes can result from occlusion of a
major cerebral artery (ischemic stroke) or rupture of intracerebral arteries (hemorrhage).
Although ischemic hemorrhagic strokes are different entities and involve different
underlying pathophysiological mechanisms, there are considerable overlaps between them.
For instance, ischemia can lead to hemorrhage by rupture of ischemic vessels or
extravasation of blood from leaky vessels. Conversely, hemorrhage can lead to ischemia by
compressing the surrounding areas and reducing local blood flow. Acute cerebrovascular
events are typically characterized by the sudden onset of several characteristic signs that
may or may not be preceded by premonitory symptoms and that evolve and reach maximal
intensity within 24 h (Edvinsson and Krause 2002; Hachinski and Norris 1985). Both focal
neurological symptoms— including cognitive impairment, muscle weakness, loss of
coordination, numbness of the extremities, cranial nerve palsies—and global symptoms—
such as headache, nuchal (nape of neck) rigidity, BP and vital signs, and altered mental
status (syncope, seizures, and coma)—may be exhibited.

The incidence of stroke exhibits a similar 24-h pattern as for the above acute cardiovascular
events (Manfredini et al. 2005; Fig. 1). The 24-h pattern in stroke-onset is independent of
stroke subtype, patient demographics, clinical features, and presence or absence of
predisposing risk factors (Casetta et al. 2002; Guy and Bornstein 2000). Syncope is another
common cerebrovascular event, accounting for 1-3% of all visits to the emergency room
(Van Lieshout et al. 2003). The typical symptoms of pre-syncopal symptoms of wooziness,
light headedness, and visual dimming are fundamentally caused by insufficient oxygen
supply to the brain which, if sustained, results in syncope. The prevalence of syncope in the
general population is significant (~5%) and recent reports indicate that the incidence of
syncope is nearly twice as common in people under 40 years than in individuals over 60
years (Romme et al. 2008). Epidemiological data indicate that there is a circadian pattern in
the frequency of vasovagal episodes, with a peak in the morning (Convertino and Adams
1991; Mineda et al. 2000; van Dijk et al. 2007). Although the mechanisms underlying this
increased likelihood of syncope in the early morning have not been examined, recognition of
the daily distribution of syncope is useful for patient education and therapeutic strategy.
Importantly, this impairment to maintain adequate cerebral perfusion in the early morning
may not only underscore the greater occurrence of syncope, but may also be an additional
contributor to the greater occurrence of ischemic stroke at this time of day (Fig. 3). Indeed, a
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classical quote is that “the only difference between syncope and sudden death is that in one
you wake up” (Engel 1978).

Circadian variation in circulatory factors at rest and in response to exercise

It has been proposed that atherosclerotic plaque rupture, and consequent thrombaosis, is the
mechanism that mediates peak occurrence of cardiovascular events in the morning.
Mechanisms surrounding the morning peak in stroke may be more complicated, depending
on the type of cerebrovascular event. Although the precise mechanisms are unknown,
possible triggers for plaque rupture in the morning could be related to circadian variation in
variables such as BP, heart rate, vascular structure and function or the autonomic nervous
system via sympathetic outflow. Therefore, it is important to examine how each of these
factors is affected by time of day in the resting state or under ‘free-living’ conditions.
Nevertheless, such information tells one little about whether the response of a physiological
variable to a given stimulus (e.g. exercise) varies with time of day. The mechanisms
mediating circadian variation in circulatory control may be due to endogenous circadian
rhythms as discussed above. However, everyday life for most individuals consists of
intermittent bouts of physical activity which vary in intensity and duration, and such activity
can be triggers for sudden cardiac and cerebral events (Albert et al. 2000). Therefore, it is
important to isolate the effects of exercise per se in the studies on circadian variation in
order to understand the circadian changes in circulatory control. For example, in the
morning, circadian variation in circulatory control could be due to the arousal effects of
waking from sleep or haemodynamic adjustments after arising from bed and adopting
upright posture. Therefore, quantifying the endogeneity of circadian variation in the
response of haemodynamic variables is necessary.

