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Graded Hypercapnia and Cerebral Autoregulation
during Sevoflurane or Propofol Anesthesia
Timothy J. McCulloch, M.B.B.S., F.A.N.Z.C.A.,* Elizabeth Visco, C.R.N.A.,† Arthur M. Lam, M.D., F.R.C.P.C.‡

Background: Hypercapnia abolishes cerebral autoregulation,
but little is known about the interaction between hypercapnia
and autoregulation during general anesthesia. With normocap-
nia, sevoflurane (up to 1.5 minimum alveolar concentration)
and propofol do not impair cerebral autoregulation. This study
aimed to document the level of hypercapnia required to impair
cerebral autoregulation during propofol or sevoflurane anes-
thesia.

Methods: Eight healthy subjects received a remifentanil infu-
sion and were anesthetized with propofol (140 mg z kg21 z

min21) and sevoflurane (1.0–1.1% end tidal) in a randomized
crossover study. Ventilation was adjusted to achieve incremen-
tal increases in arterial carbon dioxide partial pressure (PaCO2)
until autoregulation was impaired. Cerebral autoregulation was
tested by increasing the mean arterial pressure (MAP) from 80
to 100 mmHg with phenylephrine while measuring middle
cerebral artery flow velocity by transcranial Doppler. The au-
toregulation index, which has a value ranging from 0 to 1,
representing absent to perfect autoregulation, was calculated,
and an autoregulation index of 0.4 or less represented signifi-
cantly impaired autoregulation.

Results: The threshold PaCO2 to significantly impair cerebral
autoregulation ranged from 50 to 66 mmHg. The threshold
averaged 56 6 4 mmHg (mean 6 SD) during sevoflurane anes-
thesia and 61 6 4 mmHg during propofol anesthesia (P 5 0.03).
Carbon dioxide reactivity measured at a MAP of 100 mmHg was
30% greater than that at a MAP of 80 mmHg.

Conclusions: Even mild hypercapnia can significantly impair
cerebral autoregulation during general anesthesia. There is a
significant difference between propofol anesthesia and sevoflu-
rane anesthesia with respect to the effect of hypercapnia on
cerebral autoregulation. This difference occurs at clinically rel-
evant levels of PaCO2. When inducing hypercapnia, carbon di-
oxide reactivity is significantly affected by the MAP. (Key words:
Cerebral blood flow; inhalation anesthetics; intravenous anes-
thetics; transcranial Doppler.)

CEREBRAL autoregulation refers to the process by which
the brain maintains nearly constant cerebral blood flow
despite variations in cerebral perfusion pressure within
the range of 50 to 150 mmHg. It is known that hyper-
capnia abolishes this pressure autoregulation of cerebral
blood flow,1–4 but little is known about the interaction

between hypercapnia and cerebral autoregulation dur-
ing general anesthesia. The aim of this study was to
document the level of arterial carbon dioxide partial
pressure (PaCO2) at which cerebral autoregulation is im-
paired in healthy adults during general anesthesia.

With general anesthesia in normal subjects, cerebral
autoregulation may be intact or abolished depending on
both the anesthetic agent chosen and the dose given. In
this study, two different anesthetics were adminis-
tered—propofol and sevoflurane—that were expected
to leave autoregulation intact at normocapnia. Most vol-
atile anesthetics abolish cerebral autoregulation at
higher doses,5 but sevoflurane, at doses as high as 1.5
minimum alveolar concentration (MAC), is associated
with intact autoregulation in normocapnic humans.6

Propofol is associated with intact cerebral autoregula-
tion,5 even at doses high enough to cause electrical
silence on the electroencephalogram.7 We hypothesized
that the threshold level of PaCO2 at which cerebral auto-
regulation becomes impaired is anesthetic agent–depen-
dent, and the aim of this study was to compare the
threshold between these two anesthetic agents.

Materials and Methods

After obtaining institutional ethics committee ap-
proval, written informed consent was obtained from
eight adults scheduled to undergo general anesthesia for
lower-limb orthopedic procedures expected to last more
than 4 h. We chose procedures associated with a low
level of surgical stimulation (e.g., fixation of calcaneal
fractures). Patients were excluded if they had active
respiratory disease, any cardiovascular disease (including
hypertension), and any neurologic disease or recent
head injury.

Subjects received 1–2 mg of midazolam intravenously
before induction of general anesthesia with thiopentone
(4–5 mg/kg). The trachea was intubated after paralysis
with vecuronium, and the lungs were ventilated with a
mixture of air and oxygen (fraction of inspired oxygen,
0.3–0.4).

