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Human cerebrovascular and ventilatory CO2 reactivity
to end-tidal, arterial and internal jugular vein PCO2
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This study examined cerebrovascular reactivity and ventilation during step changes in CO2

in humans. We hypothesized that: (1) end-tidal PCO2
(PET,CO2

) would overestimate arterial

PCO2
(Pa,CO2

) during step variations in PET,CO2
and thus underestimate cerebrovascular CO2

reactivity; and (2) sincePCO2
from the internal jugular vein (Pjv,CO2

) better represents brain

tissuePCO2
, cerebrovascular CO2 reactivity would be higher when expressed against Pjv,CO2

than

with Pa,CO2
, and would be related to the degree of ventilatory change during hypercapnia.

Incremental hypercapnia was achieved through 4 min administrations of 4% and 8% CO2.

Incremental hypocapnia involved two 4 min steps of hyperventilation to changePET,CO2
, in an

equal and opposite direction, to that incurred during hypercapnia. Arterial and internal jugular

venous blood was sampled simultaneously at baseline and during each CO2 step. Cerebrovascular

reactivity to CO2 was expressed as the percentage change in blood flow velocity in the middle

cerebral artery (MCAv) per mmHg change in Pa,CO2
and Pjv,CO2

. During hypercapnia, but not

hypocapnia, PET,CO2
overestimated Pa,CO2

by+2.4 ± 3.4 mmHg and underestimated MCAv-CO2

reactivity (P < 0.05). The hypercapnic and hypocapnic MCAv-CO2 reactivity was higher (∼97%

and ∼24%, respectively) when expressed with Pjv,CO2
than Pa,CO2

(P < 0.05). The hypercapnic

MCAv–Pjv,CO2
reactivity was inversely related to the increase in ventilatory change (R2 = 0.43;

P < 0.05), indicating that a reduced reactivity results in less central CO2 washout and greater

ventilatory stimulus. Differences in the PET,CO2
, Pa,CO2

and Pjv,CO2
–MCAv relationships have

implications for the true representation and physiological interpretation of cerebrovascular

CO2 reactivity.
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Measurement of cerebrovascular reactivity to CO2 has
been widely applied in clinical practice to evaluate cerebral
vascular function – e.g. in patients with carotid artery
stenosis (Widder et al. 1994), hypertension (Serrador et al.
2005), stroke (Wijnhoud et al. 2006) and heart failure
(Xie et al. 2005), and a related impairment has been
linked to cerebral ischaemic events (Cosentino & Volpe,
2005; Wijnhoud et al. 2006). The acute manipulation
of Pa,CO2

through hyperventilation has been used as an
intervention to rapidly reduce intracranial pressure or
to adjust cerebral blood flow (CBF) to metabolic needs.
Furthermore, changes in cerebrovascular CO2 reactivity
affect stability of the ventilatory responsiveness to CO2

via alterations in the degree of washout in central
chemoreceptor hydrogen [H+]; these changes have been
documented in a range of physiological (Cummings et al.
2007) and pathophysiological (Xie et al. 2005; Ainslie et al.
2007) conditions.

In most instances CBF reactivity is expressed as the
percentage change in CBF per mmHg change in Pa,CO2

,
or end-tidal CO2 (PET,CO2

) obviating the more invasive
Pa,CO2

measurement. The tight correlation between the
percentage of change in middle cerebral artery blood
flow velocity (MCAv) measured by transcranial Doppler
ultrasonography during PET,CO2

variations (Markwalder
et al. 1984; Ide et al. 2003) has encouraged the
use of transcranial Doppler (TCD) ultrasonography to
measure CO2 cerebrovascular reactivity. However, several
considerations are important when using Pa,CO2

(or
PET,CO2

) to investigate cerebral blood flow reactivity. First,
PET,CO2

has been shown to underestimate Pa,CO2
at rest

(Robbins et al. 1990) and to overestimate Pa,CO2
during

exercise (Jones et al. 1979; Robbins et al. 1990). Similarly,
a positive PET,CO2

–Pa,CO2
gradient is seen in animals

exposed to increased CO2 (Jennings & Chen, 1975; Oliven
et al. 1985; Tojima et al. 1988). Such alterations in the
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Pa,CO2
–PET,CO2

relationship may have implications for
the true representation and physiological interpretation
of cerebrovascular reactivity to CO2. In humans, it is
not known how the Pa,CO2

–PET,CO2
relationship is altered

throughout the hypercapnic and hypocapnic range. To
address these inaccuracies, Jones et al. (1979) developed
a regression equation using PET,CO2

and tidal volume to
provide an estimate of Pa,CO2

(ePa,CO2
) during exercise to

compensate for the overestimation of Pa,CO2
by PET,CO2

.
Thus, we reasoned that since hypercapnia evokes an
increase in ventilation (and tidal volume), this empirical
equation could also be used to estimate Pa,CO2

during
step changes in PET,CO2

. Therefore, cerebrovascular CO2

reactivity during hypercapnia and hypocapnia could be
expressed in three different ways (Pa,CO2

, ePa,CO2
and

PET,CO2
) and compared accordingly.