Blood pressure

In most normotensive and uncomplicated essential hypertensive individuals, the circadian
variation in resting BP is characterized by a nocturnal dip (which can be 10-20% lower than
the daytime mean level) followed by a morning “surge’ (Kawano et al. 1994; Millar-Craig et
al. 1978). The 24-h BP pattern can be altered in certain clinical conditions, e.g. patients with
secondary hypertension, such as in diabetes and in both renal and congestive heart disease
(Hermida et al. 2007; Middeke et al. 1991; Portaluppi et al. 1991). Nevertheless, the
variation is robust enough for the morning surge in BP to have been suggested as a reason
for the morning peak in sudden cardiovascular events (Kuwajima et al. 1995; Muller et al.
1989). It has been hypothesized that the morning surge in BP may disrupt vulnerable
plaques causing rupture and thrombosis leading to a cardiovascular or cerebrovascular
incident (Johnstone et al. 1996; Millar-Craig et al. 1978). This hypothesis is supported by
the results of a study by Muller et al. (1987), who found that those elderly hypertensive
patients who experienced larger than average morning surges in BP were also at an
increased risk of stroke.

It has been suggested previously that the change in physical activity associated with the act
of rising from bed and beginning ambulation within the first 2 h after waking is related to
the surge in BP in the morning (Leary et al. 2002). In addition, a relationship between
physical activity and changes in BP has also been observed at other times of day, e.g. during
the daytime and sleep periods (Kario et al. 1999). A relevant question is whether such
relations between physical activity and BP are themselves affected by time of day. In order
to answer this question, Jones et al. (2006) examined circadian variation in the response of
BP to everyday physical activities in both hypertensive and normotensive participants. A
regression-based index of ‘BP reactivity’ was employed to describe the rate of change in BP
measured 15 min after a change in physical activity for twelve 2-h data bins spaced over a
24 h period. Regression slopes were generally positive, although quite variable between the
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440 participants studied. Nevertheless, the results of this study revealed that the response of
ambulatory BP to everyday physical activities does vary with time of day. The increase in
BP to a unit increase in logged physical activity counts was found to be highest between
08:00 and 10:00 hours. Nevertheless, it should be noted that general physical activity was
measured using an accelerometer-based device worn on the wrist. Participants also went
about their everyday lives, sleeping and eating when they desired during data collection and
no controlled exercise intervention was administered. Rather, variability in the physical
activity stimulus was controlled for using a statistical approach akin to analysis of
covariance.

Subsequent to the study of Jones et al. (2006), a number of related experiments involving
normotensive participants and standardized exercise tests were undertaken (Fig. 4). BP is
normally reduced after a bout of exercise, but this phenomenon of *post-exercise
hypotension” was found to be absent or even reversed when exercise was taken in the
morning (Jones et al. 2008a). This finding was not explained by the amount of sleep prior to
morning exercise, since a 4-h sleep period prior to the afternoon test sessions did not alter
the fact that greater post-exercise hypotension was observed in the afternoon compared with
the morning (Jones et al. 2008Db), although prior sleep in the afternoon did seem to lead to a
lower post-exercise hypotension compared with a protocol in which participants did not
sleep prior to the afternoon test session (Fig. 4). Taken together, these findings suggest that
circadian variation is evident in the response of BP to exercise, with higher values of BP
being observed during and after a set exercise protocol in the morning compared with other
times of day. It is also interesting to note in one study (Jones et al. 2009a) that an
intermittent protocol comprising three 10-min bouts of exercise mediated greater post-
exercise hypotension than a continuous 30-min protocol, both in the morning and in the
afternoon. In another recent study (Fullick et al. 2009), 1 h of moderate intensity exercise
was undertaken at 19:00 hours, and the hypotensive effects of this exercise were apparent
throughout a subsequent period of night work (21:00-05:00). Taken together, these study
results suggest that the BP lowering effects of exercise are quite robust, being evident during
everyday activities, even at night, and that the incorporation of intermittent rest periods into
an exercise bout may maximize the hypotensive effects of exercise.