Experimental Protocol
Sevoflurane and propofol were compared in a non-

blinded, randomized, crossover fashion. The study was
performed twice in each subject: once with mainte-
nance of anesthesia by infusion of propofol (140 mg z
kg21 z min21) and once with maintenance by inhalation
of sevoflurane (1.0–1.1% end-tidal concentration). The
order of the two anesthetic agents was randomized. A

* Acting Assistant Professor, Department of Anesthesiology, University of
Washington School of Medicine. Current position: Clinical Lecturer, Department
of Anaesthetics, University of Sydney, Sydney, Australia. † Teaching Associate,
Department of Anesthesiology, ‡ Professor, Departments of Anesthesiology and
Neurological Surgery, University of Washington School of Medicine.

Received from the Departments of Anesthesiology and Neurological Surgery,
University of Washington School of Medicine, Seattle, Washington. Submitted for
publication February 4, 2000. Accepted for publication May 26, 2000. Support
was provided solely from institutional and/or departmental sources. Presented in
part at the annual meetings of the American Society of Anesthesiologists, Dallas,
Texas, October 9–13, 1999, and the Society of Neurosurgical Anesthesia and
Critical Care, Dallas, Texas, October 8, 1999.

Address reprint requests to Dr. Lam: Department of Anesthesiology, Box
359724, Harborview Medical Center, Seattle, Washington 98104. Address elec-
tronic mail to: artlam@u.washington.edu. Individual article reprints may be
purchased through the Journal Web site, www.anesthesiology.org.

Anesthesiology, V 93, No 5, Nov 2000 1205

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/93/5/1205/401353/0000542-200011000-00012.pdf by guest on 20 M
arch 2024



minimum of 30–60 min elapsed between commencing
the anesthetic maintenance agent and commencing au-
toregulation testing. When crossing over from one agent
to the other, a minimum of 30 min was allowed for
anesthetic equilibration.

An infusion of remifentanil was commenced with
induction and continued throughout the study (0.125–
0.5 mg z kg21 z min21). Remifentanil was used to provide
a rapidly variable level of opioid activity to control arte-
rial blood pressure in the face of any variation in surgical
stimulation. The dose of remifentanil was titrated to
achieve a baseline blood pressure before each autoreg-
ulation test. The infusion rate was then kept constant
during each test.

After induction of anesthesia, a 20-gauge catheter was
inserted into a radial artery for pressure monitoring and
arterial blood sampling. Transcranial Doppler (TCD)
probes were adjusted to obtain signals from the middle
cerebral arteries bilaterally and were held in constant
position by a frame.8 During autoregulation testing,
mean arterial pressure (MAP) and middle cerebral artery
flow velocity (Vmca) were continuously recorded and
saved for later analysis. Temperature was monitored by
an esophageal temperature probe. Hematocrit and blood
gasses were measured with an automated blood gas
analyzer (Novo Stat II, Waltham, MA). The study began
after commencement of surgery and during steady state
conditions as indicated by a stable cerebral blood flow
velocity.

Cerebral Autoregulation Testing
Cerebral autoregulation was tested in the following

manner. MAP was adjusted to between 75 and 80 mmHg
by titration of the remifentanil infusion. An infusion of
phenylephrine was then commenced and titrated to in-
crease the MAP to 100 mmHg over a period of 2–5 min.
From the recorded data, Vmca at mean arterial pressures
of 80 and 100 mmHg were noted. Vmca data from the
two sides were averaged. From these data, the autoreg-
ulation index (ARI) was calculated according to a previ-
ously published formula.5§ An ARI of 1.0 indicates no
change in Vmca despite the increase in MAP. (Occasion-
ally, Vmca decreases and ARI may exceed 1.) An ARI of
zero indicates totally pressure-passive cerebral blood
flow, i.e., absent autoregulation with Vmca increasing in
direct proportion to MAP. Autoregulation was consid-
ered to be significantly impaired when the ARI was 0.4
or less.

Testing was performed at PaCO2 targets of 40 mmHg
and 50 mmHg, and then in 5-mmHg increments until
autoregulation was impaired (ARI 5 0.4). Tidal volume
or respiratory rate were adjusted to achieve the target

levels of PaCO2. End-tidal carbon dioxide was monitored
and used as a guide to adjust ventilation. Once end-tidal
carbon dioxide had stabilized, arterial blood was sam-
pled for gas analysis before each autoregulation test. A
further arterial blood gas analysis was performed at the
completion of each autoregulation test. Data were re-
jected and the autoregulation test repeated if the PaCO2

differed by more than 2 mmHg from the target or if the
PaCO2 changed by more than 2 mmHg during the test.