The second consideration when investigating CBF
reactivity is whether cerebrovascular reactivity to CO2

might be even better expressed as a percentage of
brain tissuePCO2

. This idea evolves from a study by
Shapiro and colleagues who showed that changes in
CBF corelated more closely with jugular venous CO2

tension (Pjv,CO2
) than Pa,CO2

(r = 0.83 versus r = 0.72,
respectively), suggesting that Pa,CO2

is not the effective
stimulus for cerebral vasodilatation (Shapiro et al. 1966).
In contrast, Severinghaus & Lassen (1967) provided data
to indicate that brain tissuePCO2

(based on Pjv,CO2
) was

not the ultimate determinant of CBF during a single
step of hypocapnia, and that Pa,CO2

– or arterial wall
PCO2

– may have an important role. Whether there is
a differential control of CBF via brain tissuePCO2

or
Pa,CO2

during hypercapnia and hypocapnia remains to
be established. With respect to ventilation, however, it
is clear that the central contribution to the ventilatory
response to CO2 is determined not by Pa,CO2

but by changes
in brain tissue PCO2

and [H+] (Ahmad & Loeschcke,
1982; Smith et al. 2006). Thus, the stimulus at the central
chemoreceptor level might also be better represented by
the PCO2

of the venous cerebral outflow (Fencl, 1986; Xie
et al. 2006).

Given the outlined literature, it would appear that
potential difference in cerebrovascular reactivity when
expressed against Pa,CO2

or Pjv,CO2
, and the potential

relationship to CO2 ventilatory drive, has not been fully
described in humans. Therefore the aims of this study were
(1) to compare the accuracy of PET,CO2

and ePa,CO2
for

predicting Pa,CO2
during step hyper- and hypocapnia

changes, and (2) to compare CBF and ventilatory
sensitivities to Pa,CO2

, Pjv,CO2
, ePa,CO2

and PET,CO2
. Based

on the aforementioned studies, we tested two original
hypotheses: first, that PET,CO2

but not ePa,CO2
would

overestimate Pa,CO2
during step changes in PCO2

, and
therefore result in apparent lower cerebrovascular CO2

reactivity; and second that because the changes in cerebral
vascular tone occurring with changes in CO2 tension

serve to limit changes in brain tissuePCO2
and thus

Pjv,CO2
, both PET,CO2

and Pa,CO2
reactivities would be

lower when compared with Pjv,CO2
. We also reasoned

that, if MCAv–Pjv,CO2
reactivity determines brain PCO2

, in
those individuals with a low MCAv–Pjv,CO2

reactivity there
would theoretically be less CO2 washout at the level of the
central chemoreceptors and therefore a greater ventilatory
stimulus.

Methods

Subjects

Twelve healthy individuals (aged 27 ± 4 years
(mean ± s.d.), body mass index 24 ± 4 kg m−2, 10 male,
2 female) volunteered for this study, which was approved
by the Lower South Regional Ethics committee and
conformed to the standards set by the Declaration of
Helsinki. All participants received verbal and written
explanations of the experimental procedures, including
risks involved in the study and written informed consent
was obtained. Participants were non-smokers and not
on any medication and none had a known history of
cardiovascular, neurological or respiratory disease.

Experimental design

Following full familiarization of each subject to
the experimental protocol (excluding cannulation),
participants arrived at the laboratory (> 1 week) having
abstained from exercise and alcohol for 24 h, and having
not consumed items containing caffeine, or a heavy meal
for 4 h.

Cannulation of internal jugular vein and radial artery

Following placement of three-lead ECG and peripheral
O2 saturation monitor, participants were positioned in
the Trendelenberg position for placement of the internal
jugular vein catheter under local anaesthesia (1%
lidocaine). A 16-gauge, 5 inch catheter (Arrow Inter-
national) was advanced to the right jugular bulb using
the Seldinger technique and the position was confirmed
by ultrasound. Another catheter (20 gauge BD Insyte) was
placed, under local anaesthesia into the radial artery. Both
catheters were regularly infused with normal saline (0.9%
NaCl) to maintain patency. After cannulation participants
rested quietly in the supine position, breathing room
air, for at least 30 min to allow the setup of monitoring
equipment (see below). During this time the participants
also acclimatized to the breathing apparatus, after which
baseline measurements were obtained. Participants then
underwent the tests of cerebrovascular reactivity to CO2

described below.
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Experimental protocol

