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The cerebrovascular response to carbon dioxide in humans

A. Battisti-Charbonney', J. Fisher!? and J. Duffin!-?

! Department of Physiology, University of Toronto, Toronto, ON, Canada M5S 1A8
2Department of Anaesthesiology, University of Toronto, and University Health Network, Toronto, ON, Canada

Non-technical summary Two mechanisms control brain blood flow by changing blood vessel
diameter: autoregulation maintains flow in the face of perfusion pressure changes, and brain
metabolism adjusts flow to meet metabolic requirements. Brain blood vessel reactivity to CO,
and O, is an important component of the latter. We used a specialised rebreathing technique
to change CO, over a wide range at constant O,, estimating brain blood flow responses from
measurements of middle cerebral artery flow velocity. We found that below a threshold CO,,
blood pressure was unchanged, but blood flow increased in response to CO,. This response
had a sigmoidal shape, centred at a CO, close to resting. Above the threshold, both blood flow
and pressure increased with CO,. We concluded that this method measures the brain blood
flow reactivity to CO, without the confounding influence of blood pressure changes. The results
obtained contribute to our understanding of brain blood flow regulation.

Abstract Carbon dioxide (CO,) increases cerebral blood flow and arterial blood pressure.
Cerebral blood flow increases not only due to the vasodilating effect of CO, but also because of
the increased perfusion pressure after autoregulation is exhausted. Our objective was to measure
the responses of both middle cerebral artery velocity (MCAv) and mean arterial blood pressure
(MAP) to CO, in human subjects using Duffin-type isoxic rebreathing tests. Comparisons of
isoxic hyperoxic with isoxic hypoxic tests enabled the effect of oxygen tension to be determined.
During rebreathing the MCAv response to CO, was sigmoidal below a discernible threshold
CO, tension, increasing from a hypocapnic minimum to a hypercapnic maximum. In most
subjects this threshold corresponded with the CO, tension at which MAP began to increase.
Above this threshold both MCAv and MAP increased linearly with CO, tension. The sigmoidal
MCAv response was centred at a CO, tension close to normal resting values (overall mean
36 mmHg). While hypoxia increased the hypercapnic maximum percentage increase in MCAv
with CO, (overall means from 76.5 to 108%) it did not affect other sigmoid parameters. Hypoxia
also did not alter the supra-threshold MCAv and MAP responses to CO, (overall mean slopes
5.5% mmHg ™' and 2.1 mmHg mmHg™, respectively), but did reduce the threshold (overall
means from 51.5 to 46.8 mmHg). We concluded that in the MCAv response range below the
threshold for the increase of MAP with CO,, the MCAv measurement reflects vascular reactivity
to CO, alone at a constant MAP.
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Introduction

The control of the cerebral perfusion is closely linked to
the regulation of the intracranial volume, which includes
the arterial cerebrovascular bed, the large cerebral veins,
and the cerebrospinal fluid. According to Poiseuille’ law,
cerebral blood flow is determined by the cerebral perfusion
pressure (arterial-intracranial) and the cerebrovascular
resistance (see Edvinsson & Krause, 2002 for a review).
The cerebral vascular bed exhibits flow autoregulation
with respect to changes in perfusion pressure, altering the
vascular resistance to regulate blood flow in the face of
changes in systemic blood pressure (Panerai, 1998). Auto-
regulation has two components: a dynamic regulation that
occurs over a few seconds and a static regulation that copes
with gradual changes in perfusion pressure over time.
Recently Lucas etal. (2010) examined static autoregulation
and showed that when carbon dioxide (CO,) tensions
are held constant at resting values, cerebral blood flow
increases with systemic blood pressure. Cerebral vessels
also respond to vasoactive agents such as nitric oxide and
prostaglandins (Peebles et al. 2008) whose release may be
mediated by velocity induced increases in shear stress.

In addition, cerebrovascular resistance is also affected
by CO, and oxygen (O,) such that vasodilation occurs
at the arterioles and precapillary sphincters in response
to hypercapnia (Ainslie & Duffin, 2009) and hypoxia
(Ainslie & Ogoh, 2009). This sensitivity functions to
assist the maintenance of central [H"], and therefore
affects the respiratory central chemoreceptor stimulus
(Ainslie & Duffin, 2009). The mechanism by which
CO, affects cerebrovascular resistance vessels is not fully
understood. Increased CO, leads to increased [H'],
which activates voltage gated K* channels. The resulting
hyperpolarization of endothelial cells reduces intracellular
calcium, which leads to vascular relaxation and hence
vasodilatation (Kitazono et al. 1995; Nelson & Quayle,
1995).

