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Secher NH, Seifert T, Van Lieshout JJ. Cerebral blood flow and metabolism
during exercise, implications for fatigue. J Appl Physiol 104: 306-314, 2008. First
published October 25, 2007; doi:10.1152/japplphysiol.00853.2007.—During exer-
cise: the Kety-Schmidt-determined cerebral blood flow (CBF) does not change
because the jugular vein is collapsed in the upright position. In contrast, when CBF
is evaluated by '33Xe clearance, by flow in the internal carotid artery, or by flow
velocity in basal cerebral arteries, a ~25% increase is detected with a parallel
increase in metabolism. During activation, an increase in cerebral O, supply is
required because there is no capillary recruitment within the brain and increased
metabolism becomes dependent on an enhanced gradient for oxygen diffusion.
During maximal whole body exercise, however, cerebral oxygenation decreases
because of eventual arterial desaturation and marked hyperventilation-related
hypocapnia of consequence for CBF. Reduced cerebral oxygenation affects recruit-
ment of motor units, and supplemental O, enhances cerebral oxygenation and work
capacity without effects on muscle oxygenation. Also, the work of breathing and
the increasing temperature of the brain during exercise are of importance for the
development of so-called central fatigue. During prolonged exercise, the perceived
exertion is related to accumulation of ammonia in the brain, and data support the
theory that glycogen depletion in astrocytes limits the ability of the brain to
accelerate its metabolism during activation. The release of interleukin-6 from the
brain when exercise is prolonged may represent a signaling pathway in matching
the metabolic response of the brain. Preliminary data suggest a coupling between
the circulatory and metabolic perturbations in the brain during strenuous exercise
and the ability of the brain to access slow-twitch muscle fiber populations.
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DURING EXERCISE, THERE Is hyperbolic relationship between
work intensity and endurance, and A. V. Hill used the
relationship to demonstrate that energy turnover can be
taken to represent a continuous provision of energy supple-
mented by an energy store (56). Yet, it is the brain that
makes the decision when to slow down or to stop exercise,
and from that perspective fatigue is of central origin. Obvi-
ously, cerebral metabolism becomes affected if exercise has
a duration that lowers blood glucose (74), and, equally, the
low O tension faced during mountaineering (47) affects
brain function. Perturbation of cerebral metabolism is, how-
ever, not restricted to situations where the arterial glucose
and O, levels are reduced. Recent investigations (3, 65, 70,
90) indicate that also at sea level maximal exercise may be
associated with so-called central fatigue as indicated by
lower voluntary activation than the force elicited during
evoked contractions.
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The purpose of this review is to address cerebral metabolism
in response to activation by exercise and to identify changes
and circumstances that determine the inability of the central
nervous system to access the motoneurons projecting to the
working muscles. Because evaluation of cerebral metabolism
depends critically on the method used for determination of
cerebral blood flow (CBF) and because the noninvasive trans-
cranial Doppler (TCD) method is applied widely for human
exercise studies, methods applied to assess CBF are addressed
in some detail.

CBF DURING EXERCISE

Traditionally, assessment of brain metabolism is based on
determination of CBF and concentration of relevant metabolic
substances across the brain. CBF is determined by the Kety-
Schmidt method with evaluation of the uptake, or the elimina-
tion of an inert gas (nitric oxide or xenon) over the brain by
arterial and jugular venous sampling until a new steady state is
reached. With that method no consistent change in CBF during
exercise is found and, accordingly, the cerebral metabolic rate
for O, (CMRo,) does not change (62). The stability of CBF
and CMRo; in awake humans is in contrast to regional CBF
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(rCBF) and metabolism during cerebral activation. With such
evaluations, a distinct increase in both rCBF and regional
metabolism has become synonymous with cerebral activation
as visualized by single-photon emission tomography, positron
emission tomography (PET), and functional magnetic reso-
nance imaging (fMRI). The motor tasks involved in exercise
have been associated with an increase in rCBF as demonstrated
by Olesen (77) and confirmed in numerous follow-up studies.
Similarly, an increase in CBF during brain activation elicited
by exercise has been shown with near-infrared spectroscopy
(NIRS) (42) that, based on a different physical principle from
fMRI, also evaluates the ratio between oxyhemoglobin and
hemoglobin.

Further support for the dynamic behavior of the CBF re-
sponse to exercise is the finding that CBF increases during
exercise as shown both by '3*Xe clearance (49, 51, 99) and the
TCD-determined mean flow velocity (Vimean) in large basal
cerebral arteries (49, 51), and with little elevation in mean
arterial pressure during dynamic exercise, the increase in flow
represents an almost as large increase in cerebral vascular
conductance. Regarding the evaluation of cerebral perfusion
with TCD, the concern has been raised whether the diameter of
the basal cerebral arteries remains stable during exercise. If
sympathetic activation elicits vasoconstriction in basal cerebral
arteries, an increase in Vi,ean could represent a compensation
for a reduced vessel diameter, aiming to maintain flow. How-
ever, during exercise, Vmean Of the middle cerebral artery
(MCA) increases in parallel with the inflow of the internal
carotid artery (34, 38, 39) and with the “initial slope index” of
the '33Xe clearance-determined CBF, which is considered to
represent the average value (Fig. 1). Thus the diameter of large
cerebral arteries does not change significantly during exercise,
and regulation of CBF takes place in the smaller arteries (28).
Changes in CBF evaluated with TCD are tracked, at least
quantitatively, by NIRS-determined cerebral oxygenation
(cO2Hb). Thus, if the Vipean and cOoHb change in parallel, it is
difficult not to accept that also CBF is changed in that direc-
tion, and that is confirmed by clinical evaluation (61, 103).
Also, Vinean in basal cerebral arteries reports the regional rather
than the global distribution of CBF during exercise. During
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Fig. 1. Parallel changes in middle cerebral artery flow velocity (MCA Vincan)
and the '33Xe clearance-determined initial slope index (ISI) of cerebral blood
flow at various levels of dynamic exercise. First-compartment flow (F;) is
considered to represent gray matter flow. Values are expressed relative to rest
(modified from Ref. 51) with indication of the approximate relative workload.
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right-handgrip exercise, MCA Vinean increases only for the
contralateral side (50) when there is no coactivation of the con-
tralateral hand, and when one foot is moved, Viean increases in the
contralateral anterior cerebral artery (55). In contrast, during
cycling Viean increases bilaterally in the medial and anterior
cerebral arteries. If the increased flow velocity in basal cerebral
arteries was a compensation for global cerebral sympathetic
vasoconstriction, the Vi,ean response to exercise would have
been equal among the different branches of the internal carotid
artery. It should be noted, however, that Viean reports the
velocity associated with the maximal frequency of the Doppler
shift (“the envelope”) rather than the intensity-weighted mean
flow velocity or the total signal power. This is so because a small
change in insonation angle of the artery is of no consequence for
the reported maximal velocity, whereas the average flow velocity
is affected by the insonation. Thus exercise-related changes in
flow velocity are largely lost when focus is not on Viyean (29, 85).

