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Vertebral artery blood flow regulation during
intensive dynamic exercise

KOHEI SATO, Al HIRASAWA, and TOMOKO SADAMOTO

Abstract

Blood flow in internal carotid system responds to intensive dynamic exercise by
showing a leveling off, or by decreasing. This is caused by a decrease in partial pres-
sure of arterial CO:, which is due to hyperventilation. However, it remains unclear
whether the same phenomenon occurs with vertebral artery (VA) blood flow or not.
This study aims to elucidate the VA blood flow response during highly intensive
dynamic exercise, and for comparison, we also concurrently measured the mean
blood flow velocity in the MCA. Ten young subjects performed graded semi-recum-
bent cycling exercise at 30%, 50%, 70%, 90% of peak oxygen uptake (\'/Ozpeak) for five
minutes at each workload. The VA blood flow (Qm) and the mean MCA blood flow
velocity (MCA Vumen) were measured continuously during the exercises, using the
Doppler ultrasound method. The end-tidal partial pressure of CO: (PerCO:) reached a
plateau at 50%\'702.1@;.“ and decreased at subsequent intensities. This PerCO: response
was also identical in MCA Vuen. Meanwhile, Qua increased up to 70%\.702.1(-,,”, and
decrease at QO%VOchak. This study has revealed that in the same way as the MCA,
Qua also decreases during highly intensive exercise, but the decrease occurs at a
higher exercise intensity.

Key words: Doppler ultrasound, PaCO:, Cerebral blood flow

Introduction

The brain requires constant and ade-
quate blood and oxygen supply for its
proper function during exercise. Cerebral
blood flow (CBF) increases as function of
exercise intensity during light to moderate
intensity exercise (Helstromet al. 1996; Ide and
Secher. 2000; Querido and Sheel 2007; Ogoh
2008). However, CBF returns to near resting

levels or decreases during intense dynamic
exercise (Helstrom et al. 1996). CBF is highly
sensitive to alterations in the partial pres-
sure of CO: in the arterial blood (PaCO.),
and hyperventilation associated with
intense exercise lowers the PaCO:, which
results in the constriction of cerebral arter-
ies and thus the CBF (lde and Secher 2000;
Querido and Sheel 2007; Ogoh 2008).

In a previous study, we determined both
internal carotid (ICA) and vertebral artery
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(VA) blood flow by using a Doppler ultra-
sound system to account for changes in
global CBF during light to moderate
dynamic exercise (Sato and Sadamoto 2010).
As a result, the increases in ICA blood flow
reached a plateau at 50% of peak oxygen
uptake (\‘/Ochak), and its value at 70%\./'Ozmk
decreased in comparison to that at 50%
VOzpcak. Meanwhile, it was revealed that in
response to the increase of the intensity of
the exercises, VA blood flow continues to
increase up to 70%\'/Ozmk. These results
suggest that in comparison to the ICA sys-
tem, VA system is less sensitive to the
decrease in PaCO: caused by hyperventila-
tion during the exercises. However,
because we did not measure VA blood flow
during exercises at intensities higher than
70%\.7021)(-&.1( in our previous studies, it is still
unclear whether the VA blood flow would
level off or decrease in the same way as
the ICA during highly intensive exercise.

Therefore, the purpose of this study was
to verify the VA blood flow response dur-
ing highly intensive exercise. MCA blood
flow velocity was measured concurrently in
order to compare with the VA blood flow
response during exercise because MCA
blood flow velocity and the ICA blood flow
are parallel during dynamic exercises.

Methods

Subjects

A total of 10 young subjects consisting of
8 males and 2 females belonging to a long-
distance skiing club (cross-country skiing
club) were chosen as subjects [21.3 = 2.3
years (mean = SD), 171.3 £ 3.5 cm, 67.3
+ 4.0 kg, and peak oxygen uptake (VOZPeak):

64.5 £ 3.2 ml/kg-min']. On the basis of
the subjects’ \'/Ozpwk, they were considered
semi-athletes. Written informed consent
was obtained according to the Ethics
Committee of the Japan Women’s College
of Physical Education, and the study was
conducted in accordance with the
Declaration of Helsinki.
Aerobic power