Complicating the interaction of these factors is the fact
that autoregulation becomes ineffective in hypercapnia
(Czosnyka et al. 1993). Within the autoregulatory range
the effect of CO, during rest is currently estimated to be a
2-3% decrease in cerebral blood flow per mmHg decrease
in the arterial partial pressure of CO;, (P,co,), limited
by vasoconstriction capacity at about 10-15 mmHg. By
contrast, cerebral blood flow increases by 3—4% per mmHg
increase of P,co,, reaching its highest level when P,co,
is elevated by 10-20 mmHg above normal resting value
(Brugniaux et al. 2007).

These experiments were part of a series investigating the
cerebrovascular and ventilatory responses to CO, using
both steady state and rebreathing methods of assessment.
This report details the rebreathing experiments. Our goal
was to develop an analysis of the cerebral blood flow
responses that not only accounted for the effects of
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CO, and hypoxia on cerebrovscular resistance but also
accounted for the effects of perfusion pressure.

Several assumptions formed the basis of this analysis,
and these are elaborated in the Results section. First, we
assumed that changes in cerebral blood flow with CO,
and hypoxia were uniquely attributable to their effects on
cerebrovascular resistance if systemic blood pressure did
not change with CO; or hypoxia. Second, we assumed that
within this range the changes in cerebral blood flow due to
alterations in cerebrovascular resistance were dependent
on changes in resistance vessel diameter. Consequently
a maximum and minimum vasodilation exists and this
control of cerebral blood flow would be limited in range. As
a result of this reasoning we adopted a sigmoidal relation
between cerebral blood flow and P,co, from hypocapnia
to hypercapnia as others have suggested (Ursino & Lodi,
1998; Claassen et al. 2007). We hypothesised that above
the maximum vasodilation limit, cerebral blood flow is
dependent on perfusion pressure. Finally we used the
measurement of middle cerebral artery flow velocity to
estimate cerebral blood flow as is commonly done (e.g.
Dahl et al. 1992).

We tested our assumptions and hypothesis by
implementing steadily progressive increases in end-tidal
Pco, (Prrco,), from hypocapnia to hypercapnia, via
isoxic hyperoxic and hypoxic Duffin-type rebreathing
tests, monitoring ventilation and middle cerebral artery
velocity (MCAv) as the surrogate for brain blood flow.
During rebreathing, MCAv increased in a sigmoidal
fashion with Pgrco,, from a hypocapnic minimum to a
hypercapnic maximum with little change in perfusion
pressure. The sigmoid response was centred at a Pgrco,
close to normal resting tensions. Hypoxia increased the
hypercapnic plateau maximum but did not affect other
parameters of the sigmoidal response. Above the hyper-
capnic plateau maximum there was a threshold Pgrco,
above which both blood pressure and cerebral blood
flow increased in proportion to Pgrco,; hypoxia did not
alter these supra-threshold responses but did reduce the
threshold.

Methods
Subjects and ethical approval

These studies conformed to the standards set by the
latest revision of the Declaration of Helsinki. After
approval from the Research Ethics Board of the Toronto
General Hospital (University Health Network) and written
informed consent 16 (9 m) healthy non-smoking sub-
jects of mean (SD) age 27 (5.8) years were recruited for
the study. Their mean (SD) heights, weights and BMI
were 1.73 (0.09) m, 63.9 (9.9) kg and 21.5 (2.2). Sub-
jects were instructed not to use alcohol, or caffeine,
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or over-the-counter drugs, or engage in unusual heavy
physical activity for at least 12 h before each testing day.