CO2 vasoreactivity. Incremental hypercapnia was
induced by switching the inspired gas from room air to
4% CO2 (in 21% O2 with the balance N2; Hypercapnia I)
for 4 min, then 8% CO2 (in 21% O2 with the balance
N2; Hypercapnia 2) for 4 min. The PET,CO2

was recorded
during the final 30 s of each hypercapnic exposure.
Following the incremental hypercapnia, subjects breathed
room air to ensure that parameters returned to baseline
values. Participants were then instructed to increase their
rate and depth of breathing to generate two levels (4 min
each level) of decremental hypocapnia to match, in an
equal and opposite direction, the rise in PET,CO2

incurred
during the incremental hypercapnia steps. Training for
the voluntary hyperventilation was performed during
the familiarization session, during which verbal feedback
was provided to assist subjects to reach and maintain
the target levels of hyperventilation. In the current
study, the hypercapnia steps were conducted first to
allow the individual changes in PET,CO2

to be recorded
in order to determine the required PET,CO2

changes
needed for the two hypocapnia steps. This order was
important since previous reports indicate that prior
hypocapnia (but not prior hypercapnia) may cause
persistent cerebral vasoconstriction, thus influencing
the normal MCAv-CO2 response to hypercapnia (Ide
et al. 2003). Although it has been reported that prior
hypercapnia does not influence the CBF response to
hypocapnia (Ide et al. 2003), full recovery was permitted
between the hyper- and hypocapnia tests to rule out
any prior influence of the hypercapnia. Cerebrovascular
reactivity to CO2 was expressed as the percentage (%)
change in MCAv per mmHg change in PET,CO2

, Pa,CO2
,

an empirical equation involving PET,CO2
and tidal volume

(ePa,CO2
) or the Pjv,CO2

. As used in other studies, MCAv
was expressed at the percentage change from the baseline
to allow between-study comparisons and to reduce inter-
individual variability that is unrelated to the experimental
manipulation (Ide et al. 2003; Xie et al. 2005; Ainslie et al.
2007; Cummings et al. 2007). The ePa,CO2

was calculated
by using the regression equation developed by Jones et al.
(1979):

ePa,CO2
= 5.5 + 0.9PET,CO2

− 2.1VT

where tidal volume (V T) is in litres.

Monitoring equipment

Blood flow velocity in the right middle cerebral artery
was measured using a 2 MHz pulsed Doppler ultrasound
system (DWL Doppler, Sterling, VA, USA) using search
techniques described elsewhere (Aaslid et al. 1982).
Beat-to-beat arterial blood pressure and heart rate
were monitored using finger photoplethysmography

(Finometer, TPD Biomedical Instrumentation, the
Netherlands) and ECG, respectively. End-tidal CO2

was sampled from a leak-free mask and measured
by a gas analyser (model CD-3A CO2 analyser, AEI
Technologies, Pittsburgh, PA, USA). All data were acquired
continuously at 200 Hz using an analog-to-digital
converter (Powerlab/16SP ML795; ADInstruments,
Colorado Springs, CO, USA) interfaced with a computer
and were subsequently analysed using commercially
available software (Chart version 5.02, ADInstruments).

Analytical measurements

Blood samples were drawn simultaneously from the
arterial and jugular catheters. Timed collections were
drawn twice (separated by 10 min) during baseline air
breathing and during the final 30 s of each of the
hypercapnic and hypocapnic challenges. Before procuring
samples 1–2 ml of arterial and venous blood was aspirated
from the catheter’s dead space and disregarded. Arterial
and venous blood was then drawn slowly over a 20 s period
through the 20 G cannulas to ensure adequate flow and
to avoid haemolysis. Immediately after acquisition, the
arterial and venous blood samples were transferred to
capillary tubes for measurement of arterial and venous
blood gases (NPT7 Series, Radiometer, Copenhagen).
Commercial standards were used to calibrate the blood gas
analyser before starting the tests. The reproducibility of the
blood gas measurements (and PET,CO2

) at rest was assessed
from the coefficient of variation of the difference between
the two baseline collections divided by

√
2 (Atkinson &

Nevill, 1998). The within-test coefficient of variation for
PET,CO2

, Pa,CO2
and Pjv,CO2

was < 0.5%.

Statistical analysis

All data were analysed using the SPSS statistics package
(SPSS Inc., Chicago, IL, USA). End-tidal CO2 and ePa,CO2

were averaged over the 20 s period during the simultaneous
arterial and venous blood draws. Agreement between the
indirect estimates of Pa,CO2

(PET,CO2
, ePa,CO2

) with actual
Pa,CO2

during the step changes in CO2 was assessed in
a number of ways. (1) Using the final data points for
each incremental change in CO2, a one-way ANOVA
was used to assess the statistical differences to compare
absolute change in Pa,CO2

with the indirect estimates
(Table 1). The Bonferroni–Dunn test was used for post
hoc analysis when a significant effect was found. (2) The
bias (mean absolute difference between Pa,CO2

