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Three questions to the human brain

Abstract

An approximately 20% increase in cerebral blood flow (CBF) and the 
cerebral metabolic rate for oxygen manifest during whole body exercise with 
determination of brain tissue flow and arterial inflow to the brain. Yet, 
during intense exercise CBF approaches the resting level in response to the 
decrease in arterial carbon dioxide tension with the exponential increase in 
ventilation. Here it is illustrated that the increase in CBF during exercise 
appears to depend to the ability to raise cardiac output and it is speculated 
whether there is a sympathetic restrain on CBF when the increase in car-
diac output is small. Furthermore, it is considered whether the restrain in 
CBF during intense exercise affects cerebral oxygenation to an extent that 
it provokes so-called central fatigue. Finally it is highlighted that the cere-
bral activation associated with exercise provokes uptake of carbohydrate, 
notably of lactate, that cannot be accounted for by the concomitant increase 
in the cerebral metabolic rate for oxygen and it is pointed out that it remains 
unknown why that apparently surplus carbohydrate uptake by the brain is 
in need.

 
INTRODUCTION

During whole body exercise there is an about 20% increase in cere-
bral blood flow (CBF) when assessed by 133Xenon clearance 

(1,2,3) and a similar increase is noted when CBF is assessed by Doppler 
evaluation of internal carotic and vertebral flow (4). Also, there is an 
about 20% increase in flow velocity (Vmean) in basal cerebral arteries, 
i.e. in the anterior and middle cerebral artery (MCA) (2,3,5,6). Further-
more, the cerebral metabolic rate for oxygen (CMRO2) increases in 
proportion to the increase in CBF as indexed by MCA Vmean (7). In 
contrast to exercise with a small muscle mass as handgrip (8), whole 
body exercise is associated with so marked cerebral activation that it 
affects not only regional CBF but also CBF for the whole brain.

With increasing work intensity the increase in CBF during exercise 
is described by a reversed u-shape because the exponential increase in 
ventilation has consequence for the arterial carbon dioxide tension 
(PaCO2). PaCO2 demonstrates a small increase at low work rates, but 
then gradually decreases as the work rate becomes more intense (1,2,3) 
(Figure 1). Also flow in the internal carotid artery shows this reversed 
u-shape pattern with work rate while flow in the vertebral artery flow 
increases progressively with work rate despite the decrease in PaCO2 (4). 
May be intense cerebral activation associated with integration of blood 
pressure and ventilatory control, besides motor function hinder that a 
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Figure 1. Cerebral blood flow as determined by 133Xenon Clearance 
during progressive cycling exercise (1,2,3). Values for gray matter 
(F1) and average flow (ISI). Also shown middle cerebral artery 
mean flow velocity (Vmean).

Figure 2. Relationship between increase in middle cerebral artery 
mean flow velocity (MCA Vmean) and in cardiac output among 
patients with atrial fibrillation (10).

low PaCO2 affects vertebral artery flow and it may also 
be important that the “CO2 reactivity” for the vertebral 
artery is smaller than for the internal carotid artery (9). 

CBF AND CARDIAC OUTpUT

The increase in CBF during exercise seems to depend 
on the ability to increase cardiac output, albeit that is 
argued from the recording of MCA Vmean rather of CBF 
or, e.g. internal carotid flow. Thus, among patients with 
atrial fibrillation there is a relation between the increase 
in MCA Vmean and the increase in cardiac output (Fig-
ure 2) (10). Also for older people the increase in MCA 
Vmean is smaller than for young people and related to a 
smaller increase in cardiac output (11). Furthermore, 
when the increase in cardiac output during exercise is 
attenuated following administration of a beta-receptor 
blocking agent, the increase in MCA Vmean becomes 
smaller, typically it is half as large as seen during control 
exercise (12). In support, following the administration of 
a beta-receptor blocking agent, the increase in MCA 
Vmean is normal when there is no challenge to cardiac 
out as during handgrip exercise.

