Chapter 11
Regional Cerebrovascular Responses
to Hypercapnia and Hypoxia

Douglas R. Corfield and Leanne C. McKay

Abstract A limited number of studies using differing imaging approaches suggest that there are
regional variation in the cerebrovascular response to hypercapnia and hypoxia. However there are
limitations to these studies. In particular, it is not clear if existing studies of hypoxia have fully
accounted for the confounding effects of the changes in arterial PCO, on cerebral perfusion that, if
uncontrolled, will accompany the hypoxic stimulus. We determined quantitative maps of grey mat-
ter cerebral blood flow using a multi-slice pulsed arterial spin labelling MRI method at 3 T at rest,
during conditions of isocapnic euoxia, hypercapnia, and mild isocapnic hypoxia. From these data,
we determined grey matter cerebrovascular reactivity maps which show the spatial distribution of
the responses to these interventions. Whilst, overall, cerebral perfusion increased with hypercapnia
and hypoxia, hypoxia cerebrovascular reactivity maps showed very high variation both within and
between individuals: most grey matter regions exhibiting a positive cerebrovascular reactivity, but
some exhibiting a negative reactivity. The physiological explanation for this variation remains
unclear and it is not known if these local differences will vary with state or with regional brain
activity. The potential interaction between hypoxic or hypercapnic cerebrovascular changes and
neurally related changes in brain perfusion is of particular interest for functional imaging studies
of brain activation in which arterial blood gases are altered. We have determined the interaction
between global hypoxia and hypercapnia-induced blood oxygen level-dependent (BOLD) MRI
signal and local neurally related BOLD signal. Although statistically significant interactions were
present, physiologically the effects were weak and, in practice, they did not change the statistical
outcome related to the analysis of the neurally related signals. These data suggest that such respi-
ratory-related confounds can be successfully accounted for in functional imaging studies.
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11.1 Introduction

It is well known that the cerebral circulation is sensitive to changes in arterial blood
gas tensions; hypercapnia and hypoxia both, independently, increase cerebral blood
flow. There is therefore a close linkage between the regulation of breathing and the
regulation of cerebral blood flow; changes in breathing will alter the concentrations
of oxygen and carbon dioxide in arterial blood, and thus cerebral blood flow. The
cerebral vascular response to hypercapnia has been used to assess the integrity of the
cerebral circulation and has been shown to be altered in different physiological and
pathophysiological states. For example, the cerebrovascular reactivity to hypercap-
nia is reduced in the morning compared to the evening [17] and is lower during slow
wave sleep than during the waking state [16]. It is also modified in patients with
sleep disordered breathing [23] and with heart failure [18]. These disease states,
along with other cardiorespiratory conditions, are also associated with reduced lev-
els of arterial oxygen (hypoxia). Hypoxia is of clinical significance as the brain is
particularly vulnerable to the effects of low oxygen [5]. The physiological response
of cerebral blood flow to hypoxia has been less extensively studied than that to
hypercapnia. However, the consensus is that cerebral blood flow increases in
response to moderate and severe hypoxia; the response to mild hypoxia is more
equivocal (e.g. [17, 25]); like hypercapnia, the response to hypoxia is altered in
certain physiological states, e.g. sleep [16]. Most investigations of the cerebral
blood flow response to hypercapnia and hypoxia have been performed using tran-
scranial Doppler ultrasound; this method has high temporal resolution but is limited
to the study of flow velocity changes in individual arteries. Relatively little is known
about the regional responses of the cerebral circulation to these stimuli. However,
any differences in such responses may be significant as they may determine the rela-
tive degree of protection afforded to different brain areas in response to such insults.

11.2 Determination of Regional Cerebral Perfusion

A number of methodologies can be used to determine regional cerebral perfusion in
humans. Single photon emission computed tomography (SPECT) determines the
distribution of a gamma emitting radionucleotide across the brain. Usually for
perfusion-related studies the ligand *™Tc-HMPAO (hexamethylpropylene amine
oxime) is used (e.g. [21]); this will distribute around the brain in proportion to blood
flow. The method is limited in application as it has relatively low spatial resolution
and the relatively long half-life of ligands means that repeated measurements can be
made relatively infrequently. The total number of measurements are limited by
radiation dose. Regional cerebral blood flow can be determined using positron
emission tomography (PET) using the H,'3O as the radioligand (e.g. [26]). As with
SPECT the ligand distributes around the brain in proportion to brain blood flow.
The positrons emitted during the decay of the 'O are each annihilated in collision
with an electron producing two co-incident gamma rays at 180° to each other. This
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results in a greater spatial resolution than that of SPECT and the short half-life of
150 allows measurements to be repeated every few minutes. Concomitant arterial
sampling allows an accurate calibration of measurements and H,"O PET is regarded
as the “gold standard” for measurements of regional cerebral blood flow. However,
like SPECT the scope of such studies are limited by increasingly stringent regula-
tions limiting total radiation doses.