) (Bland &
Altman, 1986) and relative bias (bias/Pa,CO2

value × 100%)
of the end-tidal and ePa,CO2

values at baseline
and during the last 30 s of each step change in
CO2. Additionally, the 95% limits of agreement
were calculated as ±1.96 × s.d. of the bias (Bland &
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Table 1. Haemodynamic and respiratory changes during step changes in PCO2

Baseline + 4% + 8% Hypo 1 Hypo 2

MCAv (cm s−1) 61 ± 15 71 ± 16 107 ± 23∗† 52 ± 15∗ 40 ± 12∗†
Pa,CO2 (mmHg) 40 ± 4 44 ± 4 54 ± 4∗† 34 ± 3.1∗ 23.0 ± 4.3∗†
PET,CO2 (mmHg) 42 ± 3 47 ± 3 60 ± 3.0∗† 36 + 4∗ 23 + 4.0∗†
ePa,CO2 (mmHg) 42 ± 3 46 ± 3∗ 55 ± 3∗† 36 ± 4∗ 24 ± 4∗†
Pjv,CO2

(mmHg) 50 ± 6 52 ± 4 58 ± 5∗† 44 ± 4∗ 41 ± 7∗†
TV (l) 0.6 ± 0.3 0.9 ± 0.4∗ 2 ± 0.3∗† 0.9 ± 0.5∗ 1.2 ± 0.5∗

Ventilation (l min−1) 7 ± 2 12 ± 4 33 ± 13∗† 9 ± 3 24 ± 9∗†
MAP (mmHg) 88 ± 9 89 ± 9 98 ± 11 86 ± 9 80 ± 15
HR (b min−1) 59 ± 10 62 ± 9 74 ± 8 59 ± 7 69 ± 8

Values are mean ± S.D. PET,CO2 , end-tidal CO2; ePa,CO2 , regression equation using both end-tidal PCO2 and
tidal volume to estimatePa,CO2 ; Pa,CO2 , arterial PCO2 . ∗Different from baseline (P < 0.05); †different from + 4
and hypo 1 (P < 0.05).
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Figure 1. Pooled linear regressions for ePa,CO2 (A) and end-tidal
CO2 (B) against Pa,CO2

Data points were obtained at baseline and during the last 30 s of each
step change in PCO2 . Dotted lines represent 95% confidence intervals.

Altman, 1986). The slope of MCAv with Pa,CO2
, PET,CO2

and ePa,CO2
was determined by the least squares linear

regression analysis for each subject in the hyper-
and hypocapnic range. Independent analysis confirmed
that, in the current study, the relationship between
MCAv–PCO2

change (end-tidal, arterial or jugular vein)
was better described as a linear response (R2 > 0.89), rather
than exponential (R2 < 0.80) or sigmoidal (R2 < 0.85).
Stepwise linear regression equations were constructed with
Pa,CO2

or Pjv,CO2
as the dependant variables to determine

how well these correlated with PET,CO2
. When each PET,CO2

value was regressed against their corresponding Pa,CO2

or Pjv,CO2
tensions, correlation coefficients of R2 = 0.92

and R2 = 0.79, respectively, were found (P < 0.05). It
was revealed that when multiple regression analysis was
performed, addition of any other physiological variable
(e.g. frequency, ventilation, tidal volume) as a second
independent variable did not improve the correlation.
Thus, based upon the PET,CO2

responses, a multiple
regression equation was constructed to predict Pa,CO2

and
Pjv,CO2

. Previous data (n = 14; Ainslie et al. unpublished
data) from our laboratory in which Pa,CO2

and PET,CO2

were sampled (using the same experimental set-up
in the supine posture) over a range of Pa,CO2

values
(23–63 mmHg; 69 sample points), was used to validate
the regression equation. All group data are expressed
as a means ± standard deviation (s.d.). Significance was
established at an alpha level of P < 0.05.

Results

Changes during hyper- and hypocapnia

Incremental hypercapnia caused a progressive increase in
Pa,CO2

and MCAv whereas decremental hypocapnia caused
a progressive decline in Pa,CO2

and MCAv (Table 1). The
Pjv,CO2

was higher than Pa,CO2
, PET,CO2

and ePa,CO2
at

baseline and during the step changes in PCO2
(Table 1).

There were no significant changes in either mean blood
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pressure or heart rate during incremental hypercapnia or
hypocapnia (Table 1).