It has been speculated whether the attenuated increase 
in MCA Vmean during exercise with a small increase in 
cardiac output is due to a sympathetic restrain on CBF. 
The brain circulation demonstrates “norepeniphrine spill 
over” (13) arguing for that at least some brain vessels are 
innervated by sympathetic fibers. On the other hand, it 
has not been evaluated whether such norepinephrine spill 
over from the brain is enhanced when exercise is carried 
out with a restricted cardiac output, e.g. following admin-
istration of a bet-adrenergic blocking agent. What has 
been demonstrated is that following administration of a 
beta-adrenergic blocking agent the raise in MCA Vmean 
is normal if the sympathetic fibers to the brain are blocked 

by local anesthesia to the stellate ganglion (12). Converse-
ly, on the contralateral side MCA Vmean demonstrates 
the attenuated raise during exercise as normally seen with 
the administration of beta-adrenergic blocking agent. 
Thus, sympathetic restrain on CBF remains a possibility 
albeit more direct evidence is needed to establish the role 
of sympathetic activity for flow distribution under cir-
cumstances associated with a small ability to increase 
cardiac output.

CEREBRAL OxYGENATION DURING 
ExERCISE

With a decrease in CBF for large parts of the brain 
dung intense exercise at the same time as CMRO2 re-
mains high, it would be expected that cerebral oxygen-
ation decreases. In fact, a near infrared spectroscopy 
(NIRS) determination of frontal lobe oxygenation shows 
the same pattern as CBF during exercise of increasing 
intensity. Thus, during low intensity exercise there is an 
increase in cerebral oxygenation that is reversed to a de-
crease during intense exercise (14). Recently it has been 
argued that a NIRS-based evaluation of cerebral oxygen-
ation is “contaminated” by protons absorbed in extra-
cranial tissue, i.e. a NIRS evaluation of cerebral oxygen-
ation is affected by the administration of, e.g. 
phenylephrine although phenylephrine does not affect 
internal carotid flow (15). Thus, the inverse u-shaped 
NIRS reported cerebral oxygenation takes place despite 
an expected decrease in skin oxygenation at low work-
loads and despite the increase in skin blood flow that is 
provoked by increasing body temperature during intense 
exercise.

Also during progressive exercise an inverse u-shaped 
cerebral oxygenation of the brain is demonstrated when 
based on arterial to internal jugular venous blood values 
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Figure 3. Changes in near infrared determined frontal lobe oxygenation (ScO2), middle cerebral artery mean flow velocity (MCA Vmean), and 
calculated cerebral capillary saturation (Scap) and mitochondrial oxygen tension (PmitoO2) during progressive cycling exercise with (filled 
circle) and without (open circle) a beta-adrenergic blocking agent (from Seifert et al. 2009c).

(7,16). Moderate exercise is associated with an increase in 
cerebral oxygenation while cerebral oxygenation decreas-
es during intense exercise. Rasmussen et al. (16) found 
that low cerebral oxygenation affects slow muscle contrac-
tions (static handgrip) while fast contractions (repeated 
clicks on a computer mouse) remained unaffected, sug-
gesting that so-called central fatigue affects slow twitch 
muscle fibers more than fast twitch fibers as previously 
found when recording the contraction pattern developed 
under circumstance where fatigue can be argued to be of 
mainly central origin (17,18). Also with the use of beta-
adrenergic blocking agents it can be argued that a least 
some of the reduction in work capacity is of central origin 
and not only related to the attenuated ability to increase 
cardiac output and thereby leg blood flow (19). When 
exercise is performed with a beta-adrenergic blocking 
agent, cerebral oxygenation runs through the described 
inverse u-shaped pattern and at exhaustion the decrease 
in cerebral oxygenation is strikingly similar with the beta-

adrenergic blocking agent as during the control exercise 
(Figure 3) (20). Thus, it remains a possibility that cerebral 
oxygenation affects ability of the brain to recruit muscle 
fibers but in that regard it might well be that a restricted 
flow is as important as a decrease in oxygenation as such. 
At least, the role of cerebral oxygenation versus CBF for 
exercise capacity during hypoxia that increases CBF (21) 
remains debated (22). 