Considerable information on cerebral perfusion has been obtained using blood oxy-
gen level-dependent functional magnetic resonance imaging (BOLD fMRI), a method
that is safe and repeatable and has high spatial and temporal resolutions. The methodol-
ogy relies on using deoxyhaemoglobin, a paramagnetic compound, as an endogenous
contrast agent. In particular, changes in the concentration of deoxyhaemoglobin alter
the magnetic susceptibility of the blood and produce local inhomogeneities in the mag-
netic field that are evident in MRI T2* images. The change in the BOLD signal can be
used as a marker of the change in regional brain perfusion that accompanies changes in
brain activity [32]. The phenomenon is now widely exploited as the basis for functional
neuroimaging. However, the relationship between the BOLD T2* signal and brain
perfusion is not straightforward; local changes in the signal will reflect changes in both
local haemoglobin saturation (i.e. the ratio of HbO, to Hb) and local blood volume (i.e.
the concentration of Hb) [4]. The relationship to local blood flow will further depend
on the rate of oxygen extraction in the local tissues.

Other MRI approaches offer more direct measurements of local cerebral perfu-
sion. In particular pulsed arterial spin labelling (PASL) methods allow repeated and
non-invasive determination of the cerebral blood flow or perfusion [7, 8]. PASL
determines brain perfusion by monitoring the transit of magnetically labelled blood
through a region of interest. It is well known that PASL methods for determination
of cerebral blood flow suffer from low SNR compared to dynamic susceptibility
contrast methods using paramagnetic contrast agents; the latter, however, are not
feasible for applications requiring repeated determinations of cerebral blood flow as
a full elimination of the contrast agent is necessary before repeating the scan. For
this reason PASL methods are increasingly used to investigate and monitor brain
perfusion under normal and pathological conditions [9, 11, 33] and where changes
in cerebral blood flow related to physiological stimuli [13, 30, 31] or brain activa-
tion [14, 29, 31, 34] are of interest.

11.3 Regional Cerebrovascular Response to Hypercapnia

The first study of the regional cerebral blood flow responses to hypercapnia using
H,0 PET was performed by Pinard et al. [22], who determined responses in three
anaesthetized baboons. The authors reported good reproducibility in the measure-
ments of regional cerebral blood flow using hypercapnia and no notable differences
in response were reported across 12 regions of interest. Subsequently, Ramsay et al.
[26] determined differences in H,'*O PET regional cerebral blood flow in cortical
grey and white matter regions of interest in humans using hypercapnic and hypocap-
nic stimuli. The study, however, did not explore differences between different cortical
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sites. Ito et al. [10] specifically tested the heterogeneity of the response the hypercap-
nia and hypocapnia with H,'O PET in humans and reported significant relative
hyperperfusion during hypercapnia in the pons, cerebellum, thalamus, and putamen.

Kastrup et al. [12] investigated the regional variability of the BOLD response to
breath-hold-induced hypercapnia in five predetermined regions of interest. They
reported that BOLD signal changes in the cerebellum and visual cortex were signifi-
cantly higher than in the frontal cortex and basal ganglia. BOLD signal changes in
the cerebellum were also significantly higher than in the sensorimotor cortex.

Our own unpublished data show significant heterogeneity in the BOLD response
to hypercapnia (produced by increasing inspired CO,) across the cortex. However,
MRI angiography suggests that the sites of the largest signal changes to BOLD
include large veins and venous sinuses which are particularly evident at the bound-
aries of both the visual cortex and cerebellum (Fig. 11.1).

Fig. 11.1 Influence of large veins on inhomogeneities in the regional cerebrovascular response to
hypercapnia. MRI angiography of venous vessels (a) has been superimposed upon anatomical (T1
weighted) MRI section of (b) the whole brain in sagittal section and (c) the cerebellum in trans-
verse section. (d) Magnitude of BOLD signal change in response to hypercapnia in three contiguous
sagittal sections of the cerebellum anatomically close to the section in (c). Increasing signal change
is indicated in an arbitrary scale from grey to white. Note that the areas of greatest signal change
in response to hypercapnia are anatomically similar to the location of large veins
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A further note of caution must be made that all such mapping studies inducing
hypercapnia by breath holding or by modulating inhaled gas concentrations, will
necessarily include changes in neural activity associated with changes in the sen-
sory motor task and with the “experience” associated with the changing blood
gases. These neurally related signal changes must, at least in part, contribute to any
observed differences in the regional cerebrovascular responses.