Apparatus

During testing subjects were seated on a comfortable
chair in a quiet room and fitted with a face mask.
The face mask was connected to a three-way, manually
operated valve via a mass flow sensor (AWM?720P1 Airflow,
Honeywell; Freeport, IL, USA). One way of the three-way
valve was left open to room air and the other to a 2m
length of rebreathing tubing. This rebreathing tubing was
supplied with gas from a programmable gas mixing system
(RespirActTM; Thornhill Research Inc., Toronto, Canada)
at the three-way valve and left open to room air at its distal
end. This set-up allowed us to quickly and easily switch the
subject between breathing room air and mixed gas. Middle
cerebral artery flow velocity (MCAv) was measured using
bilateral trans-cranial 2 MHz pulsed Doppler (ST3 Trans-
cranial Doppler; Spencer Technologies, Seattle, WA, USA)
sampled at 125 Hz. Other measures were arterial blood
pressure determined by finger plethysmography (Nexfin;
BMYE, Amsterdam, the Netherlands) sampled at 200 Hz,
and Pgrco, and end-tidal partial pressures of O, (Pgro,)
(RespirAct™, Thornhill Research Inc.) sampled at 20 Hz.
Each of these instruments saved a digital record for later
analysis.

Protocol

We measured the cerebrovascular response to increasing
CO; at hyperoxic and hypoxic isoxic tensions using the
Duffin rebreathing method (Duffin et al. 2000; Jensen
et al. 2010). Each test consisted of three phases: a base-
line phase where the subjects breathed room air at
rest; a hyperventilation phase where the subjects hyper-
ventilated to a target Prrco, between 20 and 25 mmHg
for 5 min; followed immediately by dynamic rebreathing.
After the last breath of the hyperventilation phase the
subject exhaled completely and was then switched to
the rebreathing tubing, taking three deep breaths before
relaxing. Dynamic rebreathing was implemented by
programming the gas mixing device to supply a flow
of gas with a Pcp, equal to the Pgrco, of the previous
breath and O, sufficient to maintain an isoxic Pgro, at
either 150 mmHg (hyperoxic test) or 50 mmHg (hypoxic
test). The hyperoxic and hypoxic rebreathing tests were
separated by at least 10 min of rest and their order was
randomised by a blind choice of cards.

Data analysis

For each test, beat-by-beat values of MCAv and mean
arterial blood pressure (MAP) were calculated. Then these
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beat-by-beat measures, and Pgrco, and Pgro, measures
were time aligned, and breath-by-breath values were
calculated for MAP and MCAv. MCAv was then converted
to a percentage change from the mean minimum value
observed during the hyperventilation phase. MAP and
MCAVv as percentage change were plotted vs. Pgrco, for
each test. To fit the MCAv response to Pgrco, we used
the following assumptions. First, that hyperventilation
of room air lowered Pgrco, sufficiently to produce a
maximum CO,-modulated vasoconstriction such that
vessel diameter could decrease no further. Second, that as
Prrco, increased from a hypocapnic value during hyper-
ventilation to increasingly hypercapnic values during
rebreathing, vasodilatation reached a maximum; the shape
of this relationship was assumed to be sigmoidal (Claassen
et al. 2007). Third, as hypercapnia increased further
during rebreathing maximal vasodilatation had occurred,
maintained by hypercapnia, and therefore cerebral blood
flow was determined by perfusion pressure.The MAP
response to Pgrco, was fitted with a straight line above
a Pgrco, threshold (Tyap) using linear regression. The
MCAV response to Prrco, was divided into two portions
above and below a Pgrco, threshold (Tycay). The portion
below Tycay was fitted with a sigmoid curve, mini-
mizing the sum of squares for non-linear regression
(Levenberg—Marquardt algorithm), whose equation
is:

MCAv = a + {b/[1 + exp(—(Pgrco, — ¢)/d)1},

where MCAv is the dependent variable as a percentage,
Pgrco, is the independent variable in mmHg, a is the
minimum MCAv% determined from the mean MCAv% of
the hypocapnic (hyperventilation) region (approximately
zero), b is the maximum MCAv% value, ¢ is the mid
point value of MCAv%, and d is the range of the linear
portion of the sigmoid (an inverse reflection of the slope
of the linear portion). Above Tyica, the MCAv response
to Pgrco, was fitted with a straight line based on linear
regression. A linear MCAv response to MAP was derived
from the supra-threshold fits of MAP vs. Pgrco, and MCAv
vs. P ETCO, -

The alignment and fitting processes were assisted by
specially written graphical analysis programs (LabVIEW;
National Instruments; Austin, TX, USA). The fitting
program provided a coefficient of determination measure
of the sigmoid and linear fits to assist the choice of
Tymcay and Tyap thresholds, which were chosen by eye
so as to minimise it. The fitting parameters generated by
the response analysis were examined for their differences
between left and right MCAv responses and between
hyperoxic and hypoxic rebreathing tests using a two-way
repeated measures analysis of variance (rmANOVA)
(SigmaStat; Systat Software Inc., San Jose, CA, USA).
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Results