There are two important issues relevant to diurnal variation in the BP responses to exercise
that have not yet been addressed. First, it is unclear how long the diurnal variation in BP
response persists after a bout of exercise. Second, it is not known whether the diurnal
variation in BP response is robust when studied in different populations. Park et al. (2005)
reported that afternoon exercise exhibited a greater reduction in systolic BP and this
reduction persisted during subsequent nocturnal sleep in so-called “non-dippers”
(hypertensive patients who do not normally exhibit a 10% or greater reduction in average
night time BP). This finding may be population-specific since a similar study on
normotensive participants resulted in no diurnal variation being found in the longer-term
ambulatory BP responses to a bout of exercise (Jones et al. 2009c¢). Besides this factor of
disease status being important, it is also possible that age and gender may moderate the
diurnal variation in BP response to exercise. Post-exercise hypotension has been found to
similar in men and women when the reduction in BP is expressed as a percentage of the
initial value (Lynn et al. 2007). Post-exercise hypotension is also apparent in older
hypertensive patients (Hagberg et al. 1987), although how time of day interacts with these
findings is unknown. It is also unclear whether a period of exercise training elicits different
chronic changes in BP depending on whether that training is performed routinely in the
morning or evening.

The exact mechanisms governing the acute and longer-term effects of exercise on BP remain
to be elucidated. Recently, researchers have focused on the identification of the vasodilatory
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substance which explains post-exercise hypotension, and Lockwood et al. (2005) provided
evidence that this substance is histamine, at least in normotensive people. Interestingly,
endogenous concentrations of histamine are known to be lower at night (Tuomisto et al.
2001). Nevertheless, endogenous nitric oxide is another important vasodilatory substance for
BP control, which has also been reported to vary with time of day in healthy participants
(Bode-Boger et al. 2000). Moreover, melatonin may be an especially interesting candidate
for research relevant to diurnal variation in BP response, since this secretary product of the
Pineal gland has vasodilatory properties and is also thought to be crucial to the circadian
system (Atkinson et al. 2003). Nevertheless, any interactive effects of exercise and time of
day on endogenous concentrations of histamine, nitric oxide and melatonin are, at present,
unclear (Piepoli et al. 1993; Atkinson et al. 2003). Future researchers should measure these
vasodilatory substances alongside the BP measurements following exercise at different
circadian times.

Rate pressure product

The rate pressure product (RPP) is calculated by multiplying heart rate and systolic BP, and
is sometimes referred to as the ‘double product’. Changes in RPP have been found to relate
to myocardial oxygen uptake (Nelson et al. 1974; Fletcher et al. 2001), cardiac workload
(Campbell and Langston 1995; Campbell et al. 1997) and left ventricular hypertrophy
(Azevedo et al. 1993), as well as with cardiovascular mortality, angina pain and AMI
(Deedwania and Nelsen 1990). Several decades ago, an RPP threshold of 20,000 beats
min~1 mmHg was suggested as being indicative of likely angina pain (Robinson 1967).
More recent data indicate that the RPP threshold for silent ischemic events could be as low
as 10,000-14,000 beats min~1 mmHg in susceptible patients, such as those with
hypertension (Deedwania and Nelsen 1990; Uen et al. 2003). Hermida et al. (2001)
described a large amplitude 24-h variation in RPP for individuals living a normal diurnal
existence, and it was reported that RPP rose by approximately 2,500 beat min~1 mmHg
during the 7 h after waking from nocturnal sleep. The authors maintained that this rise
would constitute a clinically significant increase in cardiac workload, which should be
controlled with appropriately timed medication. Similar 24-h variations in RPP during
everyday living has also been described for patients with liver glycogen storage disease
(Young et al. 2002) and patients attending a hypertension clinic (Atkinson et al. 2009).