We measured the VOZ,M by an incre-
mental protocol using a cycle ergometer
(Aerobike 800; Combi, Japan) 2 weeks
before the experiments. Subjects were
exposed to an initial work rate of 30 W at a
speed of 60 cycles-min'. The subjects
were instructed to maintain the frequency
of pedaling and work rate was increased
15 W every minute until volitional exhaus-
tion. Respiratory variables were deter-
mined on breath-by-breath basis and gas
fractions were analyzed using a mass spec-
trometer (ARCO-2000; Arco System,
Japan), while expired gas volume was
measured by a Fleisch pneumotachometer
(WLCU-5201; Westron, Japan). The highest
value of VO: obtained over 30 s was
considered as \‘/Ochak.
Experimental protocol

The subjects exercised on a semi-supine
cycle ergometer (Cateye-Ergociser; Cateye,
Japan) with a backrest inclination of ~
50° after a resting period of at least ~ 20
min to ensure cardiovascular stability. The
procedure included a 5-min baseline peri-
od, followed by exercise with loads of 30%,
50%, 70%, and 90% of VOspeu with each
stage lasting 5-min. A three-minute recov-
ery time was set after the exercises.
Cerebral blood flow

Middle cerebral artery mean blood veloc-
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ity (MCA Vuew) on the right side was meas-
ured by TCD ultrasonography (WAKI, Atys
Medical, France). A 2-MHz Doppler probe
was placed over the temporal windows and
fixed with an adjustable headband and
adhesive ultrasonic gel.

The mean blood flow in the VA (C:M) was
measured using a Doppler ultrasound sys-
tem (VIVID e; GE Yokogawa Medical
Systems, Japan) equipped with a 10 MHz
linear transducer. Measurements were per-
formed mainly between the transverse
processes of the C4 and C5 vertebrae on
the left side. The systolic and diastolic
diameters of the VA were measured and
the mean diameter (Dva) was calculated in
relation to the blood pressure curve: Dva =
(systolic diameter X 1/3) + (diastolic diam-
eter X 2/3) in the ultrasound B-mode. The
diameter was measured at 3 points and the
values were averaged. The time-averaged
mean flow velocity obtained in the auto-
matic-calculation mode (PW-mode) was
defined as the mean blood flow velocity
(Vva; m-s') and QVA was calculated by
multiplying the cross-sectional area of the
VA [7r X (Dvy/2)7] with Vs Qua = Vua X
area X 60 (ml-min?'). In all VA measure-
ments, we ensured that the probe position
was stable, the insonation angle did not
vary, and the sample volume was posi-
tioned in the center of the vessel and
adjusted to cover the width of the vessel
diameter.

Cardiorespiratory responses

Mean arterial pressure (MAP) was meas-
ured non-invasively by photoelectric ple-
thysmography using a Finometer (Finapres
Medical Systems BV, Netherlands).
Furthermore, heart rate (HR), stroke vol-

ume (SV), and cardiac output (CO) were
determined from the blood pressure wave
form by using the Modelflow software pro-
gram that incorporates gender, age, height,
and weight (Beat Scope 1.1; Finapres
Medical Systems BV, Netherlands).
Respiratory variables were determined as
described for \.702;)(-;.14 and we calculated the
end-tidal partial pressure of CO: (PerCO2).
Data processing

The cerebrovascular and cardiorespirato-
ry responses at rest were analyzed over a
120-s interval that ended 1 min before the
onset of exercise. During exercise, these
parameters were analyzed from the last 1
min of each work load, and the values of
these parameters were expressed relative
to their values at rest. Values during recov-
ery were collected 2 to 3 minutes after the
end of the exercise.
Statistics

Values are expressed as mean =* stan-
dard error (SE) and differences between
values at rest, exercise, and recovery were
evaluated by analysis of variance (ANOVA)
for repeated measures and Dunnett’s post-
hoc test.