All subjects completed both hyperoxic and hypoxic
rebreathing tests. However, for six subjects (5 m) the MCAv
record was obtained on their dominant side only, due to
technical difficulties. Figure 1 shows typical results from
rebreathing tests in a subject. During hyperventilation,
Prrco, declined to a mean (SD) for all tests of 25.0 (4.0)
mmHg as did MCAv, and Pgro, rose to a mean (SD) for
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all tests of 130 (4.5) mmHg, with little change in MAP
(mean (SD) for all tests of 86.1 (11.4) mmHg) from rest
(mean (SD) for all tests of 88.2 (8.8) mmHg). MCAv
declined to a minimum value, and did not decrease
further despite the continuing decrease of Pgrco,. As the
rebreathing test began, Pgrco, increased rapidly during
the equilibration period, and then slowly and linearly
with time. MCAv also increased rapidly at the start of
rebreathing, but then remained relatively constant until
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600 720 840 960 1080
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Figure 1. Hyperoxic and hypoxic rebreathing tests
for subject 13
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{ In the hyperoxic test thresholds Tyap and Tymcay are

960 easily discerned. In the hypoxic test, although Perco,
continues to decrease during hyperventilation, MCAv
reaches a minimum.
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Figure 2. Hyperoxic test for subject 7

The conversion of MCAv from cm s~! (open
triangles, right axis) to % change (filled
triangles, left axis) was based on the mean
minimum MCAv during hyperventilation. The
sigmoid parameters for the fit to the % MCAv
response are indicated, as is the threshold
Tmcav at which MCAv begins to increase
linearly with Perco,. The upper inset shows the
MAP vs. Petco, response and the linear fit
above the Tap threshold. The lower inset
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Prrco, exceeded a threshold Tycay, after which MCAv
increased linearly with time. Blood pressure changed little
at the start of rebreathing in most subjects, and only
increased as Pgrco, rose above a threshold value, Thap.
Figure 2 shows an example of fitting the MCAv response
to Pgrrco,. The mean MCAv during the hyperventilation
phase was taken as the minimum value of 0%, and all
MCAv values were converted to %. As the inset plot of MAP
vs. Pgrco, shows, MAP only increased with Pgrco, above
a threshold, Tyap; the increase with Prrco, above this
threshold was fitted with a straight line. A sigmoid model
was used to fit the MCAv data between the lowest Pgrco,
and the threshold Pgrco,, Tmcay, where MCAv begins to
increase further with Pgrco,. The MCAv increase with
Prrco, above Tycay was also fitted with a straight line.
The relation between MCAv and MAP was assumed to be
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Figure 3. Hyperoxic (filled) and hypoxic
(open) rebreathing test MCAv (triangles)
and MAP (diamonds) responses for
subject 7 showing the sigmoidal and linear 104

fits to the hyperoxic and hypoxic responses
(continuous and dotted lines, respectively)
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linear and derived from the super-threshold lines fitted to
the MCAV vs. Pgrco, and MAP vs. Pgrco, plots.

Figure 3 shows an example of both hyperoxic and hypo-
xic rebreathing test responses and the fits that resulted.
The plateau maximum MCAv increased with hypoxia
and Tyap and Tyicay thresholds decreased. In this sub-
ject the slopes of the linear responses also increased with
hypoxia. Figure 4 shows example responses that illustrate
the variability between subjects. While most responses
resembled those of subject 16, in some responses Tyap
and Tycay thresholds were not discernible (see Table 1 for
the numbers). In 6 of the 10 subjects, where both left and
right responses were measured, the responses were similar
but in four subjects the left and right responses differed
markedly, as subject 5’s responses in Fig. 4 show. Finally
subjects 4, 6, 11 and 15 had MCAv responses in hypoxia
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that were not greater than their hyperoxic responses as
subject 15 in Fig. 4 exhibits.