Together these inflow evaluations of CBF during exercise by
the determination of Vimean, '>>Xe clearance, and internal ca-
rotid flow examine a dynamic aspect of CBF that remains
undetected when CBF is assessed with the Kety-Schmidt
method, suggesting a fixed CBF of ~45 mg-100 ml~'-min !
(62) vs. a consistent ~25% increase in flow rate to the brain
[50% when gray matter flow (first-compartment flow) is eval-
vated; 49, 51, 99; Fig. 1]. The most likely reason for this
discrepancy in the ability to track the CBF response to dynamic
exercise is that the internal jugular vein used in the Kety-
Schmidt method for assessment of the arterial-venous differ-
ences for an inert gas collapses when the subject is upright (21,
30, 31) and the brain circulation is no longer sensitive to
perturbations in central venous pressure (83, 88). In the upright
posture assumed in exercise studies, the venous drainage of the
brain becomes dependent on spinal veins of the vertebral
plexus (2, 11, 12, 100, 101), and even in the supine position a
predominantly nonjugular drainage pattern is found in ~6% of
subjects (5, 22). Evaluation of CBF with the Kety-Schmidt
method is complicated further by the asymmetry of the venous
drainage from the brain.

The hemispheres are drained by the larger right internal
jugular vein, whereas the smaller left vein drains deeper
structures of the brain of importance for evaluation of metab-
olism. For example, there is selective enhanced norepinephrine
spillover from deep structures of the brain in patients with
arterial hypertension (26). However, the interindividual vari-
ability in the venous drainage of the brain is considerable, and
in some individuals the left internal jugular vein is larger and,
accordingly, drains the hemispheres. For a detailed evaluation
of CBF based on the Kety-Schmidt method, the venous drain-
age of the two internal jugular veins needs to be evaluated, e.g.,
by labeling of the red blood cells by technetium and following
their passage through the brain by a gamma camera (44).

REGULATION OF CBF DURING EXERCISE

With an increase in CBF during exercise, the mechanisms
that may drive the enhanced flow are of interest. In the era of
the Kety-Schmidt method, regulation of CBF was a debate
dominated by the CO, reactivity of CBF and cerebral autoreg-
ulation. Both mechanisms are relevant to the CBF response to
exercise because of marked changes in mean arterial pressure
(MAP) and the arterial CO, tension (Paco,) (88).
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The influence of Paco, on CBF during exercise is of impor-
tance at different exercise intensities. Moderate exercise is
associated with a small increase in Paco, that would be con-
sidered to support the increase in CBF and MCA Vppean (49).
On the other hand, intense exercise is associated with a reduc-
tion in Paco, because ventilation increases exponentially with
work rate as pH decreases (66). Accordingly, intense exercise
is accomplished despite a decreasing CBF and MCA Viean (49,
51, 55, 88) that interferes with adequate oxygenation of the
brain (Fig. 2).

The second important influence on CBF consists of cerebral
autoregulation that maintains CBF more or less stable within a
range of MAP between 60 and 150 mmHg (78). Accordingly,
the increase in Vipean during dynamic exercise is not explained
by the elevated in MAP. For instance, during postexercise
muscle ischemia, MCA Vipean returns to the resting level (49),
whereas MAP is maintained at the exercise level, or even
increases if metaboreceptors in the exercising muscles are
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Fig. 2. Changes in calculated cerebral mitochondrial Ox tension ({ APmitoo, })
during 2,000-m all-out ergometer rowing at 3 levels of inspired O- fraction
(F10,) (104). Also shown is the effect of breathing 30% O (®) on the
near-infrared spectroscopy-determined frontal lobe oxygenation ({Sco,})
during ergometer rowing (bottom; 65). Breathing 30% O» enhanced work
capacity by 3% compared with breathing 21% oxygen (O). Pre-ex, before
exercise; Post-ex, after exercise. *Compared with rest, P < 0.05; fcom-
pared with breathing 21% oxygen, P < 0.05.
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excited further by inflating thigh cuffs before the end of
exercise, and, therefore, cerebral vascular conductance be-
comes elevated (91). The fact that Viyean is maintained during
postexercise muscle ischemia, although sympathetic activity
increases markedly, supports the theory that MCA Viean is noOt
influenced by sympathetic activity under physiological circum-
stances (82). The steadiness of both the '*3*Xe clearance-
determined CBF and MCA Ve, during static exercise in the
face of an increase in MAP similar to what is found during
dynamic exercise (49, 89) is another indication that it is not the
increase in MAP per se that influences CBF. It should be noted
that owing to the latency of cerebral autoregulation mecha-
nisms, it takes ~3-5 s to offset the effects of changes in MAP
(46) and with rapid fluctuations in MAP in response to, e.g.,
posture change (102), weight lifting (58), and rowing (81),
MCA Viean changes in parallel. In the same way, the initial rise
in MCA Viean With the marked increase in MAP at the onset
of static exercise is dominated by the Valsalva-like maneuver
(48, 83) that is carried out to support the spine especially
during leg contractions.

Specifically, the large increase in systolic blood pressure
during intense exercise is of concern because it often exceeds
the level considered to represent the upper limit of cerebral
autoregulation. Yet, dynamic cerebral autoregulatory capacity
appears sufficient to limit the systolic increase in MCA veloc-
ity (75), whereas the reduction in diastolic velocity is large in
relation to the fluctuations in blood pressure during rowing (81)
and in the recovery from exercise (76).

Whole body exercise is associated with an ~10 fold increase
in plasma catecholamine concentrations (37), and whether
sympathetic activity influences CBF is of direct relevance to
exercise but at the same time is controversial. A relationship
between MCA Viean and cardiac output (CO) is found by
demonstrating that both the MCA Vjyean and the NIRS-deter-
mined cO,Hb decrease in association with the reduction in CO
that occurs when changing position from supine to standing.
This reduction in cerebral perfusion takes place even though
MAP increases (102), further indicating an important role of
sympathetic activation for regulation of CBF. The reduction in
cerebral perfusion has been alleged to cause the associated
postural decrease in Pco,, but the decrease in Paco, accounts
for only approximately one-half of the orthostatic influence on
MCA Vipean (45, 97). In support of this theory, both MCA
Vmean and cO,Hb increase when the standing position is sup-
plemented by a leg-crossing maneuver that attenuates sympa-
thetic activity by enhancing CO (102).