Results

Table 1 shows the CBF responses and the
cardiorespiratory responses during rest, dur-
ing recovery, and during four exercise loads.
Up t0 50%VOspes, MCA View increased, but
at 70%V Oz, it decreased significantly
compared to at 50%V02peak (from 70.2 =+
3.1 to 65.9 &= 2.6 cm-sec’; P < 0.01).
Then, at 90%V Oz , MCA Vi decreased
to nearly the same values as during rest
(8.7 = 3.1 cm-sec'). Meanwhile, QVA
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Table 1 CBF and the cardiorespiratory responses during rest, during recovery, and during four exercise load.
rest 30%V Ozpea 50%V Ozpes 70%V Ozpes 90%V Ozpea recovery
MCA Ve (cm-s') 545 £ 2.5 66.2 £ 3.1 70.2 + 3.1 65.9 + 2.6 58.7 £ 3.1 55.5 £ 2.8
Qua (ml-min’) 81 + 11 93 £ 15 101 + 15 110 = 17 102 = 15 94 £+ 16
MAP (mmHg) 82 = 2 107 = 3 122 = 4 127 = 4 133 £ 6 86 £ 2
HR (beat-min") 59 = 3 93 £ 3 121 = 3 150 = 3 177 = 2 92 + 4
CO (I*min™) 5.0 = 0.2 9.8 £ 0.3 13.7 £ 0.8 17.4 = 0.8 19.7 £ 1.4 7.1 £ 04
PiCO: (mmHg) 37.4 £ 0.7 43.2 £ 0.9 449 = 0.7 43.3 = 0.7 37.7 £ 1.4 36.9 = 0.4
2 (I-min) 8.6 = 0.4 26.5 = 1.6 45.5 + 2.8 76.6 = 5.0 132.0 + 4.5 21.6 = 1.2
VO: (ml+min*) 283 + 16 1147 + 51 1882 £+ 70 2667 + 120 3517 + 151 533 £+ 52
(%)
50 .
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Fig. 1 Relative changes of Qus, MCV Viewn and PirCO: during and after exercise. Values a mean = SE.

increased in parallel with the intensity of
exercise up to 70%\./02pcak (from 81 =+ 11
to 110 = 17 ml-min'; P < 0.01); but at
90%\702pcak it decreased significantly
compared to at 70% V02pcak (102 £ 15 ml-
min'; P < 0.01). MAP, HR, CO, V: and VO:
showed an increase in proportion to the
intensity of the exercise (P < 0.01). PexCO:
significantly (P < 0.01) increased in com-
parison to at 30%, 50% and 70%V Ozpeac and
at rest, but the increase showed a leveling
off at 50%V Oz (44.9 + 0.7 mmHg). At
90%V Ozpea, PexCO: values were significantly
lower than at 70%V Oz (37.7 + 1.4
mmHg, P < 0.01), and were nearly the
same as those during rest.

Fig. 1 shows the respective variations
(%) of MCA Vumcan, QVA and PerCO: responses
from a resting state for each intensity of
exercise. MCA Ve and PerCO: showed
similar time-course variations, an increase
which leveled off at 50%V Oz, and a
decrease at 70% and 90%\'10213081(. Mean-
while, Qus continued to increase up to
70%\702peak, and decreased at QO%VOZpeak.

Discussion

The results of this study demonstrated
that the increase in Qus reaches a plateau
from moderate to highly intense exercises,
after which Qua decreases in the same way
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as MCA Vuen. However, it was also
revealed that the decrease of Qm occurs at
a higher intensity than in the case of MCA
Ve, and that its rate of decrease is small-
er.

What is explanation for differential
responses between the MCA Vuean and Qua
to dynamic exercise? The regulation of
CBF during exercise is influenced by com-
plex factors. According to past reviews (Ide
and Secher 2000; Querido and Sheel 2007; Secher
et al. 2008; Ogoh and Aindlie 2009), this influ-
ence is exerted by neural activities in the
brain (metabolism), PaCO:, autoregulatory
function, and CO. The increase in CBF up
to moderate intensities observed in this
study is also caused by an interaction of
these factors. However, as shown in Fig. 1,
the response of PaCO: and that of MCA
Ve followed the same time course, and
the influence of PaCO: is considered to be
most strong during intense dynamic exer-
cise (Ogoh 2008; Secher et al. 2008). In particu-
lar, CBF is thought to be strongly influ-
enced by the decrease in PaCO: resulting
from hyperventilation occurring at exercise
intensities higher than moderate (found
over ~6O%\./02pcak). Therefore, the first
factor regarding the non-conformity
between the time course of MCA Ve and
that of Qua during exercise shown in this
study probably resulted from the differ-
ences in cerebral CO: reactivity. Some
investigators reported a difference cerebral
CO: reactivity between anterior (i.g., MCA)
and posterior cerebral circulation (i.g., VA)
in humans (Ito et al. 2000; de Boorder et al.
2004). Our finding indicated that cerebral
CO: reactivity during dynamic exercise
may be down regulated in VA rather than

MCA.