Table 1 lists the fit parameters for the MCAv and
MAP responses to Pgrco,, and Table 2 lists the results
of the two-way rmANOVA tests for left-right and
hypoxic-hyperoxic differences. For 12 of the 16 subjects
(excluding subjects 4, 6, 11, 15), the plateau maximum
sigmoid parameter MaxMCAv% was increased in hypo-
xia (P < 0.001). The sigmoid slope at MidMCAv Pgrco,
was increased in hypoxia (P =0.004) and the threshold
Tmcay Was decreased in hypoxia (P = 0.006). Although
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Tmap decreased in hypoxia it was not significant. A Pearson
product moment analysis showed that Tysp was similar
to Tmcay (P = 0.00286) with an r? value of 0.57.

Discussion

These experiments were originally designed to determine
the cerebrovascular response to Duffin-type rebreathing
tests by measuring MCAv and MAP. However,
the somewhat unexpected result showed that this
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Figure 4. Examples of the MCAv and MAP responses during rebreathing tests illustrating the variety of

responses observed
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Table 1. Fit parameters
Hyperoxic
Right Left
Parameters n Mean (SD) CV% n Mean (SD) CV%
MaxMCAv% (all) 16 80 (25.3) 31.6 10 78.9(23.8) 30.1
MaxMCAv% (exclude 4, 6, 11, 15) 12 78.5(24) 30.6 8 73.7(23.1) 31.4
Mid Pgrco, (mMmHg) 16 36.8(2.8) 7.6 10 35.6(2.6) 7.2
PEtco, range (mmHg) 16 3(1.6) 54.1 10 2.9(1.5) 53.1
Sigmoid Slope (MCAv% mmHg~") 16 7.8(0.5) 20.9 10 8.1(1.1) 13.6
TMAP PETCOZ (mmHg) 10 49.1 (41) 8.4
MAP vs. Perco, slope (mmHg mmHg—") 10 1.6 (1) 60.1
TMCAV PETC02 (mmHg) 10 51.7 (28) 5.4 9 51.6 (43) 8.3
MCAV vs. MAP slope (MCAv% mmHg~"') 8 2.9(0.4) 12.6 7 3.9(0.3) 8.1
Hypoxic
Right Left

n Mean (SD) V% n Mean (SD) CV%
MaxMCAv% (all) 15 101 (26.4) 26.1 10 101.7 (27.4) 27
MaxMCAv% (exclude 4, 6, 11, 15) 12 107.5(25.4) 23.6 8 108.9 (25) 229
Mid Perco, (mmHg) 15 36(3.2) 8.9 10 35(3.5) 10
PETco, range (mmHg) 16 4.8(9.4) 195.4 10 2.4(0.6) 25.7
Sigmoid slope (MCAv% mmHg~") 16 11(0.9) 7.4 10 10.9(1.1) 10.1
Twmap Petco, (mmHg) 9 44.4(3.3) 7.5
MAP vs. Perco, slope (mmHg mmHg~") 9 2.6(1.5) 56.6
TMCAV PETCOZ (mmHg) 9 45 .4 (24) 5.2 8 47 .4 (69) 14.5
MCAV vs. MAP slope (MCAv% mmHg~") 9 2.5(0.4) 16.7 4 2.6(0.5) 20.5

Table 2. Results of two-way rmANOVA testing for differences
between right and left MCAv measurements and between
hyperoxic and hypoxic rebreathing tests

Hyperoxic vs. Right vs.

Parameters Hypoxic Left
MaxMCAv% (all) P =0.078 P=0.726
MaxMCAv% (exclude 4, 6, P = <0.001 P =0.543

11, 15)
Mid PETCOZ (mmHg) P =0.526 P =0.275
PEtco, range (mmHg) P =0.439 P =0.974
Tmap Petco, (MmHg) P =0.057
Sigmoid slope (% mmHg~") P =0.004 P =0.286
MAP vs. Pgrco, slope P=0.184

(mmHg mmHg—")
TMCAV PETCOZ (mmHg) P = 0.006 P = 0.545
MCAv vs. MAP slope P=0.143 P=0.117

(MCAV% mmHg~")

methodology was capable of measuring the MCAv
response to CO, at resting MAP. This measurement
therefore complements that of Lucas et al. (2010) who
measured the MCAv response to MAP at resting Pgrco,-