Statistical Analysis
The Wilcoxon signed rank test was used to compare

the threshold PaCO2 at which autoregulation was first
found to be impaired. Carbon dioxide reactivity for each
of the two drugs was compared at two different blood
pressures. For this analysis, the Wilcoxon signed rank
test was applied to data from each of the drugs, and the
Bonferroni correction was applied for dual comparisons.

Results

Eight subjects (five men and three women; age, 22–52
yr) participated in the study, and no subject suffered any
complication. In one subject, TCD signals could be ob-
tained from one side only. Bilateral recordings were
obtained from the remaining subjects. The duration of
the study was between 4 and 5 h. There was no signif-
icant change in hematocrit or temperature during the
studies.

Each subject demonstrated a linear increase in Vmca
with increasing PaCO2. At each of the four study condi-
tions (propofol at MAP 80 or 100 mmHg and sevoflurane
at MAP 80 or 100 mmHg), the correlation coefficient
was . 0.9 in all subjects. With normocapnia, all subjects
had an ARI of 0.6 or more, indicating intact autoregula-
tion (defined as ARI . 0.4). Hypercapnia impaired auto-
regulation in all subjects.

The threshold PaCO2 at which significantly impaired
autoregulation was first recorded ranged from 50 to
66 mmHg (table 1). The threshold averaged 56 6 4
mmHg (mean 6 SD) during sevoflurane anesthesia and
61 6 4 mmHg during propofol anesthesia (P 5 0.03).
Figure 1 presents the number of subjects with autoreg-
ulation intact at each PaCO2 range. Carbon dioxide reac-
tivity data are shown in table 2. Figure 2 presents the
data from a representative subject exhibiting a linear
increase in Vmca with increasing PaCO2, but with the
slope influenced by MAP.

Discussion

The main finding of this study is that, with general
anesthesia in normal humans, cerebral autoregulation is
readily impaired at clinically relevant levels of hypercap-
nia. At the anesthetic doses studied, the degree of hy-

§ ARI 5 [(R2 2 R1)/R1]/[(MAP2 2 MAP1)/MAP1], where R 5 MAP/Vmca. R is
an index of cerebral vascular resistance (ignoring the contribution of intracranial
pressure to cerebral perfusion pressure). Subscripts 1 and 2 refer to measure-
ments at the lower and higher MAP, respectively.
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percapnia required to impair autoregulation is signifi-
cantly less with sevoflurane compared with propofol.

It is of note that, with low-dose sevoflurane, hyper-
capnia can impair autoregulation at a PaCO2 of only
50 mmHg. This degree of hypercapnia is well within the
range commonly seen with spontaneous ventilation dur-
ing general anesthesia. Even in mechanically ventilated
patients, severe lung pathology sometimes makes it dif-
ficult to avoid a PaCO2 above the normal range. Our
results indicate that cerebral autoregulation may fre-
quently be impaired in these situations.

Autoregulation tests performed in this study were clas-
sified as showing either autoregulation intact (ARI . 0.4)
or impaired (ARI # 0.4). The choice of this arbitrary ARI
to indicate intact or impaired autoregulation was made
before commencing the study and was based on our
previous experience, which is that normal subjects
never have an ARI of 0.4. The method used in this study

tests cerebral autoregulation over a narrow range of MAP
(80–100 mmHg). We chose this range of MAP because it
allows autoregulation testing while imposing minimal
physiological disturbance in healthy volunteers. The ef-
fect of hypercapnia is first seen at the lower extreme of
the autoregulatory range3,9; therefore, it is possible that
cerebral autoregulation would be even more sensitive to
hypercapnia in patients who are hypotensive during
general anesthesia.

Hypercapnia probably impairs autoregulation because
of its vasodilating effect on cerebral vasculature. Propo-
fol is not a cerebral vasodilator and does not impair
cerebral autoregulation.5,7 Although most volatile anes-
thetics cause cerebral vasodilation,10 1.2–1.5 MAC
sevoflurane decreases cerebral blood flow to less than
awake values.6,11 However, it has been reported that
increasing sevoflurane concentration from 1.5% to 2.5%
in patients with supratentorial tumors causes a modest

Table 1. Individual Data and Autoregulation Index

Subject No.