Because neural activity is closely related
to CBF even during exercise (Linkis et al.
1995; Querido and Sheel. 2007; Secher et al.
2008), the second possibility is that differ-
ence in regional neural activity and metab-
olism. In an animal study, maximal exer-
cise induced large increase in blood flow in
the regions of the brain that were related
to motor control and locomotion (cerebel-
lum and spinal cord), maintenance of equi-
librium (vestibular), and cardiorespiratory
centers (brain stem) that are supplied by
the VA, as compared with the cortical
regions associated with motor and
somatosensory functions (cerebral cortex),
which are supplied by MCA (Delp et al.
2001). These data indicate that the increase
in blood flow is not uniformly distributed
throughout the brain. Thus, the VA sup-
plied territories are hypothesized to have
increased metabolic activity and blood
flow during exercise as compared to the
MCA territories. This difference may
appear as a difference in MCA Vuea and
Qm response. It is likely that the variations
of cerebral CO: reactivity and that of the
metabolic activities in the region supplied
by each blood vessel might influence each
other. In other words, the differences
between the responses to intensive exercis-
es might be related to differences in blood
flow responses resulting from an interac-
tion between the vascular regulation trig-
gered by changes in PaCO: and the
vasodilatory effect of brain metabolic activ-
ities.

Here, one point we want to pay attention
to, is the fact that in the MCA, the volume
of blood flow is estimated from mean
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blood flow velocity. Therefore, if the MCA
increases in diameter during highly inten-
sive exercise, the volume of blood flow in
the MCA might be underestimated.
However, the diameter of the MCA is said
to remain unchanged in various environ-
ments (Giller et al. 1993; Serrador et al. 2000).
In conclusion, this study revealed that
Qua also decreases in a similar way as that
of MCA Ve during highly intensive exer-
cise. However, the decrease occurred at a

References
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Daniel J Green
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The University of Western Australia, Australia

Summary
This presentation will address questions such as:
® Does risk factor modification explain the risk reduction associated with exercise?
What could account for the positive effects of exercise beyond traditional risk factors?
How does exercise training affect the vascular wall?
What is the relationship between change in artery function and structure with training?
Are the benefits of exercise training evident at all levels of the arterial tree?

Are changes in artery function and structure clinically relevant?

Can we use information about the direct vascular effects of exercise to optimise interventions aimed

at decreasing cardiovascular risk?

Exercise is associated with an approximate 30% benefit in terms of decreased cardiovascular (CV) risk
(Thompson et al. 2003), a magnitude similar to that associated with antihypertensive and lipid lowering
interventions. The impact of exercise on traditional cardiovascular risk factors is, however, relatively mod-
est. Indeed, a recent analysis of 27,000 subjects reported that around 50% of the cardiovascular risk
reduction associated with exercise cannot be explained by changes in CV risk factors (Mora et al. 2003).

Clearly, other explanations for the cardioprotective benefits of exercise must exist.

Exercise is associated with acute changes in central haemodynamics, arterial blood pressure and flow.
The vascular endothelium, which forms the interface between the circulating blood and the artery wall,
produces numerous paracrine hormones (eg nitric oxide NO) which are anti-atherogenic. Endothelial dys-
function can be considered an early and integral manifestation of vascular disease (Green et al. 2004). An
important physiological stimulus to endothelium-mediated vasodilation is arterial shear stress. Exercise
exerts direct effects on the vasculature via the impact of repetitive increases in shear stress on the

endothelium.

There is strong evidence that exercise training of small and large muscle groups is associated with
improvement in endothelial function (Green er al. 2004), which can occur in the absence of changes in
lipid levels (Green er al. 2003), blood pressure (Green et al. 2003; Higashi et al. 1999), glucose tolerance
(Green et al. 2003) and BMI (Watts er al. 2004). The mechanisms responsible may involve shear stress-

mediated increases NO-synthase protein expression/phosphorylation or impacts of exercise on oxidative
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stress. Exercise training also induces changes in artery lumen diameter, arterial remodelling, which may
contribute to decreased atherothrombotic risk (Dinenno et al. 2001; Green et al. 1996; Naylor et al. 2006).
Studies of the relationship between changes in artery function and structure in humans are now emerging
(Tinken er al. 2004), as is information relating to the impact of exercise training in microvessels (Black et al.
2008).