Of more direct relevance for exercise are the observations
made during manipulation of CO. During exercise, 3-adrener-
gic blockade with metoprolol attenuates the increase in CO (4),
e.g., from 19 to 15 I/min (79), and also concomitantly the
increase in MCA Vpyean, typically to one-half of the normal
response to exercise (75). However, the normal 25% increase
in MCA Viean returns if, during exercise with metoprolol,
sympathetic activity to the brain is eliminated by blocking the
stellate ganglion (40). Similarly, in patients with cardiac insuf-
ficiency, there is a direct relationship between the increase in
MCA Viean and the ability to increase CO during exercise (33,
41). The importance of this relationship is illustrated when
comparing one- with two-legged exercise. During one-legged
exercise, patients with cardiac insufficiency demonstrate the
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normal increase in MCA Vinean, Which is attenuated, or elim-
inated, during two-legged exercise (35).

CEREBRAL OXYGENATION

The increase in cerebral oxygenation during activation by
exercise (42) is in contrast to the progressive reduction in
muscle oxygenation with workload. Also, brain function dete-
riorates when its average oxygenation becomes reduced more
than 10% (32, 61, 102, 103), whereas skeletal muscles main-
tain their activity despite O, saturation below 10% (4). Brain
activation seems to be associated with surplus perfusion re-
flected in high values for fMRI- and NIRS-determined oxy-
genation, and there may be good reasons why that is necessary.
The capillaries within skeletal muscle are positioned in direct
contact to the muscles cells, but for the brain, there is a barrier
between the capillaries and the neurons. Cerebral capillaries
are not different from those in other vascular beds, but within
the brain, the capillaries are protected by extension of the
astrocytes covering the entire capillary network and constitut-
ing the blood-brain barrier. The diffusion distance for O,
becomes critical when the brain is activated resulting in a high
O, consumption. An increase in rCBF to match the enhanced
neuronal metabolism is required to create an elevated O;
gradient, because within the brain and, in contrast to skeletal
muscles, there is no capillary recruitment.

Changes in O tension in brain capillaries and mitochondria
tension can be mathematically derived during activation, in-
cluding exercise (86). Maximal exercise is, despite the increase
in capillary oxygenation, associated with a reduced mitochon-
drial O, tension as CBF becomes affected by the reduction in
Paco, in addition to a decline in arterial O, content during
whole body exercise (66, 67; Fig. 2). However, even during
maximal whole body exercise, cerebral mitochondrial O, ten-
sion does not become as low as established during submaximal
exercise with a 10% inspiratory O fraction (73).

To what extent a reduction in the cerebral mitochondrial O,
tension during maximal whole body exercise affects brain
function remains to be established. In humans, the supraspinal
contribution to exercise-induced fatigue may be isolated by
cerebral cortex electromagnetic stimulation to quantify the
muscular force that still may be recruited at fatigue onset.
Making use of this technique following exhaustive ergometer
rowing, there is little indication of affected cerebral function,
and, in fact, after exercise there is facilitation of the brain’s
influence on the motoneurons to become attenuated following
exercise under hypoxic conditions (9). On the other hand, when
under those conditions cerebral hemoglobin desaturates, the
ability for slow contractions becomes affected, although there
is no influence on fast movement (86). Whereas that observa-
tion is awaiting confirmation, it does suggest that motoneurons
controlling slow-twitch muscle fibers are more susceptible to
hypoxia than those controlling fast-twitch muscle fibers. In
other words, it is the ability to perform graded, or refined,
movement that is affected mostly by hypoxia. As demonstrated
immediately following strenuous exercise, some level of cen-
tral fatigue is developed indicated by both electrical (70) and
electromagnetic femoral nerve stimulation (3, 90). Also, sup-
plementation of O, enhances performance with an increase in
cerebral rather than muscle oxygenation (Fig. 2) (65). Interest-
ingly, fatigue does not affect the electromechanical activation
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of the muscle that, in fact, seems to be enhanced (63). Thus
central fatigue is a manifestation of the inability to maintain
rather than inability to generate force (92, 95), and that is what
would be expected when the contribution of the slow-twitch
muscle fibers to the contraction becomes less important as
demonstrated during partial neuromuscular blockade and in
patients with myasthenia gravis (96) (Fig. 3).

CEREBRAL METABOLISM

Given the uncertainty on how to express changes in CBF,
and thereby in CMRo,, during exercise, it is advantageous that
changes in cerebral metabolism can be expressed indepen-
dently of those in CBF. Cerebral activation is associated with
a reduction in the metabolic ratio, defined as the ratio of the O,
and glucose uptake as demonstrated for visual stimulation by
Fox and Raichle (27). Normally, the brain takes up O, and
carbohydrate in a ratio of six to one, reflecting combustion of
the six carbon atoms in glucose. Thus a cerebral metabolic
ratio (CMR) of six indicates that for the brain carbohydrate
oxidation matches its uptake. The balance in cerebral aerobic
metabolism is supported by two fundamental observations.
First, a person becomes unconscious within seconds after the
brain is deprived from its O, supply following a cardiac arrest.
The other contention is that the brain’s capacity to develop
significant anaerobic metabolism is limited by phosphocreatine
and glycogen stores compared with skeletal muscles. The first
notion is obvious: the capacity of the brain for anaerobic
metabolism has to be reconsidered. The brain glycogen content
is confined to the astrocytes, in humans reaching 5-6 mM
(glucosyl units) in gray and white matter and 13 mM within the
hippocampus, with only marginally lower levels for the pig
(16). Thus, for the astrocytes that take up <50% of the brain’s
volume, the glycogen level approaches that in skeletal muscles.
Anaerobic metabolism likely plays a pivotal role in providing
enhanced energy turnover to sustain cerebral activation (80),
although, as in skeletal muscles, it cannot support prolonged
activity. Moreover, the brain may release a small amount of
lactate at rest and especially during hypoxemia or in response
to cerebral hypoperfusion when MAP has become extremely
low (25).

The work of Fox and Raichle (27) supports the notion that
variation in cerebral metabolism is larger than indicated by a
Kety-Schmidt-determined CMRo,. In the PET-based evalua-
tion by Fox and Raichle, the resting CMR was as low as 4.1,
and in the visual cortex it decreased further to 2.8 during
exposure to a flashing light. In a follow-up study, Madsen et al.
(60) found the CMR based on arterial and jugular venous blood
sampling to decrease to 5.4 during a mental task. However,
such a decrease in the CMR for the whole brain seems trivial
compared with that developed during exercise (14).