Agreement of PET,CO2
and ePa,CO2

with Pa,CO2
during

changes in PCO2

Pooled linear regressions for PET,CO2
and ePa,CO2

with
Pa,CO2

during hyper- and hypocapnia using the individual
values obtained for each step change in PCO2

are shown
in Fig. 1. Bland and Altman analyses were carried out to
compare the estimates (PET,CO2

and ePa,CO2
) of Pa,CO2

the
data throughout the entire range of changes in PCO2

for
all the subjects. The Bland and Altman plot is presented
for each indirect method in Fig. 2. The PET,CO2

–Pa,CO2

difference was greater than the ePa,CO2
–Pa,CO2

difference
(2.4 ± 3.4 mmHg versus 1.4 ± 4.5 mmHg; P < 0.0.5),
indicating an overestimation of Pa,CO2

by PET,CO2
. This

overestimation occurred at baseline and during hyper-
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Figure 2. Bland and Altman plot of differences between estimates (ePa,CO2 , A; end-tidal CO2, B) and
measured Pa,CO2 for the whole group of subjects
Dotted lines represent 95% confidence intervals and continuous line represents the mean bias. Individual points
in the hypocapnic range are clustered near zero illustrating that there is little difference between ePa,CO2 (A) or
PET,CO2 (B) and Pa,CO2 in this range. However, in the hypercapnic range the spread of values increases, indicating
the values of the estimates vary further from measured Pa,CO2 values. This is clearly seen in the increase in bias
in the hypercapnic steps in Table 1. These plots as well as the values in Table 1 also show that in the hypocapnic
rangePET,CO2 seems to better agree with measured Pa,CO2 values (lower bias), whereas in the hypercapnic range
ePa,CO2 agrees better with measured Pa,CO2 values than PET,CO2 .

capnia, but not during hypocapnia (Table 2). At
baseline, the limits of agreement (± 1.96 s.d. of the
difference between estimated and actual Pa,CO2

) were
not different between ePa,CO2

(2.01 ± 3.72 mmHg) and
PET,CO2

(1.95 ± 4.1 mmHg). Similarly, at baseline the
relative bias for ePa,CO2

and PET,CO2
was 4.9 ± 2.1% and

5.0 ± 3.27%, respectively. However, during incremental
hypercapnia, in contrast to hypocapnia, there was a
progressive increase in both absolute and relative bias of
PET,CO2

which was not seen with ePa,CO2
(Table 2). Stepwise

multiple regression yielded the following equations to
better predict Pa,CO2

or Pjv,CO2
by PET,CO2

:

Pa,CO2
= 2.367 + 0.884PET,CO2

(1)

Pjv,CO2
= 19.576 + 0.705PET,CO2

(2)

Addition of another physiological variable (e.g.
frequency, ventilation, tidal volume) as a second
independent variable did not increase the precision of
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Table 2. Comparison of absolute and relative bias of estimate of
PCO2 at baseline and during step changes in PCO2

Pa,CO2 PET,CO2 ePa,CO2

Baseline
Mean ± S.D. (mmHg) 40 ± 4 42 ± 3∗ 42 ± 3∗

B ± lA (mmHg) — 2 ± 4 2 ± 4
RB ± S.D. (%) — 5 ± 2 5 ± 3

4% CO2

Mean ± S.D. (mmHg) 43 ± 4 47 ± 3∗ 46 ± 3
B ± lA (mmHg) — 4 ± 7 2 ± 6
RB ± S.D. (%) — 8 ± 4 5 ± 3

8% CO2

Mean ± S.D. (mmHg) 55 ± 4 60 ± 3∗† 56 ± 3
B ± lA (mmHg) — 5 ± 6 0.2 ± 6
RB ± S.D. (%) — 9 ± 3 0.4 ± 3

Hypo 1
Mean ± S.D. (mmHg) 35 ± 3 36 ± 4 34 ± 3
B ± lA (mmHg) — 2 ± 9 2 ± 12
RB ± S.D. (%) — 5 ± 5 5 ± 6

Hypo 2
Mean ± S.D. (mmHg) 23 ± 4 23 ± 4 24 ± 4
B ± lA (mmHg) — 0.3 ± 3 0.9 ± 3
RB ± S.D. (%) — 1 ± 1 4 ± 1

Values are mean ± S.D. PET,CO2 , end-tidal CO2; ePa,CO2 , regression
equation using both end-tidal PCO2 and tidal volume to
estimatePa,CO2 ; Pa,CO2 , arterial PCO2 ; S.D., standard deviation; RB,
relative bias; B, bias; LA, 95% limits of agreement (±1.96 × S.D. of
the bias). ∗Different from Pa,CO2 (P < 0.05); †different from
ePa,CO2 (P < 0.05).

either regression equation. The developed regression
equation was used to predict Pa,CO2

from PET,CO2
from

previously collected data in our laboratory using the
same experimental set-up in the supine posture. Predicted
values for Pa,CO2

were close to the measured values
(R2 = 0.97; P < 0.05): the comparison of the predicted and
measured values for Pa,CO2

showed a s.d. of 0.87 Torr.