Sevoflurane Propofol

PaCO2 MAP1 Vmca1 MAP2 Vmca2 ARI PaCO2 MAP1 Vmca1 MAP2 Vmca2 ARI

1 38 81 33 101 30 1.2 41 79 33 100 35 0.7
52 81 54 95 55 0.9 48 80 61 100 65 0.7
55 80 79 102 93 0.3 54 80 68 102 75 0.6
58 80 79 101 91 0.4 62 81 102 103 123 0.2

2 41 82 38 101 40 0.7 39 86 29 105 30 0.8
49 82 42 95 44 0.6 51 81 42 102 42 1.0
54 81 62 103 68 0.6 54 82 43 105 45 0.8
60 82 73 104 84 0.4 60 80 58 101 69 0.3

3 40 79 49 96 47 1.2 39 81 36 100 39 0.7
50 80 100 101 98 1.1 50 79 77 98 84 0.5
56 81 118 96 133 0.3 55 80 83 95 83 1.0

59 78 113 95 130 0.3
4 39 82 29 101 30 0.9 41 80 26 95 27 0.7

50 80 47 102 50 0.7 49 78 42 105 43 0.9
55 80 75 100 77 0.9 57 80 75 102 82 0.6
59 81 94 103 112 0.3 62 85 73 102 77 0.7
66 79 91 99 107 0.2 64 81 78 101 91 0.3

5 39 79 49 101 47 1.0 39 79 27 101 30 0.6
48 80 74 101 78 0.8 50 77 49 102 53 0.6
54 82 90 100 104 0.3 57 79 66 100 73 0.6
62 81 106 101 130 0.1 61 79 73 100 92 0.0

6 40 79 36 101 38 0.8 43 78 50 103 53 0.8
50 78 59 98 61 0.9 50 83 60 101 60 1.0
55 79 97 103 101 0.8 55 83 82 100 88 0.6
61 81 95 101 114 0.1 62 82 82 99 86 0.7

66 80 95 101 108 0.4
70 81 99 101 117 0.3

7 42 80 37 100 40 0.6 40 80 40 100 40 1.0
50 80 60 100 66 0.6 51 80 66 100 72 0.6
55 80 83 100 97 0.3 54 80 71 100 82 0.3

59 80 81 100 95 0.2
8 40 80 41 100 43 0.8 39 81 27 100 28 0.8

50 80 50 100 59 0.2 52 80 40 101 43 0.7
56 80 68 100 81 0.2 56 80 53 100 55 0.8

61 80 68 100 76 0.5
65 80 76 100 90 0.2

80 6 1 100 6 2 80 6 2 101 6 2

In bold are the threshold arterial carbon dioxide (mmHg) (PaCO2) values, i.e., the lowest PaCO2 at which significantly impaired autoregulation was recorded.
Subscripts 1 and 2 refer to measurements taken at the lower and higher mean arterial pressure (mmHg; MAP), respectively.

Vmca 5 mean of bilateral middle cerebral arterial flow velocities (cm/s); ARI 5 Autoregulation Index (unitless), calculated as described in Methods.
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degree of cerebral vasodilation.12 When tested in a sim-
ilar manner to this study, autoregulation is preserved
with 1.2 MAC11 and 1.5 MAC6 sevoflurane in normal
humans with normal PaCO2. In normocapnic humans, 1.5
MAC sevoflurane marginally affects dynamic autoregula-
tion in response to rapid deflation of thigh cuffs,13 but
the transient hyperemic response to carotid artery com-
pression is preserved.14 In rats, 2.0 MAC sevoflurane
abolished the autoregulatory response to hypotension.15

The interaction seen in this study between hypercapnia
and choice of anesthetic agent could indicate an under-
lying vasodilatory effect that is not normally apparent
with 0.5 MAC sevoflurane.

The doses of sevoflurane and propofol used in this study
were chosen to provide a reasonable certainty of ensuring
unconsciousness during surgery. The doses of the two
agents may not have been equipotent in terms of their
hypnotic effect. Propofol was administered at a constant
infusion rate, and plasma levels were not measured. The
minimum time from commencing infusion to commenc-
ing autoregulation testing was 30 min, although in some
subjects the time was more than 60 min. Plasma propo-
fol concentration could still have been increasing signif-
icantly during the study. If this factor was significant,
then the later tests with propofol (generally those at
higher PaCO2) would have been performed at a higher
plasma propofol concentration. A changing concentra-
tion of propofol would not invalidate the finding of
better preservation of autoregulation compared with
sevoflurane. Remifentanil would not be expected to

have any direct effect on cerebral blood flow at the
doses used in this study. Remifentanil has been reported
to leave Vmca unchanged at 1 mg z kg21 z min21 but to
reduce Vmca at 3 mg z kg21 z min21.16