Evidence is accumulating that the responses of RPP to exercise provide better prognostic
value for cardiovascular mortality than resting measurements of RPP, as well as other
exercise-related cardiovascular responses (Villella et al. 1999; Prakash et al. 2001; Elhendy
et al. 2003; Nieminen et al. 2008). Nieminen et al. (2008) found that the difference between
the peak RPP attained during an exercise test and the RPP measured 4 min after the
cessation of exercise was the most predictive haemodynamic outcome for sudden cardiac
death, cardiovascular mortality and all-cause mortality. Using the similar statistical approach
adopted by Jones et al. (2006), Atkinson et al. (2009) examined the response of RPP to
everyday physical activities over a 24-h period in normotensive and hypertensive
participants. It can be seen in Fig. 2 that this variation in calculated RPP sensitivity to
physical activity shows the greatest increase in the morning hours and shows parallelism
with the circadian variation in data pertaining to sudden cardiac death. Twenty-four-hour
variation in the responses of RPP to exercise has been explored in only one other study.
Jones et al. (2008b) found a trend for the post-exercise response of RPP to be one to two
times higher when exercise was taken by normotensive participants in the morning
compared with other times of day. Although the differences between times of day were not
statistically significant with the six participants studied, this trend agrees with the findings
reported by Atkinson et al. (2009) and supports data from other studies indicating that RPP
is generally more sensitive to exercise. This might explain why it provides better prognostic

Eur J Appl Physiol. Author manuscript; available in PMC 2010 January 22.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Page 9

value for cardiovascular mortality, than BP or heart rate per se (Nieminen et al. 2008),
although the prognostic value of RPP sensitivity derived specifically from 24-h ambulatory
monitoring remains to be established.

Vascular function

The endothelium is the inner most layer of the artery and is the interface between blood flow
and the vessel wall. The endothelium modulates BP and vascular tone, since it produces a
number of paracrine substances, including nitric oxide (Green et al. 2008). Nitric oxide
diffuses to smooth muscles, where it elicits vasodilation. Nitric oxide is synthesized in
endothelial cells from the amino acid L-arginine in a reaction catalyzed by endothelial nitric
oxide synthase (Palmer et al. 1988). It is released tonically, under resting conditions, and in
response to an increase in flow and associated shear stress through the vessel (Davies and
Tripathi 1993). Shear stress is the physiological stimulus for endothelial cell release of
vasodilator substances such as NO and prostacyclin and elevated shear rate therefore implies
higher levels of vasodilator autacoid production in the vessel wall (Pyke and Tschakovsky
2005).

Circadian variation in vascular tone at rest has been reported previously. Data from a
number of studies suggest that forearm vascular resistance, measured at rest, is greater in the
morning than the afternoon in normotensive individuals (Casiglia et al. 1998; Panza et al.
1991), but that this pattern is reversed in hypertensive individuals (Casiglia et al. 1998).
Potentially, increased vascular tone in the morning could be one mechanism contributing to
increased risk of disturbing a vulnerable plague. However, Veerman et al. (1995)
demonstrated that total peripheral resistance dropped sharply after waking in the morning.
One reason for these differences could be due to measurement techniques. Veerman et al.
(1995) used finger plethysmography and the pulse contour technique compared to forearm
blood flow changes using plethysmography. Intriguingly, Jones et al. (2008a) found lower
total peripheral resistance in the morning compared with the afternoon using the same
method as Veerman et al. (1995) but no diurnal variation in brachial arterial diameter when
the same normotensive participants were assessed with high resolution ultrasonography
(Jones et al. 2009b). This demonstrates disparity in measurement tools and or physiological
differences in the vascular bed under examination.