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

We adopted a sigmoidal model for our MCAv
rebreathing response analysis that included the hyper-
ventilation phase, as did Claassen et al. (2007). However,
we also included a linear response above the sigmoidal
response; the latter investigators did not observe this linear
increase in MCAv above a threshold. This study is also the
first to take note of a break point or threshold in the MAP
response to Pgrco, during rebreathing. Furthermore we
linked this Pgrco, threshold for the acceleration of the
increase in MAP with Pgrco, to the Pgrco, threshold of
the linear increase in MCAv above the sigmoidal response
(Tmap = Tucay)-

The first question that we addressed was: does the
MCAv during the hyperventilation phase represent a
minimum? Figure 1 shows that as Pgrco, decreases during
hyperventilation MCAv follows to what we assumed
was a minimum that does not decrease further with
further decreases in Pgrco,. We suggest this assumption
is correct, because it is supported by our observations,
although the Pgrco, at which the minimum MCAv occurs
(mean (SD)=28.1 (3.4) mmHg is higher than the
10-15mmHg quoted by Brugniaux et al. (2007). The
minimum values of MCAv used for the percentage change
calculations did not differ significantly between left and
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right measures (rmANOVA P = 0.800) or between hyper-
oxicand hypoxic rebreathing tests (P = 0.655). In the latter
case a difference would not be expected in terms of Pgro,
and Pgrco, since room air was hyperventilated for both
tests, showing that the effectiveness of the hyperventilation
did not differ between tests. We propose that the hyper-
ventilation minimum is a more reliable reference standard
for the percentage change in MCAv than resting MCAv
values which only reflect the instantaneous vascular tone.

We adopted a sigmoid curve to fit the MCAv response
to CO; as did Claassen ef al. (2007) based on the following
considerations. First, MCAv responds rapidly to changes
in arterial Pco, rather than to changes in tissue Pco,
(see Ainslie & Duffin, 2009 for a review); as a result the
changes in Pgrco, during a rebreathing test will induce
corresponding changes in cerebrovascular resistance so
that a plot of MCAv vs. Pgrco, will reflect the shape of
the response. Second, with cerebrovascular resistance a
function of vessel diameter, mechanical considerations
dictate a maximum and minimum diameter. Third,
with cerebral vessel diameter a function of P,co,,
hypocapnic hyperoxia produces a minimum MCAv as
discussed in the previous paragraph; this value can
be assumed to represent the minimum vessel diameter
and maximum cerebrovascular resistance. Fourth, just as
MCAv reached a minimum without decreasing further
with decreasing Pgrco,, we also observed MCAv remaining
at a constant value as Prrco, increased during rebreathing
until a threshold Pgrco, was reached; when there was
a discernable increase in MAP, the increase in MCAv
corresponded to it. For examples see subject 7 in Fig. 2
and subjects 15 and 16 in Fig. 4. Indeed, Tyap and Tycay
were significantly correlated (Pearson product moment
correlation P =0.00286) with an r* value of 0.57. Finally
we note that the mean (SD) * value for all sigmoid fits
was 0.9 (0.1).

If the sigmoid MCAv response to CO, correctly
describes the regulation of cerebral blood flow by CO,
alone via changes in the diameter of the cerebral
resistance vessels, then the mid point Pgrco, not only
shows the Pgrco, at which vessel responsiveness is at a
maximum but also the Pgrco, at which vessel diameter
is at its midpoint. It is of interest that this midpoint
Prrco, is close to the resting Pgrco, (overall mean
midpoint Pgrco, (SD) =36 (2.8) mmHg) because this
provides the maximum cerebrovascular responsiveness at
normocapnia. We suggest that since the greatest variation
in MCAv with Pgrco, occurs at resting Pgrco,, using it
for normalising is inappropriate. Hypoxia increased the
maximum percentage increase in MCAv significantly in
the majority of subjects; only four subjects showed either
no increase with hypoxia or a decrease (see subject 15 in
Fig. 4). The slope of the sigmoid curve at the MidMCAv
Prrco, is a measure of the maximum CO, responsiveness
of the vasculature and it increased in hypoxia. Hypoxia

A. Battisti-Charbonney and others
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and CO, do not interact multiplicatively but additively in
controlling MCAv (Ainslie & Poulin, 2004). A significant
increase in the sigmoid slope with hypoxia appears to
contradict this previous finding, but we suggest that the
increased sigmoid slope is an artefact of the method
because the hyperventilation portion of the hypoxic test
was hyperoxic rather than hypoxic. We avoided hypo-
xic hyperventilation because of the possibility of cerebral
hypoxia.