The carbon dioxide reactivity values reported here are
higher than those in previously published reports. For
example, calculating carbon dioxide reactivity from data
reported during sevoflurane11 or propofol–nitrous oxide
anesthesia17 yields mean values of 4–5%. At normocap-
nia, Vmca does not alter significantly with an increase in
MAP from 80 to 100 mmHg but with hypercapnia auto-
regulation fails and Vmca increases in parallel with the
MAP. This causes the calculated carbon dioxide reactiv-
ity to change depending on the blood pressure at which
measurements are made. A possible explanation for the
difference between our results and previous reports is
that previous studies were conducted at a lower blood
pressure17 or that blood pressure was not specifically
controlled during testing. It is well known that hypoten-
sion may decrease carbon dioxide reactivity,18 but it has
not previously been shown that MAP influences reactiv-
ity even if, as in the present study, blood pressure re-
mains within the normal range.

Carbon dioxide reactivity testing is gaining popularity
in the clinical evaluation of cerebrovascular disease.19

Typically, such testing involves adding carbon dioxide to
inspired gas to induce hypercapnia while simultaneously
monitoring changes in cerebral blood flow by TCD. In
patients with known cerebrovascular disease, it has been
shown that changes in MAP confound the results of
carbon dioxide reactivity tests.20 The results of this study
demonstrate that, even if blood pressure remains con-
stant during the test, the absolute level of MAP alters
carbon dioxide reactivity when PaCO2 increases enough
to impair autoregulation. We found mean carbon dioxide
reactivity to be approximately 30% higher when calculated
from measurements taken at a MAP of 100 mmHg com-
pared with a MAP of 80 mmHg. Changes in blood pressure
from day to day could therefore contribute to variability in
carbon dioxide reactivity measurements within an individ-
ual patient.

Using Vmca as a surrogate measure of changes in
cerebral blood flow is problematic because any change
in the diameter of the insonated vessel would alter the
relation between flow velocity and actual blood flow.
The validity of TCD as an index of changes in cerebral
blood flow is supported by a good correlation between

Table 2. CO2 Reactivity

Measurements Sevoflurane Propofol

MAP (mmHg) 80 6 1 100 6 2 80 6 1 101 6 2
CO2 reactivity (%/mmHg) 8 6 3 (4–12) 10 6 3* (6–12) 7 6 2 (4–10) 9 6 3* (5–11)

Values are mean 6 SD (range).

*P 5 0.02 compared with a mean arterial pressure (MAP) of 80 mmHg.

CO2 5 carbon dioxide.

Fig. 1. The number of subjects with intact autoregulation at each
arterial carbon dioxide partial pressure (PaCO2) range. Shown in
brackets is the mean PaCO2 for each column.
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TCD and 133Xe-clearance determinations of carbon diox-
ide reactivity.21 Intraoperative changes in PaCO2 and
MAP have not been found to significantly alter direct
measurements of proximal middle cerebral artery diam-
eter,22 although indirect evidence suggests that middle
cerebral artery diameter may increase with hypercap-
nia.23 If middle cerebral artery diameter did increase
with hypercapnia in this study, then the true carbon
dioxide reactivity would be even higher than indicated
by our data. There is little published evidence regarding
possible effects of general anesthetic agents on middle
cerebral artery diameter. Presumably, any effect of anes-
thetic drugs would be constant if drug concentration re-
mains constant; therefore, it is unlikely that any such effect
would change over the 2–5 min of the autoregulation test.

In conclusion, even mild hypercapnia should be
avoided if attempting to preserve cerebral autoregula-
tion. Propofol may have advantages over volatile agents
such as sevoflurane if hypercapnia cannot be prevented
when attempting to preserve cerebral autoregulation. It
is important to control for any changes in arterial blood
pressure when measuring carbon dioxide reactivity with
hypercapnia.
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Fig. 2. Middle cerebral artery flow velocity measurements in a
single subject (subject No. 5). Influence of arterial blood pres-
sure on carbon dioxide reactivity is evident. MAP 5 mean arte-
rial pressure; Vmca 5 middle cerebral artery blood flow veloc-
ity; PaCO2 5 arterial carbon dioxide partial pressure.
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