Following arterial and internal jugular venous catheteriza-
tion needed to determine the CMR from blood samples, values
of 5.7, or even lower immediately after catheterization, are
observed and have been demonstrated to recover gradually
toward 6 during the following resting period. The CMR de-
creases in response to the anxiety associated with catheteriza-
tion and with the expectations involved in participating in a
physiological experiment. This may have been contributing to
the very low initial value reported by Fox and Raichle (27)
when the subjects were confined in a PET scanner.
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During submaximal exercise, the CMR remains relatively
stable until the workload becomes demanding (43, 71). Only
then, for instance during an incremental test to exhaustion, the
CMR declines reaching a nadir of, e.g., 4.7 (43). Whether
the workload becomes demanding depends not only on its
absolute level as observed following neuromuscular blockade,
where strength can deliberately be reduced to any level until
paralysis of all skeletal muscles. In that situation, an otherwise
trivial submaximal workload becomes demanding and as soon
as it requires maximal effort, the CMR decreases markedly
(15). Similarly, when exercise is made difficult and painful by
hindering leg blood flow with thigh cuff, the CMR declines
(17). Both the apparent influence from the drive to exercise and
the associated pain affect brain metabolism, although their
separate contributions do not seem as large as observed during
control maximal exercise. It supports the theory that many
cerebral areas need to be activated for the expression of the
global CBF response. Also the reduction in the CMR
progresses as more muscles are involved in exercise to a record
low level of 1.7 during exhaustive ergometer rowing (104).
Maximal ergometer rowing often involves a “2,000-m” all-out

Number of contraction

effort, and in that situation, the reduction in the CMR already
manifests at the onset of exercise.

At rest, the arterial lactate level is <1 mM and of little or no
importance for the CMR. However, as blood lactate increases
with work rate, lactate is taken up by the brain in proportion to
its arterial concentration (20, 43) that, during rowing, may
exceed 30 mM (64). Thus, with increasing lactate concentra-
tion during exercise, lactate is integrated in the CMR (O,
uptake/uptake of glucose + Y2 uptake of lactate) (43), whereas
the contribution of pyruvate is negligible (87). Integration of
lactate in the CMR is supported by the finding that the lactate
taken up by the brain during exercise does not accumulate in
spinal fluid or within the brain tissue in humans, at least not
above the detection level of proton magnetic resonance spec-
troscopy (~2.5 mM; 20), confirming data in the rat (59). Thus
lactate is established as a substrate for the neurons (80) both
from glycolysis in astrocytes and, apparently, also for lactate
taken up from blood (20, 43) as confirmed in preliminary data
with evaluation by labeled lactate. Integrating the lactate taken
up by the brain during exercise implies an excess carbohydrate
uptake of 10—15 mmol (glucosyl units) compared with what
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can be accounted for by the O, uptake. Such an uptake of
carbohydrate is of the same order of magnitude as the brain’s
glycogen level (16). Thus, during exercise, brain uptake of
lactate appears to supplement, or to replace, its uptake of
glucose (52).

The reduction in the CMR during activation of the brain is
not well understood. Brain uptake of carbohydrate during
exercise is not associated with arterial-to-venous differences
for relevant hormones, including insulin, insulin-like growth
factor, and cortisol (19), and it does not depend on the O,
availability (104). However, the concentration of norepineph-
rine increases in the cerebrospinal fluid and the only intervention
that has been shown to affect the CMR is the administration of the
nonselective [3-adrenergic blocking agent propranolol in the rat
(94) as confirmed by preliminary human exercise data (Fig. 4).
On the other hand, the cardioselective B-adrenergic blocking
agent metoprolol does not affect the CMR during exercise (18).

The observation that the CMR is low following catheteriza-
tion and decreases in proportion to work rate and muscle mass
involved in exercise and, thus, in proportion to the lactate level,
may well indicate that the CMR decreases in response to the
exponential increase in plasma epinephrine with work rate
(53), similar to lactate. If so, it may be that there is a sex
difference in the level that the CMR reaches during maximal
exercise (1). One avenue to explore the influence of epineph-
rine on the CMR would be to evaluate the response to static
exercise. Static exercise involving a >30% of maximal volun-
tary contraction hinders muscle blood flow (7) and is, there-
fore, associated with a low lactate level in blood, whereas there
is no restriction in the release of epinephrine from the adrenal
gland. Prolonged exercise also offers an opportunity to sepa-
rate the epinephrine and blood lactate concentrations. During
prolonged exercise, there is little or no increase in blood lactate
as the muscle glycogen store becomes depleted, but the CMR
decreases when exercise has lasted for so long that it becomes
demanding. The decrease in the muscle glycogen level, intol-
erable heat stress, dehydration, or, eventually, a decreasing
blood glucose level may all be involved (Fig. 5; 69, 71). Taken
together, the hypothesis emerges that the CMR decreases by
adrenergic stimulation of cerebral metabolism, and with the
high Na*-K*-ATPase activity in the brain under the influence
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Fig. 4. Changes in the cerebral metabolic ratio [uptake of oxygen/(uptake of
glucose + Y lactate)] at rest and during exhaustive exercise in humans without
administration of propranolol and with administration of metoprolol (-
blockade) or propranolol (3i- and 2-blockade). Values are means * SE for 7
subjects. Data (n = 7; from Ref. 16) for exhaustive exercise are after
administration of metoprolol (-1 blockade; means * SE).
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of epinephrine (8, 12), disturbance in brain metabolism during
exercise may relate to the energy available for glycolysis to
regulate membrane potentials.

Another indicator of the brain glucose metabolism during
exercise is the cytokine interleukin-6 (IL-6) that increase mark-
edly in the circulation during exercise with the main contrib-
utor being the working skeletal muscles (23). Glucose inges-
tion during exercise, however, attenuates the release of IL-6
from the muscles as soon as glucose uptake in the working
muscles becomes enhanced (24). In a similar way, the release
of IL-6 from the brain during exercise may reflect an energy
crisis within the brain because the release of IL-6 from the
brain is larger during a subsequent exercise trial (72). It is still
unknown whether carbohydrate supplementation affects the
release of IL-6 from the brain during prolonged exercise,
whereas IL-6 does not seem to respond to short-lasting maxi-
mal exercise (19). In addition, intense exercise does not affect
the brain handling of tumor necrosis factor or heat shock
protein, and their cerebrospinal fluid concentration does not
change in response to exercise (98). Also, there is no uptake or
release of brain natriuretic peptide from the brain during
exercise (93).

Insight to brain metabolism during exercise may also be
obtained by determination of brain-derived neurotrophic factor
(BDNF). At least at rest, administration of glucose eliminates
the release of BDNF from the brain (54), whereas during
prolonged exercise, administration of glucose attenuates the
tryptophan concentration and its cerebral uptake and, maybe,
also the synthesis of serotonin in the brain (6). Together these
results indicate that ingestion of glucose (and fluid) during
prolonged exercise prevents accumulation of serotonin within
the brain, and provision of branched-chain amino acids in
preparation for, or during, prolonged exercise has been pro-
posed; however, as yet, there is no convincing evidence avail-
able for a positive effect. During prolonged exercise, fatigue
may relate to accumulation of ammonia in the brain. Ammonia
is produced by skeletal muscles and taken up by the brain in
proportion to its arterial concentration and accumulates within
the brain as indicated by the concentration in the cerebrospinal
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fluid, and the perceived effort is related to such accumulation
of ammonia (68).