Figures 2 and 4 demonstrate that the MAP response to
Prrco, is characterised by a threshold Pgrco,, Tmap, which
marks a break point where MAP increases markedly with
Prrco,> and in most subjects Tyap was also the threshold
Prrco, at which MCAv increases markedly, Tyicay. Indeed
Twmap and Tycay were significantly correlated (Pearson
product moment P =0.00286). Combined with the
observation that a plateau in the MCAv response to Pgrco,
was attained below this threshold, we interpret this finding
as showing that the MCAv response above this threshold is
not related to CO,-induced cerebrovascular vasodilation
but to the increase in cerebral blood flow produced by
the increase in MAP because autoregulation is exhausted
(Panerai et al. 1999). From these supra-threshold relations
we derived a relationship for the MCAv response to MAP
and calculated the sensitivity. We therefore suggest that
cerebral blood flow increases with MAP at a mean (SD)
rate of about 3.3 (1.2)% per mmHg rise in MAP when
autoregulation is exceeded during hypercapnia. Lucas
et al. (2010) found a value of 0.82% mmHg™' at resting
Prrco, when autoregulation is present demonstrating its
effectiveness.

With respect to the relation between MCAv and Pco,,
below Tycay the mean (SD) sigmoid slope maximum
in hyperoxia was 7.9 (2.7)% per mmHg rise in Pgrco,.
Above Tycay we found a mean (SD) slope of 5.7 (4.1)%
per mmHg rise in Pgrco,. Both these values are higher
than previous estimates of cerebrovascular responsiveness
to CO; that used the Duffin-type rebreathing technique;
Vovk et al. (2002) who found a hypercapnic slope of
2.8% mmHg ! and Pandit ef al. (2007) who found a slope
of 2.7% mmHg™'). These previous estimates included
only the rebreathing portion of the test and so included
the plateau portion of the response to CO, as well as the
response to MAP. In addition, our slopes will be increased
because we calculated the percentage change from the
hypocapnic portion of the rebreathing test rather than
from resting CO, tensions.

The MCAv and MAP responses we observed are
discernible in several previous studies employing
rebreathing but not others. However, these features were
interpreted differently. Our linking of the P, threshold
for the acceleration of the increase in MAP with P, to
the Pco, threshold of the linear increase in MCAv above
the sigmoidal response ( Tyap = Tmcay) is novel and bears
discussion as follows.
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First we point out that this study is not the first to
observe a break point in the MCAv response to CO,; Vovk
et al. (2002), Pandit et al. (2007) and Fan et al. (2010)
all show rebreathing responses with this feature. Vovk et
al. (2002) interpreted the break point as an abrupt vaso-
dilation as hypocapnic vasoconstriction is relieved. Pandit
et al. (2007) averaged the response and thereby obscured
this break point, and Fan et al. (2010) also disregarded the
break point. These investigators therefore adopted a linear
MCAv response model for the rebreathing phase of the test;
they excluded the hyperventilation phase of rebreathing
from the analysis. We adopted a sigmoidal model for our
MCAVv response analysis, including the hyperventilation
phase, as did (Claassen et al. 2007), but additionally we
included a linear response above the sigmoidal response;
the latter investigators did not observe this linear increase
in MCAv above a threshold.

This study is the first to take note of a break point
or threshold in the MAP response to Pgrco, during
rebreathing. Although Fan et al. (2010) measured MAP
it was not related to cerebral blood flow measurements
during rebreathing. Vovk ef al. (2002) measured the MAP
rebreathing response, but although their observations
show a break point in the response as we found, they
did not relate the increase in cerebral blood flow to
this increase in MAP. By contrast, Claassen et al. (2007)
observed that MAP increased linearly with Pgrco, during
their rebreathing experiments until a plateau was reached,
whereas we found a steady MAP until a threshold Pgrco,
was exceeded, following which MAP increased linearly
with Pgrco,; our observations are similar to those of Vovk
et al. (2002) in that respect.