The ability of the vasculature to dilate has significant implications for protection against
diseases including hypertension, stroke and myocardial infarction (Motoyama et al. 1997).
Given the central role the endothelium has in the vascular system, including vasomotor
control, platelet aggregation, adhesion and development of atherosclerosis (Verma and
Anderson 2002), 24-h variation in endothelial function could mediate, at least in part, the
elevated cardiovascular risk in the morning. Moreover, endothelial dysfunction is considered
to be an early indicator in the atherosclerotic disease process and is predictive of future
cardiovascular events (Neunteufl et al. 2000; Perticone et al. 2001; Modena et al. 2002).
Endothelial function has been shown to vary with time of day. Shaw et al. (2001) reported
greater pharmacologically induced blood flow responses in the evening compared to the
morning in resting older individuals. Conversely, other researchers have demonstrated
reduced flow-mediated vasodilation in the morning in conduit arteries (Kawano et al. 2002;
Otto et al. 2004) and the micro-vessels of the skin (Elherik et al. 2002). Reduced morning
endothelial-dependent vasodilation is evident in healthy individuals (Elherik et al. 2002;
Otto et al. 2004) and patients with variant angina (Kawano et al. 2002). This reduction has
been linked to elevated cardiovascular risk in morning and could potentially be a
fundamental factor in circadian variation in cardiac and cerebrovascular events. However,
none of the researchers who have investigated endothelial function in the conduit arteries
have calculated shear rate, an index of shear stress in order to normalize the findings to the
magnitude of the stimulus for flow-mediated dilatation (Pyke and Tschakovsky 2005).
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Therefore, it is currently unknown if the diurnal variation is due to intrinsic endothelial NO-
vasodilator system function or diurnal variation in increased shear stress related to blood
flow. It should also be said that several previous studies on diurnal variation in vascular
function have not tightly controlled the amount of prior sleep and/or posture. Moreover,
some protocols involved the morning and afternoon test sessions being administered in the
same 24-h period, which raises the issue of whether serial carryover effects of testing might
have influenced the description of diurnal variation.

It has been suggested that the differences in BP between times of day could be explained by
associated changes in the vasculature (Jones et al. 2008a). In the latter study, the total
peripheral resistance of normotensives measured after exercise using finger
plethysmography was lower in the morning, suggesting that less vasodilation occurred at
this time of day. Nevertheless, post-exercise conduit (brachial and femoral) artery diameter
measurements have not been found to be different between the morning and the afternoon
and, therefore, these data do not confirm the notion of reduced vasodilation in the morning
(Jones et al. 2009b). One important observation in the latter study was the greater post-
exercise brachial luminal shear stress in the morning (Fig. 5). This finding suggests that
arteries may be exposed to elevated risk of atherothrombotic events in the morning, thus
contributing to the elevated cardiovascular risk. The fact that brachial artery diameter did
not apparently increase, despite the higher shear stress exposure in the morning, may relate
to time of day variation in intrinsic endothelial function. Although, there is evidence of time
of day differences in flow-mediated dilation at rest (as described above), information about
flow-mediated dilation (normalized for shear rate) measured after exercise and as a function
of time of day is currently lacking. An alternative explanation for the lack of difference in
diameter found by Jones et al. (2009b) could be due to increased sympathetic nerve activity
in the morning, which is considered in the next section.

Sympathetic nerve activity

The autonomic nervous system follows a circadian pattern, which is apparent when
measuring sympathetic outflow directly or via plasma catecholamines (Linsell et al. 1985).
Sympathetic nerve activity is a mechanism that can cause alterations in vascular tone and
BP. Elevated sympathetic nerve activity in the morning has been postulated to explain the
increased incidence of cardiac events (Muller et al. 1985). Panza et al. (1991) measured
forearm blood flow and vascular resistance responses to phentolamine (an alpha-adrenergic-
antagonist) and sodium nitroprusside (a direct vasodilator) at three different times of day
(07:00, 14:00 and 21:00 hours) in resting individuals. Basal forearm vascular resistance was
significantly higher in the morning than in the afternoon and evening. However, following
infusion of phentolamine, there was no circadian variation in vascular resistance. These data
indicate that the alterations in vascular tone in the morning are due to increased a-
sympathetic-mediated vasoconstrictor activity.

Previous research data support the notion of counterbalanced local vasodilator and central
sympathetic constrictor control of conduit (large) artery function in vivo (Hijmering et al.
2002). Nevertheless, it is likely that organ and regional differences occur in sympathetic
nerve activity. In one study which involved sympathetic nerve activity responses to morning
and afternoon exercise, measurements of muscle sympathetic nerve activity (i.e. the skeletal
muscle vascular bed) were made in the leg using microneurography whilst performing hand
grip exercise (Middlekauff and Sontz 1995). The results of that study suggested that no
differences were evident in exercise-mediated muscle sympathetic nerve activity responses
between times of day, which indicates that circadian variation is not due to sympathetic
outflow. However, all these measurements were made in the supine posture and previous
research has shown that plasma noradrenaline levels increase when subjects change from a
supine to an upright posture (Dodt et al. 1997; Winther et al. 1992). None of these studies
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involved careful examination of the post-exercise recovery period and it has been suggested
that plasma noradrenaline may be too insensitive a marker of sympathetic nerve activation,
since it represents only a small proportion of noradrenaline releases at the sympathetic nerve
terminal (Eisenhofer et al. 1986).