CEREBRAL mETABOLISm DURING 
ExERCISE

As mentioned, whole-body exercise is associated with 
an increase in CMRO2 that does not manifest during 
exercise with a small muscle mass (handgrip) (7). Yet, the 
common finding is that the increase in the brain’s uptake 
of carbohydrate is larger than the increase in its uptake of 
oxygen, i.e. the brain demonstrates non-oxygen carbohy-
drate consumption. During exercise the “extra” carbohy-
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Figure 4. Cerebral uptake of carbohydrate and oxygen during and after progressive cycling exercise (from Ide et al. 2000b). During exercise the 
cerebral metabolic ratio (O2/(glucose + lactate/2) decreases.

drate taken up by the brain is carried by lactate that is 
taken up in proportion to its arterial concentration. Thus 
during intense exercise, the brain may on a molecular 
level take up as much lactate as glucose, arguing for that 
about 30% of the substrate used by the brain is covered 
by lactate (23,24) (Figure 4). Moreover, the lactate taken 
up by the brain is to a large extent oxidized, albeit the 
fraction that is oxidized decreases somewhat at high blood 

lactate levels (25). At rest the brain typically demonstrates 
a small release of lactate and although that release is hid-
den by the enormous uptake of lactate during exercise, 
the lactate release form the brain continues during exer-
cise and it likely doubles (25,26). Source for brain lactate 
release during exercise could be the brain’s glycogen de-
posit that, as demonstrated for rats gradually decreases 
during exercise (27,28) and even demonstrates “super 
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compensation” following exercise as well known for the 
skeletal muscle glycogen deposit (29). For humans the 
glycogen level has been determined to about 6 mM in 
gray and white matter and is twice as large in the hippo-
campus (30). 

In summary, during exercise the brain not only takes 
up more carbohydrate than can be accounted for by its 
uptake of oxygen, it also uses glycogen which makes the 
apparent imbalance in brain metabolism even larger. If 
brain metabolism were balanced, it would be expected 
that the ratio between its uptake of oxygen and carbohy-
drate was 6 (counting only half of the lactate taken up by 
the brain since it encompasses only 3 carbon atoms). Yet 
during very intense whole-body exercise (rowing), the 
metabolic ratio for the brain decreases to a record low 
value of 1.7 (31,32), meaning that only about one third 
of the amount of carbohydrate taken up by the brain can 
be accounted for by the concomitant uptake of oxygen 
and there seems to be not to be other substances than 
glucose and lactate that are quantitatively important for 
the brain (33). Also the concomitant uptake of ammo-
nium, e.g. for formation of amino acids can explain at the 
most 10% of the activated brain’s non-oxidative carbohy-
drate consumption (34).

What explains this vast imbalance in metabolism for 
the activated brain remains unknown, but it may be 
coupled to an adrenergic mechanism. At least infusion of 
epinephrine, but not of norepinephrine is associated with 
a drop in this so-called cerebral metabolic ratio (35). Also, 
the drop in the cerebral metabolic ratio is blunted in re-
sponse to administration of a non-selective beta-adrener-
gic blocking agent (20,36), while a beta1- adrenergic 
agent is without such an effect (37). Taken together it 
seems that a beta2-adrenergic mechanism dictates the 
decrease in the cerebral metabolic ratio associated with 
activation of the brain.

CONCLUSION

We are thereby left with three questions to the brain: 
1) can it be that CBF is under sympathetic control or may 
be controlled by other autonomic mechanisms, e.g. by 
cholinergic fibers (38); 2) can a reduction in cerebral oxy-
genation explain so-called central fatigue; and 3) what 
causes the cerebral metabolic ratio to decrease when the 
brain is activated?
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