The brain may be challenged to accelerate its metabolism
during activation in response to a mental effort, including
exercise. The brain has the capability to provide, at least some,
enduring anaerobic metabolism. Even at rest a small amount of
lactate is released (0.04 mmol/min) from the brain. Further-
more, during exercise in hypoxia, there may be no uptake of
lactate in the brain, although the blood lactate level is enhanced
(73). This observation suggests that lactate is taken up by the
brain according to the blood lactate level but that uptake is
compensated for by an equal release of lactate.

In regard to central fatigue, it seems also likely that the
amount of magnesium in the brain, which enhances CBF (57),
has an important role for stabilizing brain metabolism during
exercise. At least in the gerbils, injection of magnesium sulfate
increases the amount of brain glucose and pyruvate, and at the
same time it attenuates the increase in lactate during forced
swimming (10). In many situations, an elevated pyruvate level
enhances metabolism when it is challenged, e.g., during reper-
fusion of ischemic organs. During strenuous exercise, local
depletion of magnesium in the brain would then be an indica-
tion of impaired brain metabolism and, hence, reduced physical
performance. However, in preliminary data, there appears to be
maintained magnesium balance over the brain during short-
lasting maximal exercise. It appears that plasma magnesium
level should not be low when participating in demanding
exercise.

CONCLUSIONS

From the era of the Kety-Schmidt evaluation of CBF, brain
metabolism seemed to remain stable during exercise. This is in
sharp contrast to the dynamics of cerebral metabolism revealed
by determination of arterial inflow to the brain. Also the earlier
consideration that brain metabolism relies only on oxygenation
of glucose has changed dramatically by the finding that during
intense exercise, the brain may take up as much lactate as
glucose, and, together, the carbohydrate uptake by the brain is
much larger than can be accounted for by the uptake of O,. In
addition, brain metabolism may be limited by depletion of
glycogen within the astrocytes. Electromagnetic stimulation of
the brain provides an avenue for elaboration on functional
consequences linked to deviations in brain metabolism associ-
ated with central fatigue. What emerges is that oxygenation of
the brain is challenged during intense exercise and that besides
arterial deoxygenation, also heat, accumulation of ammonia,
and the reduction in Paco, associated with maximal exercise
challenge the ability of the brain to get access to the neurons
projecting to the working muscles. Also in that regard there is
emerging evidence to suggest an inability to recruit especially
slow-twitch muscle fibers.

ACKNOWLEDGMENTS

We thank Prof. Bjgrn Quisdorff and Dr. Stefanos Volianitis for review of
the manuscript.

GRANTS

This review was supported by A. and E. Danielsen’s Foundation and by the
Danish Ministry for Research.

CEREBRAL OXYGENATION DURING EXERCISE

REFERENCES

L.

2.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

Adler GK. Exercise and fatigue: is neuroendocrinology an important
factor? J Clin Endocrinol Metab 85: 2167-2169, 2000.

Alperin N, Lee SH, Sivaramakrishnan A, Hushek SG. Quantifying the
effect of posture on intracranial physiology in humans by MRI flow
studies. J Magn Reson Imag 22: 591-596, 2005.

. Amann M, Eldridge MW, Lovering AT, Stickland MK, Pegelow DF,

Dempsey JA. Arterial oxygenation influences central motor output and
exercise performance via effects on peripheral locomotor muscle fatigue
in humans. J Physiol 575: 937-952, 2006.

. Astrand PO, Cuddy TE, Saltin B, Stenberg J. Cardiac output during

submaximal and maximal work. J Appl Physiol 19: 268274, 1964.

. Beards SC, Yule S, Kassner A, Jackson A. Anatomical variation of

cerebral venous drainage: the theoretical effect on jugular bulb blood
samples. Anaesthesia 627-633, 1998.

. Blomstrand E, Mgller K, Secher NH, Nybo L. Effect of carbohydrate

ingestion on brain exchange of amino acids during sustained exercise in
human subjects. Acta Physiol Scand 185: 203-209, 2005.

. Bonde-Petersen F, Mgrk AL, Nielsen E. Local muscle blood flow and

sustained contractions of human arm and back muscles. Eur J Appl
Physiol 34: 43-50, 1975.

. Bundgaard H, Kjeldsen K, Suarez Krabbe K, van Hall G, Simonsen

L, Qvist J, Hansen CM, Moller K, Fonsmark L, Madsen PL,
Pedersen KB. Endotoxemia stimulates skeletal muscle Na*-K*-ATPase
and raises blood lactate under aerobic conditions in humans. Am J
Physiol Heart Circ Physiol 284: H1028-H1034, 2003.

. Carlsson CL. Central Fatigue: Effect of Whole Body Exercise (master

thesis). Copenhagen, Denmark: University of Copenhagen, 2007.

. Cheng SM, Yang DY, Lee CP, Pan HC, Lin MT, Chen SH, Cheng

FC. Effects of magnesium sulfate on dynamic changes of brain glucose
and its metabolites during a short-term forced swimming in gerbils. Eur
J Appl Physiol 99: 695-699, 2007.

. Cirovic S, Walsh C, Fraser WD, Gulino A. The effect of posture and

positive pressure breathing on the hemodynamics of the internal jugular
vein. Aviat Space Environ Med 74: 125-131, 2003.

Clausen T. Clinical and therapeutic significance of the Na*,K* pump.
Clin Sci (Lond) 95: 3-17, 1998.

Conroy GC, Vannier MW, Tobias PV. Endocranial features of Aus-
tralopithecus africanus revealed. Science 247: 838—841, 1990.
Dalsgaard MK. Fuelling cerebral activity in exercising man. J Cereb
Blood Flow Metab 26: 731-750, 2006.

Dalsgaard MK, Ide K, Cai Y, Quistorff B, Secher NH. The metabolic
uptake ratio by the human brain is influenced by the intent to exercise.
J Physiol 540: 681-689, 2002.

Dalsgaard MK, Madsen FF, Secher NH, Laursen H, Quistorff B.
High glycogen levels in the hippocampus of patients with epilepsy.
J Cereb Blood Flow Metab 27: 1137-1141, 2007.

Dalsgaard MK, Nybo L, Cai Y, Secher NH. The metabolic response to
post-exercise muscle ischaemia in humans. Exp Physiol 88: 297-302,
2003.

Dalsgaard MK, Ogoh S, Dawson EA, Yoshiga CC, Quistorff B,
Secher NH. The cerebral carbohydrate cost of physical exertion in
humans. Am J Physiol Regul Integr Comp Physiol 287: R534-R540,
2004.