Variables relevant to the hemostatic system show circadian variation when measured under
resting conditions, with the changes suggestive of greater occurrence of thromboembolic
events in the morning. The vascular endothelium has a direct role in the hemostatic system,
producing vasoactive and thromboactive substances to maintain a non-thrombogenic
surface. The endothelium therefore effects coagulation, platelet aggregation and fibrinolysis.
Circadian variation in resting hemostatic marker profiles have been reported previously,
including platelet hyperactivity, hyper-coagulability, hypofibrinolysis, increased blood
viscosity and vascular spasm in the morning (Andreotti et al. 1988; Feng et al. 1999; Burke
et al. 1999; Willich et al. 1993).

A number of researchers have examined the responses of hemostatic marker profiles in
response to exercise. Winther et al. (1992) examined platelet aggregation and fibrinolytic
activity between 08:00 and 12:00 hours compared to later in the day. Exercise was
systematically introduced toward the end of this period, which included previous
interventions with posture. Exercise was found not to increase platelet aggregation to levels
beyond that produced by the upright posture. In support of these results, Jimenez et al.
(1993) compared fibrinolytic activity prior to and following hand gripping exercise lower
fibrinolytic activity in the morning. Szymanski and Pate (1994) examined whether time of
day for exercise influenced the responses of fibrinolytic activity and found a greater degree
of tissue plasminogen activation in the evening exercise bouts compared to the morning.

Cerebrovascular function

There is an approximate 6-h difference between the timing of circadian rhythms in
cerebrovascular function and core body temperature, so that cerebrovascular function
continues to decline during the early to midmorning hours, when body temperature is, in
fact, increasing. Cerebral vasomotor reactivity to hypocapnia and hypercapnia has been
found to be most reduced in the morning (Ainslie et al. 2007; Ameriso et al. 1994; Qureshi
et al. 1999). The term cerebrovascular CO5 reactivity reflects an ‘index’ of the ability of the
cerebrovascular bed to dilate or constrict in response to changes in arterial ACO, (Ainslie
and Duffin 2009). For more than 20 years, transcranial Doppler has been used extensively to
study CBF regulation and cerebrovascular CO, reactivity in otherwise healthy subjects as
well as in patients with various forms of cerebrovascular disease (Ainslie and Duffin 2009).
For example, the measurement of cerebrovascular reactivity to CO, has been applied in
clinical practice to evaluate cerebrovascular function [e.g. in patients with carotid artery
stenosis (Widder et al. 1994), hypertension (Serrador et al. 2005), stroke (Wijnhoud et al.
2006), heart failure (Xie et al. 2005), and a related impairment has been linked to cerebral
ischemic events (Wijnhoud et al. 2006; Ainslie 2009)]. Interestingly, links between systemic
endothelial function and cerebrovascular CO, reactivity have been reported (Ainslie et al.
2007; Hoth et al. 2007; Lavi et al. 2006), indicating a common pathway between these
responses.

Ainslie et al. (2007) reported recently that cerebral autoregulation is also reduced in the
early morning shortly after waking, when compared to later in the day. Cerebral
autoregulation adjusts cerebral arteriolar caliber, or cerebrovascular resistance, to ensure that
cerebral blood flow levels are matched to metabolic needs, and it comprises two main
components: static and dynamic. Static cerebral autoregulation keeps cerebral blood flow
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constant, over gradual and progressive changes in cerebral perfusion (Paulson et al. 1990).
Dynamic cerebral autoregulation refers to the rapid regulation of cerebral blood flow in
response to changes in BP that occur in a few seconds (Zhang et al. 2002). Impairment in
both static and dynamic cerebral autoregulation have been extensively linked to the
increased occurrence in cerebrovascular events and related mortality (see Panerai 2008 for
recent review). The marked BP ‘surge’ during the morning, via rupture of a fragile
atherosclerotic plague and subsequent thrombosis, is a clear factor in the etiology of sudden
cardiac events. Moreover, such surges in BP, because of a reduction in cerebral
autoregulation, and in combination with acute and chronic risk factors, may also exacerbate
the likelihood of hemorrhagic and ischemic strokes (Fig. 3).