Comparison of cerebrovascular and ventilatory CO2

reactivity determined with end-tidal, arterial PCO2 or
internal jugular vein PCO2

The MCAv-CO2 reactivity in the hyper- and hypocapnic
range as determined with Pa,CO2

, PET,CO2
, ePa,CO2

or
Pjv,CO2

is displayed in Fig. 3. In both the hyper- and
hypocapnia range, MCAv–Pjv,CO2

reactivity was higher
than with all other methods. Moreover, this reactivity was
∼97% greater in the hypercapnia range when compared
with a ∼24% increase in the hypocapnia range. During
hypercapnia, in contrast to hypocapnia, the slope of
the MCAv–PET,CO2

relationship was smaller than the
slopes of both the MCAv–ePa,CO2

and MCAv–Pa,CO2

relationships (P < 0.05; Fig. 3). The slope of the
ventilatory response to hypercapnia was also steeper

when presented against Pjv,CO2
than PET,CO2

or Pa,CO2

(3.0 ± 1.8 l min−1 mmHg−1, 1.6 ± 0.8 l min−1 mmHg−1

and 1.7 ± 0.9 l min−1 mmHg−1, respectively; P < 0.05;
Fig. 4). In addition to the elevation in the slope of
MCAv–Pjv,CO2

, as expected there was a significant right-
ward shift in the x-axis intercept of the ventilation–Pjv,CO2

plot when compared with the ventilation–Pa,CO2

and ventilation–PET,CO2
plot (46.3 ± 6.8 mmHg,

34.6 ± 4.9 mmHg and 37.0 ± 4.8 mmHg, respectively;
P < 0.05). During hypercapnia, the MCAv–Pjv,CO2

reactivity was related to the degree of ventilatory change
(R2 = 0.43; P < 0.05). No relationships were evident
between MCAv–Pa,CO2

reactivity and the degree of
ventilatory change.

Discussion

The novel integration of ventilation, CBF, and end-tidal,
arterial and jugular vein PCO2

during step steady-state
changes in CO2 has produced three new findings:
(1) there is a systemic overestimation of Pa,CO2

by PET,CO2
during hypercapnia but not hypocapnia;

(2) cerebrovascular and ventilatory CO2 reactivity
to hypercapnia are underestimated by PET,CO2

when
compared with Pa,CO2

, whereas both PET,CO2
and Pa,CO2

reactivities are lower when compared with Pjv,CO2
; and

(3) during hypercapnia, the slope of the MCAv–Pjv,CO2

relationship was inversely related to the degree of
ventilatory change, possibly because of the reduced CO2

washout occurring with decreasing MCAv reactivity,
leading ultimately a greater ventilatory stimulus at
the central chemoreceptors. Collectively, these findings
suggest that knowledge of the changes in cerebral tissue
or venous PCO2

is critical for the correct interpretation of
data related to the sensitivities of both cerebral blood flow
and ventilation to CO2, as well as their corelationship.

Arterial versus end-tidal CO2 monitoring

Our data indicate that caution is required when assuming
that PET,CO2

accurately reflects Pa,CO2
during hypercapnia.

To circumvent the problem that PET,CO2
significantly

overestimates Pa,CO2
during exercise, a regression equation

using both PET,CO2
and tidal volume to estimatePa,CO2

was developed (Jones et al. 1979). It should be noted
that the PET,CO2

–Pa,CO2
gradient is relatively fixed in one

body position with constancy of respiratory rate, minute
volume, and circulatory stability. A change in any of
these variables affects the PET,CO2

–Pa,CO2
gradient; this

has been quantified for changes in pulmonary dead-space
(Bjurstedt et al. 1962) and with ventilation–perfusion ratio
changes induced by standing (Immink et al. 2006), whereas
the relationship between dynamic changes in pulmonary
and circulatory variables and PET,CO2

is nonlinear and
complex (Gisolf et al. 2004). Based on our data set, limited
to the supine posture with controlled changes in CO2,
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we developed a new regression equation to provide a
better estimate of Pa,CO2

during supine resting conditions
(Pa,CO2

= 2.367 + 0.884 PET,CO2
). In contrast to exercise

(Jones et al. 1979), tidal volume was not required as
a second independent variable to increase the precision
of either regression equation. A possible reason for this
difference is that the magnitude of the tidal volume change
evoked by hypercapnia in the supine posture is lower than
that during upright exercise and insufficient to affect the
PET,CO2

–Pa,CO2
difference.