Dalsgaard MK, Ott P, Dela F, Juul A, Pedersen BK, Warberg J,
Fahrenkrug J, Secher NH. The CSF and arterial to internal jugular
venous hormonal differences during exercise in humans. Exp Physiol 89:
271-2717, 2004.

Dalsgaard MK, Quistorff B, Danielsen ER, Selmer C, Vogelsang T,
Secher NH. A reduced cerebral metabolic ratio in exercise reflects
metabolism and not accumulation of lactate within the brain. J Physiol
544: 571-578, 2004.

Dawson EA, Secher NH, Dalsgaard MK, Ogoh S, Yoshiga CC,
Gonzilez-Alonso J, Steensberg A, Raven PB. Standing up to the
challenge of standing: a siphon does not support cerebral blood flow.
Am J Physiol Regul Integr Comp Physiol 287: R911-R914, 2004.

. Doepp F, Schreiber SJ, von Munster T, Rademacher J, Klingebiel R,

Valdueza JM. How does the blood leave the brain? A systematic
ultrasound analysis of cerebral venous drainage patterns. Neuroradiology
46: 565-570, 2004.

Febbraio MA, Pedersen BK. Muscle derived interleukin-6: mecha-
nisms for activation and possible biological roles. FASEB J 16: 1335—
1347, 2002.

J Appl Physiol - VOL 104 « JANUARY 2008 « WWW.jap.org
Downloaded from journals.physiology.org/journal/jappl a Univ of Connecticut Hith Ctr (132.174.250.220) on November 11, 2021.



24.

25.

26.

217.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

CEREBRAL OXYGENATION DURING EXERCISE

Febbraio MA, Steensberg A, Keller C, Starkie RL, Nielsen HB,
Krustrup P, Ott P, Secher NH, Pedersen BK. Glucose ingestion
attenuates interleukin-6 release from contraction skeletal muscle in hu-
mans. J Physiol 549: 607-612, 2003.

Feddersen K, Arén C, Nilsson NJ, Radegran K. Cerebral blood flow
and metabolism during cardiopulmonary bypass with special reference to
effects of hypotension induced by prostacyclin. Ann Thorac Surg 41:
395-400, 1986.

Ferrier C, Jennings GL, Eisenhofer G, Lambert G, Cox HS, Kalff V,
Kelly M, Esler MD. Evidence for increased noradrenaline release from
subcortical brain regions in essential hypertension. J Hypertens 11:
1217-1227, 1993.

Fox PT, Raichle ME. Focal physiological uncoupling of cerebral blood
flow and oxidative metabolism during somatosensory stimulation in
human subjects. Proc Natl Acad Sci USA 83: 1140: 1144, 1986.
Giller CA, Bowman G, Dyer H, Mootz L, Krippner W. Cerebral
arterial diameters during changes in blood pressure and carbon dioxide
during craniotomy. Neurosurgery 32: 737-741, 1993.

Giller CA, Giller AM, Cooper CR, Hatab MR. Evaluation of the
cerebral hemodynamic response to rhythmic handgrip. J Appl Physiol 88:
2205-2213, 2000.

Gisolf J, Gisolf A, Van Lieshout JJ, Karemaker JM. The siphon
controversy: an integration of concepts and the brain as baffle. Am J
Physiol Regul Integr Comp Physiol 289: R627-R629, 2005.

Gisolf J, Van Lieshout JJ, Van Heusden K, Pott F, Stok W],
Karemaker JM. Human cerebral venous outflow pathway depends on
posture and central venous pressure. J Physiol 560: 317-327, 2004.
Gonzalez-Alonso J, Dalsgaard MK, Osada T, Volianitis S, Dawson
EA, Yoshiga CC, Secher NH. Brain and central haemodynamics and
oxygenation during maximal exercise in humans. J Physiol 557: 331—
342, 2004.

. Gruhn N, Larsen FS, Boesgaard S, Knudsen GM, Mortensen SA,

Thomsen G, Aldershvile J. Cerebral blood flow in patients with chronic
heart failure before and after heart transplantation. Stroke 32: 2530—
2533, 2001.

Hellstrom G, Fischer-Colbrie W, Wahlgren NG, Jogestrand T.
Carotid artery blood flow and middle cerebral artery blood flow velocity
during physical exercise. J Appl Physiol 81: 413-418, 1996.
Hellstrom G, Magnusson B, Wahlgren NG, Gordon A, Sylven C,
Saltin B. Physical exercise may impair cerebral perfusion in patients
with chronic heart failure. Cardiol Elderly 4: 191-194, 1996.
Hgjlund-Rasmussen J, Mantoni T, Belhage B, Pott FC. Influence of
upper body position on middle cerebral artery blood velocity during
continuous positive airway pressure breathing. Eur J Appl Physiol 101:
369-375, 2007.

Holmqvist N, Secher NH, Sander-Jensen K, Knigge U, Warberg J,
Schwartz TW. Sympathoadrenal and parasympathetic responses to ex-
ercise. J Sports Sci 4: 123-128, 1986.

Huang SY, Sun S, Droma T, Zhuang J, Tao JX, McCullough RG,
McCullough RE, Micco AJ, Reeves JT, Moore LG. Internal carotid
arterial flow velocity during exercise in Tibetan and Han residents of
Lhasa (3,658 m). J Appl Physiol 73: 26382642, 1992.

Huang SY, Tawney KW, Bender PR, Groves BM, McCullough RE,
Micco AJ, Manco-Johnson M, Cymerman A, Greene ER. Internal
carotid arterial flow velocity with exercise before and after acclimatiza-
tion to 4,300 m. J Appl Physiol 71: 14691476, 1991.

Ide K, Boushel RB, Mgller-Sgrensen H, Fernandes A, Cai Y, Pott F,
Secher NH. Middle cerebral artery blood velocity during exercise with
beta-1 adrenergic and unilateral stellate ganglion blockade in humans.
Acta Physiol Scand 170: 33-38, 2000.

Ide K, Gullgv A, Pott F, Van Lieshout JJ, Koefoed BG, Petersen P,
Secher NH. Middle cerebral artery blood velocity during exercise in
patients with atrial fibrillation. Clin Physiol 19: 284-289, 1999.

Ide K, Horn A, Secher NH. Cerebral metabolic response to submaximal
exercise. J Appl Physiol 87: 1604—1608, 1999.

Ide K, Schmalbruch IK, Quistorff B, Horn A, Secher NH. Lactate,
glucose and O uptake in human brain during recovery from maximal
exercise. J Physiol 522: 159-164, 2000.

Ide K, Secher NH. Cerebral blood flow and metabolism during exercise.
Prog Neurobiol 61: 397-414, 2000.