It is tempting to suggest that the low CBF, in addition of early morning reductions in
cerebrovascular reactivity and autoregulation may, in part, help explain the well established
diurnal variation of the onset of cerebrovascular accidents, especially in the presence of
acute and chronic risk factors (Wroe et al. 1992). As mentioned above, this early morning
occurrence of cerebrovascular events, is in agreement with studies on Ml and sudden death
(Muller et al. 1985). The increased incidence of these events has been attributed, in part, to
the surge of BP (Stergiou et al. 2002; Tsementzis et al. 1985) and platelet aggregability
(Feng et al. 1999; Tofler et al. 1987) in the morning upon getting out of bed. Even in the
absence of surges in BP, the phase of CBF reaches its lowest values during the hours before
12 p.m. (Conroy et al. 2005). This further suggests that the endogenous rhythm of CBF may
be associated with the risk of cerebrovascular accidents in the morning hours even without
changes in posture or activity.

Perspectives and recommendations for future research

It is clear that significant diurnal variation exists in several life-threatening cardiac and
cerebral events. Such events are, however, generally rare, making precise identification of
moderating factors on these outcomes difficult. Chronobiologists are interested in unraveling
the causes of such 24-h variation in clinical outcomes. One approach is to examine findings
from studies in which 24-h variation in the proposed pathophysiological mechanisms for
these events has been examined. A myriad of such variables, including BP, hemostasis and
vascular function, vary with time of day and could all contribute to the morning peak in
cardiac and cerebral events. Nevertheless, it is relevant to attempt to separate the influences
of the stress of physical activity per se from the notion that diurnal variation exists in the
stress response to physical activity (and therefore bringing one closer to elucidating whether
the endogenous body clock is exerting an influence).

In recent years, most attention has been devoted to diurnal variation in BP responses to
exercise. Data from both descriptive studies involving ambulatory BP and experiments
involving controlled exercise bouts suggest that the sensitivity of BP is greatest during the
morning hours. To date, BP is the only variable which has been examined for diurnal
variation in exercise-related responses using a protocol which attempts to separate the
influences of time of day per se and sleep (Jones et al. 2009a). This protocol involved a 3.5-
h period of sleep being taken before both the morning and afternoon test-times. To
encourage participants to sleep in the afternoon, some amount of prior sleep restriction was
necessary, although this sleep disruption was less than in some other ‘semi-constant’ routine
protocols (Kline et al. 2007). It would be valuable for future researchers to examine the
effects of time of day on the exercise-related responses of other circulatory variables with
similar protocols.

One important function, which could be investigated using chronobiological protocols, is the
baroreflex control of BP. Sleep-related changes in baroreflex sensitivity have been reflected
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to be more effective in buffering (i.e. increased sensitivity) against increased sympathetic
activation associated with transition into REM nearer the end of sleep than compared with
early sleep (Legramante et al. 2003). Thus, one possibility is that this increased sensitivity
may be still present at the time following waking and would influence heart rate response
following nocturnal sleep. It is important to note that REM sleep can occur during the
daytime sleep bout. Ideally, therefore, measurement of sleep architecture and baroreflex
sensitivity should be measured in future studies. However, no study to date has examined
whether diurnal variation exists in baroreceptor resetting. The implications of such changes
may be particularly relevant to at risk groups if a known impaired in baroreflex control of
BP, especially patients with autonomic failure, OSA or ischemic heart disease.