As described above, PASL is being increasingly used to determine regional cere-
bral blood flow. Typically, MRI scanners of different field strengths will be utilised
for clinical investigations and the effects that this will have on quantification is uncer-
tain. Therefore we determined cerebral blood flow at 1.5 and 3.0 T, under normo- and
hypercapnia, using a pulsed arterial spin labelling technique [19]. To improve grey
matter cerebral blood flow quantification white matter was excluded by using a high-
resolution grey matter mask. The cerebral vascular reactivity to hypercapnia was
derived from the quantitative grey matter cerebral blood flow maps. For both field
strengths, the grey matter cerebral blood flow was significantly higher under hyper-
capnia compared to normocapnia. For both conditions, there was no significant
difference of grey matter cerebral blood flow for 1.5 and 3.0 T; the same applied to
the determination of cerebral vascular reactivity, which was 4.3 and 4.5 %/mmHg at
1.5 and 3.0 T, respectively. These data indicate that, with appropriate approaches,
field strength will not affect quantitative determinations of cerebral perfusion.

11.4 Regional Cerebrovascular Response to Hypoxia

A limited number of studies have used perfusion-sensitive MRI to investigate the
cerebral blood flow response to hypoxia. Some studies suggest that the response to
hypoxia may be uniform across the brain, others indicate some inhomogeneity.
However, it is not clear if these existing studies have fully accounted for the con-
founding effects of changes in arterial PCO, on cerebral blood flow that, if
uncontrolled, will accompany the hypoxic stimulus [27, 28, 31].

Our laboratory determined quantitative cerebral blood flow maps of cortical grey
matter with a pulsed arterial spin labelling technique at 3 T in a group of 19 subjects
[20]. From these grey matter cerebral blood flow maps cerebrovascular reactivity
maps to isocapnic hypoxia were calculated showing the regional distribution of the
cerebrovascular reactivity (Fig. 11.2). Cerebrovascular reactivity maps of isocapnic
hypoxia showed very high intra-subject variations, some grey matter regions
exhibiting a positive others a negative cerebrovascular reactivity. Seventy percent
of subjects showed an overall positive cerebrovascular reactivity and the remaining
30 % of subjects an overall negative cerebrovascular reactivity (Fig. 11.3); per 10 %
decrease in arterial oxygen saturation, cerebrovascular reactivity to isocapnic
hypoxia resulted in a 10.7+2.5 % increase in cerebral blood flow in positive and in
a9.0+2.6 % decrease in negative responders.
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Fig. 11.2 (a) Quantitative grey matter cerebral blood flow maps from a single subject under iso-
capnia (ic) and isocapnic hypoxia (hx). Values are % change in cerebral blood flow per mmHg
increase in PetCO2. (b) Quantitative map of cerebrovascular reactivity to hypoxia for the same
subject as (a). Values are % change in cerebral blood flow per 10 % decrease in SaO2. Note both
positive and negative values for cerebrovascular reactivity are present across the region. Modified
from [20]

The high variability in hypoxic cerebrovascular reactivity between subjects
could be due to conflicting physiological effects caused by hypoxia: vasodilatation
and vasoconstriction. With low-level hypoxia, as applied in this study, both effects
compete resulting either in an increase or a decrease of cerebral blood flow in single
subjects depending on the overall dominant physiological effect in the subject stud-
ied. Also within individual subjects, there is a high variability in hypoxic cerebro-
vascular reactivity in grey matter; in some areas it is positive possibly indicating
predominantly vasodilatation, in other regions it is negative indicating a vasocon-
striction. At levels of hypoxia greater than those studied here, the vasodilator effect
appears to dominate resulting in an increase in cerebral blood flow. We have also
noted a vasoconstrictor effect of hypoxia in other studies from our laboratory that
appear to be state dependent—this effect being prominent during slow wave sleep
[16] and in the morning on awakening [17].

Recently Binks et al. [2] determined regional differences in the cerebrovascu-
lar response to moderate isocapnic hypoxia in cortical and subcortical grey matter
using PET. Rather than applying an anatomical mask, white matter was excluded
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Fig. 11.3 Grey matter cerebral blood flow values for individual subjects under normocapnia and
hypercapnia (left) and isocapnia and hypoxia (right). Positive and negative responders are shown
with solid and dotted lines respectively. The group mean+cerebral blood flow values for all sub-
jects (including both positive and negative responders) are also indicated (Reproduced from [20])

by applying an absolute threshold to the cerebral blood flow measurements. They
reported that generally regions of interest with higher baseline perfusion exhib-
ited increased responses to hypoxia. Interestingly, cortical grey matter showed
below average increases in response to hypoxia and phylogenetically older
regions of the brain (including the putamen, brain stem, thalamus, caudate
nucleus, nucleus accumbens, and pallidum) tended to show larger vascular
responses.