Immink RV, Secher NH, Roos CM, Pott F, Madsen PL, Van Lie-
shout JJ. The postural reduction in middle cerebral artery flow velocity
is not explained by Paco,. Eur J Appl Physiol 96: 609-614, 2006.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Invited Review
313

Immink RV, Van Montfrans GA, Stam J, Karemaker JM, Diamant
M, Van Lieshout JJ. Dynamic cerebral autoregulation in acute lacunar
and middle cerebral artery territory ischemic stroke. Stroke 36: 2595—
2600, 2005.

Imray CH, Myers SD, Pattinson KT, Bradwell AR, Chan CW,
Harris S, Collins P, Wright AD. Effect of exercise on cerebral perfu-
sion in humans at high altitude. J Appl Physiol 99: 699706, 2005.
Iwamoto GA, Mitchell JH, Mizuno M, Secher NH. Cardiovascular
responses at the onset of exercise with partial neuromuscular blockade in
cat and in man. J Physiol 384: 39—-47, 1987.

Jorgensen LG, Perko M, Hanel B, Schroeder TV, Secher NH. Middle
cerebral artery flow velocity and blood flow during exercise and muscle
ischemia in humans. J Appl Physiol 72: 1123-1132, 1992.

Jorgensen LG, Perko G, Payne G, Secher NH. Effect of limb anes-
thesia on middle cerebral response to handgrip. Am J Physiol Heart Circ
Physiol 264: H553-H559, 1993.

Jorgensen LG, Perko G, Secher NH. Regional cerebral artery mean
flow velocity and blood flow during dynamic exercise in humans. J Appl
Physiol 73: 1825-1830, 1992.

Kemppainen J, Aalto S, Fujimoto T, Kalliokoski KK, Léngsjo J,
Oikonen V, Rinne J, Nuutila P, Knuuti J. High intensity exercise
decreases global brain glucose uptake in humans. J Physiol 568: 323—
332, 2005.

Kjeer M. Regulation of hormonal and metabolic responses during exer-
cise in humans. Exerc Sport Sci Rev 20: 161-184, 1992.

Krabbe KG, Nielsen AR, Krogh-Madsen R, Plomgaard P, Rasmus-
sen P, Erikstrup C, Fischer CP, Lindegaard B, Petersen AMW,
Taudorf S, Secher NH, Pilegaard H, Bruunsgaard H, Petersen BK.
Brain-derived neurotrophic factor (BDNF) and type 2 diabetes. Diabe-
tologica 50: 431-438, 2007.

Linkis P, Jgrgensen LG, Olesen HL, Madsen PL, Lassen NA, Secher
NH. Dynamic exercise enhances regional cerebral artery mean flow
velocity. J Appl Physiol 78: 12-16, 1995.

Lloyd BB. The energetics of running: aOn analysis of world records. Adv
Sci 22: 515-530, 1966.

Ludbrook GL, James MF, Uptorn RN. The effect of magnesium
sulfate on cerebral blood flow velocity, cardiovascular variables, and
arterial carbon dioxide tension in awake sheep. J Neurosurg Anesthesiol
11: 96-101, 1999.

MacDougall JD, Tuxen D, Sale DG, Moroz JR. Arterial blood pressure
response to heavy exercise. J Appl Physiol 58: 785-790, 1985.
Madsen PL, Cruz NF, Sokolof L, Dienel GA. Cerebral oxygen/glucose
ratio is low during sensory stimulation and rises above normal during
recovery: excess glucose consumption during stimulation is not ac-
counted for by lactate efflux from or accumulation in brain tissue.
J Cereb Blood Flow Metab 19: 393—-400, 1999.

Madsen PL, Hasselbalch SG, Hagemann LP, Olsen KS, Biilow J,
Holm S, Wildschigdtz G, Paulson OB, Lassen NA. Persistent resetting
of the cerebral oxygen/glucose uptake ratio by brain activation: evidence
obtained with the Kety-Schmidt technique. J Cereb Blood Flow Metab
15: 485-491, 1995.

Madsen PL, Secher NH. Near-infrared oximetry of the brain. Prog
Neurobiol 58: 541-560, 1999.

Madsen PL, Sperling BK, Warming T, Schmidt JF, Secher NH,
Wildschigdtz G, Holm S, Lassen NA. Middle cerebral artery blood
velocity and cerebral blood flow and O uptake during dynamic exercise.
J Appl Physiol 74: 245-250, 1993.

Minshull C, Gleeson N, Walters-Edwards M, Eston R, Rees D.
Effects of acute fatigue on the volitional and magnetically-evoked elec-
tromechanical delay of the knee flexors in males and females. Eur J Appl
Physiol 100: 469-478, 2007.

Nielsen HB. pH after competitive rowing: the lower physiological range
? Acta Physiol Scand 165: 113-114, 1999.

Nielsen HB, Boushel R, Madsen P, Secher NH. Cerebral desaturation
during exercise reversed by O» supplementation. Am J Physiol Heart
Circ Physiol 277: H1045-H1052, 1999.

Nielsen HB, Bredmose PB, Strgmstad M, Volianitis S, Quistorff B,
Secher NH. Bicarbonate attenuates arterial desaturation during maximal
exercise in humans. J Appl Physiol 93: 724731, 2002.

Nielsen HB, Madsen P, Svendsen LB, Roach RC, Secher NH. The
influence of Paco, pH and Saco, on maximal oxygen uptake. Acta
Physiol Scand 164: 89-97, 1998.

J Appl Physiol - VOL 104 « JANUARY 2008 « WWW.jap.org
Downloaded from journals.physiology.org/journal/jappl a Univ of Connecticut Hith Ctr (132.174.250.220) on November 11, 2021.



Invited Review

314

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

CEREBRAL OXYGENATION DURING EXERCISE

Nybo L, Dalsgaard MK, Steensberg A, Mgller K, Secher NH. Cere-
bral ammonia uptake and accumulation during prolonged exercise in
humans. J Physiol 563: 285-290, 2005.

Nybo L, Mgller K, Volianitis S, Nielsen B, Secher NH. Effects of
hyperthermia on cerebral blood flow and metabolism during prolonged
exercise in humans. J Appl Physiol 93: 58—64, 2002.

Nybo L, Nielsen B. Hyperthermia and central fatigue during prolonged
exercise in humans. J Appl Physiol 91: 1055-1060, 2001.

Nybo L, Nielsen B, Blomstrand E, Mgller K, Secher NH. Neurohu-
moral responses during prolonged exercise in humans. J Appl Physiol 95:
1125-1131, 2003.

Nybo L, Nielsen B, Pedersen BK, Mgller K, Secher NH. Interleukin-6
release from human brain during exercise. J Physiol 542: 991-995, 2002.
Nybo L, Rasmussen P. Inadequate oxygen delivery to the brain as a
factor influencing fatigue during strenuous exercise. Rev Sports Exerc Sci
35: 110-118, 2007.

Nybo L, Secher NH. Cerebral perturbations provoked by prolonged
exercise. Prog Neurobiol 72: 223-261, 2004.