Our observation that PET,CO2
overestimates Pa,CO2

during steady state increases in CO2, is consistent with
several human studies using CO2 rebreathing (Denison
et al. 1969a,b; Laszlo et al. 1971). Although this
PET,CO2

–Pa,CO2
overestimation was present at comparable

time points to the current study, Laszlo et al. (1971)
considered this to be a transient phenomenon since the
PET,CO2

and Pa,CO2
were similar after 10 min. Also, in
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Figure 3. Calculation of cerebrovascular CO2 reactivity using PET,CO2 , Pa,CO2 , ePa,CO2 and Pjv,CO2
during

hypercapnia (A) and hypocapnia (B)
Each faint line represents an individual reactivity. Bold lines represent group average. Note: Pjv,CO2

–MCAv reactivity
was higher during both hypercapnia (∼97%, A) and hypocapnia (∼24%, B) when compared with Pa,CO2 –MCAv
reactivity. There seemed to be three visual outliers in both A and B; however, upon closer examination, these data
points are within 2 S.D. of the sample mean and therefore not classed as statistical outliers. Further, these data
points do not reflect any non-compliance or technical error, and all other data (i.e. heart rate, MCAv, BP, end-tidal
CO2) were normal during each test.

animals PET,CO2
overestimates Pa,CO2

during rebreathing
(Guyatt et al. 1973) and steady-state methods (Jennings &
Chen, 1975; Tojima et al. 1988) of CO2 administration.
Whilst it appears that a definitive mechanism for the
PET,CO2

–Pa,CO2
gradient has not been established, Gurtner

& Traystman (1979) proposed the ‘charged membrane
hypothesis’, which ultimately results in the production
of CO2 in the region of the negatively charged alveolar
capillary wall and in turn creates a positive gradient for
CO2 between the alveolar gas and pulmonary arterial
blood.

One noteworthy finding of the present study was
that PET,CO2

was in good agreement with Pa,CO2
during

hypocapnia. The physiological basis for this effect is
unclear. Based on previous literature (Domino et al.
1993; Dorrington & Talbot, 2004), hypocapnia might
be expected to increase the PET,CO2

–Pa,CO2
gradient by

increasing the venous admixture, an effect owing to
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hypocapnia-induced bronchoconstriction (Oliven et al.
1985) and pulmonary vasodilatation (Dorrington &
Talbot, 2004). From our current data, we cannot provide
further mechanistic insight to explain this disparity;
however, because Pa,CO2

was highly reproducible at
baseline, and selective changes occurred between
hypercapnia (increase in PET,CO2

–Pa,CO2
gradient) and

hypocapnia (decrease in PET,CO2
–Pa,CO2

gradient), it seems
unlikely that this finding is due to technical artifact.

Arterial or internal jugular vein PCO2 as the
independant variable for cerebrovascular
reactivity testing?

Our data are consistent with earlier human-based reports
which have indicated that CO2 inhalation causes an
increase in internal jugular venous PCO2

to a lesser degree
than the corresponding increase in systemic arterial blood
(Kety & Schmidt, 1948; Fencl, 1986). As mentioned,
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Figure 4. Calculation of ventilatory CO2 reactivity using PET,CO2 ,
Pa,CO2 , ePa,CO2 and Pjv,CO2

during hypercapnia
Each faint line represents an individual reactivity. Bold line represents
group average.

Shapiro et al. (1966) showed a higher correlation of jugular
venous CO2 tension, when compared with arterial PCO2

,
with the associated changes in CBF during elevations in
CO2, indicating that brain tissue CO2 tension, rather than
Pa,CO2

, provides a better correlate of the physiological
stimulus. Conversely, during hypocapnia experimental
data indicate that Pa,CO2

(or arterial wall PCO2
) may have a

more important role than Pjv,CO2
(Severinghaus & Lassen,

1967). In the current study, cerebrovascular CO2 reactivity
was higher in both the hyper- and hypocapnic range when
presented against Pjv,CO2

when compared with Pa,CO2
. It is

noteworthy that this increase in Pjv,CO2
–CO2 reactivity was

highest in the hypercapnic range (∼97%) compared with
the hypocapnic range (∼24%). It is tempting to speculate
that these hyper-/hypocapnic reactivity differences may
reflect a differential control of CBF via brain tissuePCO2

or Pa,CO2
during hypercapnia (Shapiro et al. 1966) and

hypocapnia (Severinghaus & Lassen, 1967); however, it
should be acknowledged that, whilst Pjv,CO2

is likely to
be a closer index of brain tissuePCO2

than Pa,CO2
(Fencl,

1986; Xie et al. 2006), clarifying the mechanisms involved
is difficult knowing only arterial–venous PCO2

gradients
and not information related to the CO2 flux across the
brain.

Consistent with previous reports (Ide et al. 2003; Xie
et al. 2005, 2006; Cummings et al. 2007), MCAv-CO2

reactivity was greater in the hypercapnic range than the
hypocapnic range (Fig. 4). One logical possibility is that the
greater CBF response with hypercapnia limits the change
in brain tissuePCO2

and thus Pjv,CO2
. In the hypocapnic

range, a reduced CBF reactivity suggests a greater change
in Pjv,CO2

with changes in Pa,CO2
and thus a lesser slope in

the Pjv,CO2
–CBF response (i.e. the denominator (�Pjv,CO2

)
for �MCAv/�Pjv,CO2

gets higher). The mechanisms
underlying this greater reactivity to hypercapnia compared
with hypocapnia may be related to a greater influence
of vasodilator mediators on intracranial vascular tone
compared with vasoconstrictive mediators (Toda &
Okamura, 1998).