These two complementary studies strongly indicate that there are marked differ-
ences in the cerebrovascular responses to hypoxia, within and between brain regions
and across subjects, The underlying reasons for these differences remains unclear
but may well determine the pathophysiological responses to hypoxia and the degree
of detriment to brain tissue.

11.5 Implications for Functional Brain Imaging Studies

Neuronal activation studies using functional brain imaging are problematic when
the task or stimulus is associated with any changes in the arterial blood gases: any
change in arterial blood gases will change global brain blood flow such that the
local neurally related change in cerebral blood flow are correlated with the global
change (see Fig. 11.4). In such circumstances it is therefore not possible to uniquely
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Fig. 11.4 Flow diagram summarising the effect of increased arterial PCO, and decreased arterial
PO, on the local BOLD fMRI signal, which in this example is associated with an increase in
ventilation

assign the change in local perfusion to being of neural origin. To address this we
have developed paradigms for BOLD fMRI studies that dissociate the time course
of the blood gas changes from the paradigm of interest and so dissociate the global
perfusion signal from the local activation-related signals. This approach has had
particular success in our study to determine the neural basis for voluntary breath
holding [15]. Breath holding increases arterial PCO,, which consequently leads to a
vasodilation of the cerebral circulation and a concomitant increase in whole-brain
BOLD signal that is highly correlated with local, neurally induced, BOLD signal
changes of interest. To address this caveat, PCO, levels were manipulated through-
out the experiment to dissociate the time course of the whole-brain BOLD signal
from the time course of the local, neural-related BOLD signal; this allowed local
activity associated with breath holding to be determined independent of whole-
brain BOLD effects.

This approach is generally applicable to studies in which either CO, or O, blood
gas levels change. However, one assumption for this is that there are no substantial
interactions between the blood gas changes and the vascular response to activation.
Changes in such neurovascular coupling could over or under estimate the degree of
activation associated with a particular experimental activation. A number of studies
have investigated this issue for hypercapnia and as yet the relationship between
whole-brain and regional blood flow is incompletely characterised. Some studies
propose that the two signals are independent and additive [6, 13, 26], while others
report an interaction with an attenuation [1, 3] or augmentation [24] of the regional
BOLD signal.

We have tested for an interaction between hypoxia and hypercapnia and a visual
stimulus that would produce robust BOLD signal increases within the occipital lobe
(visual cortex). Statistical analyses were performed in order to characterize the pres-
ence of any interactions between the effects of hypercapnia and hypoxia on whole-
brain blood flow, with local changes in cerebral blood flow associated with the
visual stimulus (Fig. 11.5). A first analysis determined the main effects of the visual
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Fig. 11.5 “Glass brain” projections (viewed from above) of statistically significant changes in the
BOLD signal (SPM{f} corrected for multiple comparisons p<0.05, n=9). (a) main effect of
hypercapnia, (b) main effect of hypoxia, (¢) main effect of visual stimulation accounting for the
effects of hypercapnia and hypoxia, (d) interaction of hypercapnia and the visual stimulus (e)
interaction of hypoxia with the visual stimulus and (f) main effect of visual stimulation without
accounting for the effects of hypercapnia and hypoxia. Note the substantial similarity of (c) and (e)
indicating that the interaction between global vascular effects and the neurally related effects has
a negligible effect on the determination of the functionally related changes

stimulus and included components to model the presence of an interaction between
whole-brain BOLD signal fluctuations with the visually induced changes in regional
BOLD signal. A second analysis modelled only the main effects of the visual stimu-
lus and omitted the interaction terms of the first model. These analyses identified
significant interactions between whole-brain BOLD signal changes induced by
hypercapnia and hypoxia and the local neurally related BOLD signal associated
with the visual stimulus. Hypercapnia decreased the response to the visual stimulus
and hypoxia increased the response. However, physiologically the effects were
weak and, in practice, they did not change the statistical outcome related to the
analysis of the neurally related signals.

11.6 Conclusions

The regional grey matter cerebrovascular responses to hypercapnia and hypoxia
both show regional variation. However, this variation appears to be substantially
greater for hypoxia. The reasons underlying these regional differences are unclear
but may determine local neuroprotective responses to perfusion-related insults.
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Correlation and interactions between global vascular changes due to hypoxia and
hypercapnia and local neurally related vascular changes are a challenge to functional
imaging studies. However, with appropriate study design, such respiratory-related
confounds can be successfully accounted for.
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