A direct effect of exercise on the vasculature therefore provides a plausible explanation for the reduction
in cardiac events associated with exercise training. Since different forms of exercise are associated with
distinct patterns of shear stress, it is likely that exercise prescription may be optimised if the direct effects

of exercise on vascular shear stress are taken into consideration.
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THE ROLE OF CENTRAL COMMAND IN THE CARDIOVASCULAR REGULATION
DURING EXERCISE

Jon W. Williamson
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Summary

The goal of this talk is to provide an update of current concepts on the role of central command in
humans with a particular emphasis on the regions of the brain that may be involved in cardiovascular reg-
ulation during exercise. Central modulation of the cardiovascular system via descending signals from the
cerebral cortex has been well recognized for over a century, yet the specific regions of the human brain
involved in this exercise-related response have remained speculative. The concept of central command
during exercise has been classically defined as "a feed forward mechanism involving parallel activation of
motor and cardiovascular centers". The primary focus of many central command-related investigations has
involved the modulation of motor effort and the resulting alterations in cardiovascular responses.
However, most researchers would concur that the magnitude of central command during exercise can be
largely dictated by an individual’s perception of effort during actual or even attempted physical exertion,
independent of the actual work load or force production. This suggests that the magnitude of a central
command mediated cardiovascular response during exercise can be independent of force production (e.g.
imagined exercise) and dictated more by an individual’s perception of effort. Therefore, we would propose
the use of the term "central command" to imply a central neural mechanism that can function as a feed-
back system, responding to an individual's sense of effort, to elicit proportional changes in cardiovascular
responses, which does not require a parallel motor activation to exert its influence. However, during actual
exercise, neural networks involving both "motor" and "cardiovascular" systems would be activated, yet
these individual networks have not been well defined. Studies investigating the functional anatomy of cen-
tral command-induced changes in regional cerebral blood flow (rCBF) have identified a network of struc-
tures activated in the human brain. These regions include the insular cortex and anterior cingulate cortex
or the medial prefrontal region, as well as thalamic regions. These findings are consistent with findings
from studies in animals. The structures involved appear to be activated in response to an increased per-
ception of effort during exercise when heart rate and blood pressure are elevated. The cardiovascular and
hemodynamic adjustments to exercise are primarily mediated by alterations in parasympathetic and sym-
pathetic neural activity. These exercise-induced changes in autonomic neural outflow are designed to help
meet the metabolic demands of the exercising muscle. Central command appears to initiate autonomic
adjustments during exercise which involve a resetting of the arterial baroreflex during exercise. More
specifically, central command input appears to be responsible for the relocation of the operating point
(pre-stimulus blood pressure) away from the centering point (point at which there is an equal depressor
and pressor response to a given change in blood pressure) and closer to the threshold of the cardiac

baroreflex stimulus response curve. This effect of central command on the operating point appears to be
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mediated via vagal withdrawal associated with increases in exercise intensity. It has been shown to occur
in order to allow the arterial baroreflex to adapt to and potentially modify the increases in blood pressure
induced by activation of the exercise pressor reflex. A clear understanding of the role of central command
and defining the regions involved in centrally-mediated cardiovascular modulation is of critical importance
in furthering our understanding of this concept and may have important clinical implications related to
various types of autonomic dysfunction (e.g. emotional syncope, white coat hypertension, etc.). Future
investigations must be performed in humans to more clearly define the specific sites within these regions
responsible for changes in autonomic function and how they interact to effectively modulate cardiovascu-

lar responses during exercise as well as during non-exercise conditions.

RS A EAAIRE

Jon W. Williamson, Ph.D., Professor Associate Dean.

Jon W. Williamson [Gi& Z#1 % ¢ Central Command 232 E W TED K I IFHFI N T A2 %%
M T E, KOBED L WIFEER O T3 2002 4E12 Journal of Applied Physiology &2 F6# & #17- “Brain
activation by central command during actual and imagined handgrip under hypnosis” %, 2003 4EIZ[F U <
Journal of Applied Physiology &l ¥¢# X 17z “Evidence for central command activation of the human
insular cortex during exercise” &, & DIMFHEHAE & 9 E¥TD Central Command 3 Insular cortex D
WSR2 2 L 2WHoIC Ll ETHATH 3.
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