Integration of ventilation and cerebral blood flow

Changes in cerebrovascular CO2 reactivity affect stability
of the ventilatory responsiveness to CO2 via alterations
in the degree of washout in central chemoreceptor
hydrogen [H+] (Xie et al. 2006; Ainslie et al. 2007;
Cummings et al. 2007). In humans, to avoid the
need for invasive procedures, these ventilatory and
cerebrovascular responses to CO2 are typically estimated
using a change Pa,CO2

as an index. One important
consideration is that the medullary central chemo-
receptors are not stimulated directly by Pa,CO2

; rather,
they are simulated by [H+] via alterations in brain
tissue CO2 tension. This stimulus at the central
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chemoreceptor level is therefore more likely to be better
represented by the PCO2

of the venous cerebral outflow
or by a mean of arterial and cerebral venous PCO2

(Fencl, 1986; Xie et al. 2006). In further support of
this, during hypercapnia, MCAv–Pjv,CO2

reactivity (but
not MCAv–Pa,CO2

reactivity) was inversely related to the
increase in ventilation (R2 = 0.43; P < 0.05). Whilst not
establishing cause-and-effect, we interpret these findings
to indicate that, in those individuals with a reduced
MCAv–Pjv,CO2

, there is less CO2 washout at the level of the
central chemoreceptors and therefore a greater ventilatory
stimulus. If the changes in MCAv reflect the changes
in the posterior circulation supplying the medulla (see
Methodological considerations), then it seems reasonable
to assume that differences in CBF reactivity and related
CO2 washout may cause changes in central chemoreceptor
stimulation. These findings support the conclusion that
cerebrovascular responsiveness to CO2 is an important
determinant of eupnoeic ventilation and of hypercapnic
ventilatory responsiveness in humans, primarily via its
effects at the level of the central chemoreceptors (Xie et al.
2006).

Methodological considerations

Although transcranial Doppler ultrasound measures flow
velocity, rather than blood flow, in the MCA, the majority
of research suggests that MCAv is a reliable index of
regional CBF due to little or no change in the diameter of
the MCA (Giller et al. 1993; Valdueza et al. 1997; Serrador
et al. 2000). Our reported values for cerebrovascular CO2

reactivity are consistent with those reported previously
in healthy humans using MRI (van der Zande et al.
2005; Wise et al. 2007). An important consideration is
whether steady-state MCAv was reached during the last
minute of each of the 4 min hypo- hypercapnia steps.
The MCAv changes and reactivity reported in this study
are comparable with those of previous studies using 90 s
increments in end-tidal CO2 (Ide et al. 2003) or using
5 min incremental steps of inspired CO2 (Xie et al. 2006),
suggesting that the 240 s steps of hypercapnia is sufficiently
long for the MCAv responses to unfold. With transcranial
Doppler, it is possible to assess only the major changes in
regional CBF-CO2 reactivity; however, it is known that the
cerebrovascular responses to CO2 are qualitatively similar
throughout the brain, although more pronounced in grey
versus white matter and in cerebellar and brainstem regions
versus cortical areas (Ramsay et al. 1993; van der Zande
et al. 2005). It seems reasonable to suggest that changes in
regional MCAv reactivity should reflect blood flow in other
region of the brain, including the posterior circulation
supplying the medulla, where the change of CO2 and
pH is directly sensed by the central chemoreceptors and
thereby affects the respiratory neurons (Kawai et al.
1996). Previous data from our laboratory indicate that

during step changes in PCO2
, there is a close relationship

(R2 = 0.82; Ainslie et al. unpublished data) between the
changes in MCAv (regional) and global CBF as determined
using the Fick equation (CBF = cerebral metabolic oxygen
consumption/arterio-venous O2 content difference),
assuming that cerebral metabolic oxygen consumption
was unchanged during changes in Pa,CO2

. This technique
and related assumptions has been reported in detail
previously (Wasserman & Patterson, 1961; Shapiro et al.
1966; Severinghaus & Lassen, 1967). Therefore, in the
present study, it seems reasonable to assume that changes
in MCAv adequately reflect global changes in CBF.

In summary, there is a systematic overestimation of
Pa,CO2

by PET,CO2
during step changes in PCO2

; this over-
estimation results in a lower MCAv-CO2 reactivity. Both
PET,CO2

and Pa,CO2
reactivities, however, are lower when

compared with MCAv–Pjv,CO2
reactivity. During hyper-

capnia, a lower MCAv–Pjv,CO2
reactivity may result in less

CO2 washout and greater ventilatory stimulus and the
level of the central chemoreceptors. Differences in these
relationships have implications for the true representation
and interpretation of cerebrovascular CO2 reactivity. These
results may serve as the point of reference for ‘normal’
responses for comparison against pathological disorders.
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