Ogoh S, Dalsgaard MK, Yoshiga CC, Dawson EA, Keller DM, Raven
PB, Secher NH. Dynamic cerebral autoregulation during exhaustive
exercise in humans. Am J Physiol Heart Circ Physiol 288: H1461—
H1467, 2005.

Ogoh S, Fisher JP, Purkayastha S, Dawson EA, Fadel PJ, White M]J,
Zhang R, Secher NH, Raven PB. Regulation of middle cerebral artery
flow velocity during recovery during recovery from dynamic exercise.
J Appl Physiol 102: 713-721, 2007.

Olesen J. Contralateral focal increase of cerebral blood flow in man
during arm work. Brain 94: 635-646, 1971.

Paulson OB, Strangaard S, Edvinsson L. Cerebral autoregulation.
Cerebrovasc Brain Metab Rev 2: 161-192, 1990.

Pawelczyk JA, Hanel B, Pawelczyk RA, Warberg J, Secher NH. Leg
vasoconstriction during dynamic exercise with reduced cardiac output.
J Appl Physiol 73: 18381846, 1992.

Pellerin L. How astrocytes feed hungry neurons. Mol Neurobiol 32:
59-72, 2005.

Pott F, Knudsen L, Nowak M, Nielsen HB, Hanel B, Secher NH.
Middle cerebral artery blood velocity during rowing. Acta Physiol Scand
160: 251-255, 1997.

Pott F, Ray CA, Olesen HL, Ide K, Secher NH. Middle cerebral artery
blood velocity, arterial diameter and muscle sympathetic nerve activity
during post-exercise muscle ischaemia. Acta Physiol Scand 160: 43—47,
1997.

Pott F, Van Lieshout JJ, Ide K, Madsen P, Secher NH. Middle
cerebral artery blood velocity during a Valsalva maneuver in the standing
position. J Appl Physiol 88: 1545-1550, 2000.

Pott F, Van Lieshout JJ, Ide K, Madsen P, Secher NH. Middle
cerebral artery blood velocity during intense static exercise is dominated
by a Valsalva maneuver. J Appl Physiol 94: 1335-1344, 2003.

Poulin MJ, Syed RJ, Robbins PA. Assessments of flow by transcranial
Doppler ultrasound in the middle cerebral artery during exercise in
humans. J Appl Physiol 86: 1632-1637, 1999.

Rasmussen P, Dawson E, Nybo L, Van Lieshout JJ, Secher NH,
Gjedde A. Capillary-oxygenation-level-dependent near-infrared spec-
troscopy in frontal lope of humans. J Cereb Blood Flow Metab 27:
1082-1093, 2007.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Rasmussen P, Plomgaard P, Krogh-Madsen R, Kim YS, Van Lie-
shout JJ, Secher NH, Quistorff B. Cerebral autoregulation and the
arterial lactate-to-pyruvate ratio correlate during rhythmic handgrip.
J Appl Physiol 101: 1406—1411, 2006.

Rasmussen P, Stie H, Nielsen B, Nybo L. Enhanced cerebral CO»
reactivity during strenuous exercise in man. Eur J Appl Physiol 96:
299-304, 2006.

Rogers HB, Schroeder T, Secher NH, Mitchell JH. Cerebral blood
flow during static exercise in man. J Appl Physiol 68: 23582361, 1990.
Romer LM, Lovering AT, Haverkamp HC, Pegelow DF, Dempsey
JA. Effect of inspiratory muscle work on peripheral fatigue of locomotor
muscles in healthy humans. J Physiol 571: 425-439, 2006.

Rowel LB, Hermansen L, Blackmon JR. Human cardiovascular and
respiratory responses to graded muscle ischemia. J Appl Physiol 41:
693-701, 1976.

Rube N, Secher NH. Effect of training on central factors in fatigue
following two- and one-leg static exercise in man. Acta Physiol Scand
141: 87-95, 1991.

Schou M, Dalsgaard MK, Clemmesen O, Dawson EA, Yoshiga CC,
Nielsen HB, Gustafsson F, Hildebrandt PR, Secher NH. The kidneys
extract BNP and NT-proBNP in healthy young men. J Appl Physiol 99:
1676-1680, 2005.

Schmalbruch IK, Linde R, Paulson OB, Madsen PL. Activation-
induced resetting of cerebral metabolism and flow is abolished by
beta-adrenergic blockade with propranolol. Stroke 33: 251-255, 2002.
Secher NH, Petersen S. Fatigue of voluntary contractions in normal and
myasthenic human subjects. Acta Physiol Scand 122: 234-248, 1984.
Secher NH, Rube N, Secher O. Effect of tubocurarine and decametho-
nium on voluntary muscle contractions in man. Acta Anaesthesiol Scand
27: 480—-483, 1983.

Serrador JM, Hughson RL, Kowalchuk JM, Bondar RL, Gelb AW.
Cerebral blood flow during orthostasis: role of arterial CO. Am J Physiol
Regul Integr Comp Physiol 290: R1087-R1093, 2006.

Steensberg A, Dalsgaard MK, Secher NH, Pedersen BK. Cerebrospi-
nal fluid IL-6, HSP72 and TNF-alpha in exercising humans. Brain Behav
Immun 20: 585-589, 2006.

Thomas SN, Schroeder T, Secher NH, Mitchell JH. Cerebral blood
flow during submaximal and maximal dynamic exercise in man. J Appl
Physiol 67: 744-748, 1989.

Toung TJK, Aizawa H, Traystman RJ. Effects of positive end-
expiratory pressure ventilation on cerebral venous pressure with head
elevation in dogs. J Appl Physiol 88: 655-661, 2000.

Valdueza JM, von Miinster T, Hoffman O, Schreiber S, Einhéupl
KM. Postural dependency of the cerebral venous outflow. Lancet 355:
200-201, 2000.

Van Lieshout JJ, Pott F, Madsen PL, Van Goudoever J, Secher NH.
Muscle tension during standing: Effect on cerebral artery blood velocity
and oxygenation. Stroke 32: 1546-1551, 2001.

Van Lieshout JJ, Wieling W, Karemaker JM, Secher NH. Syncope,
cerebral perfusion, and oxygenation. J Appl Physiol 94: 833—848, 2003.
Volianitis S, Fabricius-Bjerre A, Overgaard A, Strgmstad M, Bjar-
rum M, Carlsson C, Petersen N, Rasmussen P, Secher NH, Nielsen
HB. The cerebral metabolic ratio is not affected by oxygen availability
during maximal exercise in humans. J Physiol: October 11, 2007.

J Appl Physiol - VOL 104 « JANUARY 2008 « WWW.jap.org
Downloaded from journals.physiology.org/journal/jappl a Univ of Connecticut Hith Ctr (132.174.250.220) on November 11, 2021.