Our observations of MAP changes during rebreathing
differ somewhat from those of Shoemaker et al. (2002)
who observed sympathetic nerve activity (MSNA) and
cardiovascular parameters during hypoxic and hyperoxic
rebreathing tests. While they did not discern a threshold
for the MAP response they did find thresholds for MSNA,
cardiac output and the ratio of cardiac output/MAP;
MSNA began to increase between 55 and 60 mmHg during
hyperoxic rebreathing and between 45 and 50 mmHg
during hypoxic rebreathing. These thresholds for MSNA
are comparable to the mean (SD) Tycay thresholds we
found at 51.7 (2.8) and 45.4 (2.4) mmHg (hyperoxic
vs. hypoxic) and the Tyup thresholds at 49.1 (4.1) and
44.4 (3.3) mmHg (hyperoxic vs. hypoxic). Shoemaker et al.
(2002) noted, as we did, that hypoxia significantly lowered
these thresholds.

All of these previous studies with the exception of that
by Claassen et al. (2007) used a Duffin-type rebreathing
test protocol where rebreathing is preceded by 5min
of slow deep breathing hyperventilation. By contrast,
Claassen et al. (2007) preceded their rebreathing with
only 15s of rapid deep breathing. We suggest that the
difference in our findings relates to the difference in
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the hyperventilation period preceding rebreathing. After
5 min of hyperventilation, Pco, is decreased in all tissues
including the brain so that rebreathing equilibration
equalises arterial and tissue Pco,; they then rise together
during rebreathing. With only a short hyperventilation,
brain tissue is not substantially reduced and consequently
central chemoreceptors will be at a higher Pco, during
rebreathing.

We therefore suggest that the different hyperventilation
protocols account for the differences in the sigmoid
response parameters between our study and that of
Claassen et al. (2007). Our mean (SD; CV) maxMCAv
during the hyperoxic test was 80 (25; 32)% compared to
their mean (SD; CV) ‘@’ parameter of 149 (34; 17)% and
our mean (SD; CV) midMCAv Pgrco, was 36 (3;9) mmHg
(for all tests) compared to their 47 (2; 6) mmHg. However,
the mean (SD) sigmoid slope we measured in hyperoxia
was 7.9 (2.7)% mmHg ™' (for all tests), similar to their 8
(2)% mmHg ™. The coefficients of variation were larger in
our study and indicate a greater variability among our sub-
jects’ responses. Further, Claassen et al. (2007) studied the
response during normoxia, whereas we obtained responses
during hyperoxia and hypoxia.

Finally, we remind the reader that some caveats must be
considered when interpreting the responses we observed.
As raised previously in the Introduction, we note that the
measurement of middle cerebral artery flow velocity is only
an estimate of cerebral blood flow (e.g. Dahl et al. 1992);
nevertheless, previous research (see the review by Ainslie
& Duffin, 2009) indicates that it is a reliable and valid index
of cerebral blood flow. The measurement does assume no
change in vessel diameter, however, which may not hold at
very high CO, tensions (Valdueza et al. 1999). Thus, our
assumption of increasing MCAv with MAP alone above
a certain threshold may not be correct and an alternative
explanation is that vessel diameter also increases. However,
the sigmoidal nature of the responses suggests that further
increases in vessel diameter are unlikely. There is a time
delay between Pgrco, changes measured at the mouth
and the resulting MCAv changes of about 7 s for hyper-
capnic changes (Poulin et al. 1996). Since this delay is
little greater than the breath period we assumed that our
breath-by-breath measures were synchronous. Finally, we
point out that these tests were done on healthy subjects
where end-tidal tensions are likely to be a good estimate
of arterial tensions. However, the same may not be true in
patients with lung disease, and using end-tidal values to
estimate arterial values may not be appropriate.

We conclude this discussion with the following
observations. If the arguments and interpretations we have
presented are accepted, then it must be concluded that the
measurement of cerebrovascular reactivity to CO, requires
the concurrent measurement of MAP and maintenance
of isoxia. Further, only in the MCAv response range
below the threshold for the increase of MAP with CO,
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does the MCAv measurement reflect vascular reactivity
to CO; alone. In the hypercapnic range, when CO, has
fully dilated the cerebral blood vessels, as shown by the
plateau in MCAv, and when Tyap and Tyicay thresholds
are exceeded, blood flow increases due to the increase in
MAP alone. These experiments therefore demonstrate that
Duffin-type rebreathing tests, when analysed as described,
provide an estimate of the cerebrovascular response to
CO, at a constant blood pressure, as well as an estimate
of the cerebrovascular passive response to MAP. This test
will therefore allow researchers to tease out the relative
contribution of MAP and CO, reactivity to cerebral blood
flow, which normally operate concurrently.
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