From the study results examined in the present review, it is apparent that systemic pressures
seem to be less labile to the vasodilating after-effects of physical activity in the morning. It
is possible that this reduced vasodilation could be due to reduced sympatholysis and this
could be confirmed in an experiment in which exercise responses are examined in the
morning and afternoon under conditions of sympathetic blockade. VValuable information
could also be obtained if arterial diameter and blood flow is measured in both the upper
(inactive) and lower (active) limbs during a period of cycling exercise, since there may be
inter-limb differences in vasomotor control in active and inactive vascular beds during
exercise.

Finally, from an integrative systems approach, in addition to the traditional mechanisms
describing CBF regulation (e.g. autoregulation, partial pressure of arterial carbon dioxide), a
variety of other factors—such as cardiac output, the arterial baroreflex, and chemoreflex
control—independently, synergistically, and sometimes antagonistically participate in the
regulation of CBF. Integrative physiological research exploring these complex interactions
—especially from a diurnal variation perspective—is currently lacking. Future studies with
particular focus on these integrative physiological mechanisms are clearly warranted in both
health and disease states.
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Fig. 1.

Illustration of the 24 h pattern in different types of stroke as well as myocardial infarction.
The values represent the incidence of each event per 3 h time interval as a percentage of the
24 h mean number (equal to 100%) for each type of stroke and for transient ischemic attack.
These data clearly show that the occurrence of stroke and transient ischemic attack is
greatest in the morning at 07:30 and 10:30 hours (modified from Elliott 1998). The blue
overlay represents the 24 h pattern in myocardial infarction, which also peaks in the early
morning, although there is a secondary peak occurring around 21:00 hours (modified from
Smolensky 1983)
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Page 21

18 20 22 24

Parallelism between 24-h variations in sudden cardiac death (botfom) and the sensitivity of
rate pressure product to everyday physical activities (fgp). Sudden cardiac death data
redrawn from Muller (1999). The BP and heart rate data used to calculate rate pressure
product were collected by Atkinson et al. (2009) with an ambulatory monitor on 440 patients
attending a hypertension clinic. Activity was measured with a wrist accelerometer by
Atkinson et al. (2009). A highly significant effect of time of day was found on RPP (P<

0.0005)
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Fig. 3.

Schematic to illustrate some of the underlying pathophysiological mechanisms and related
environmental ‘triggers’ responsible for circadian variation of onset of ischemic and
hemorrhagic strokes. The key changes in the early morning due to ‘wakeup’ stress and
related BP surge; the outlined acute and chronic risk factors may further compromise
cerebral vascular health, potentially exacerbating the possibility of stroke. Although
ischemic hemorrhagic strokes are different entities and involve different underlying
pathophysiological mechanisms, there are considerable overlaps between them. For
instance, ischemia can lead to hemorrhage by rupture of ischemic vessels or extravasation of
blood from leaky vessels. Conversely, hemorrhage can lead to ischemia by compressing the
surrounding areas and reducing local blood flow
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Fig. 4.

Diurnal variation in the post-exercise response of MAP measured during two different
experimental protocols. Data shown by the circle symbols were collected during a study (7=
6 participants) in which the amount of sleep prior to the 04:00 and 16:00 test times was
controlled at approximately 4 h. Post-exercise hypotension was significantly greater
following exercise in the afternoon and evening compared with the early morning, even
though the amount of prior sleep was controlled between times of day (Jones et al. 2008b).
The square symbols indicate data from another study (7= 12 participants) in which exercise
was undertaken at two times of day. Pre-exercise posture and diet were controlled but the
amount of prior sleep was not (Jones et al. 2008a). Post-exercise hypotension was, again,
more marked in the afternoon. Taken together, these data suggest that the ‘normal’ blood
pressure lowering effects of exercise are blunted in the morning compared with the
afternoon and early evening and this is not necessarily explained by differences in prior
sleep between these times of day
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Fig. 5.

Change from preceding baseline in mean post-exercise MAP (Zgp) and shear rate (bottom)
measured in the morning and afternoon in 12 participants (drawn with data from Jones et al.
2009b). Shear rate measured 5 min after exercise was significantly greater in the morning in
accordance with the greater MAP at this time of day. Asterisk refers to the presence of a
significant interaction between time of day and post-exercise time
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