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The Effect of Deafferentation on Cerebral Blood
Flow Response to Acetazolamide

Hiroshi Yamauchi, Hidehiko Okazawa, Kanji Sugimoto,
Yoshihiko Kishibe, and Masaaki Takahashi

BACKGROUND AND PURPOSE: Decreased cerebral blood flow (CBF) response after acet-
azolamide administration may indicate increased cerebral blood volume (CBV) owing to
reduced perfusion pressure from major cerebral artery steno-occlusive disease. However,
decreased cerebral metabolic rate of oxygen (CMRO2) caused by neuronal damage or deaffer-
entation may also decrease the CBF response to acetazolamide, which adds complexity to the
assessment of autoregulatory vasodilatation. The purpose of this study was to investigate the
relationship between CBF response to acetazolamide and CBV or CMRO2 in a pure form of
deafferentation, crossed cerebellar diaschisis (CCD).

METHODS: We used positron emission tomography to study 17 patients with unilateral
supratentorial infarct and contralateral cerebellar hypoperfusion. The CBF response to acet-
azolamide was assessed by measuring baseline CBF and CBF 10 minutes after an intravenous
injection of acetazolamide. Multivariate analysis was used to test the independent predictive
value of the CBV and CMRO2 at baseline with respect to the change of CBF during acetazol-
amide administration.

RESULTS: Multivariate analysis revealed that in CCD CBV was significantly and indepen-
dently associated with the percent change of CBF during acetazolamide administration (P <
.0001), whereas CMRO2 was not.

CONCLUSION: In deafferentation, changes in CBV may account for variations in CBF
response to acetazolamide and decreased CMRO2 may not affect CBF response to acetazol-
amide expressed as the percent change.

Evaluation of the cerebral blood flow (CBF) response
to acetazolamide is widely used to evaluate the vaso-
dilatory capacity in patients with major cerebral arte-
rial occlusive diseases (1, 2). The CBF response to
acetazolamide as assessed by quantitative CBF eval-
uation may be predictive of the risk of stroke, sug-
gesting that evaluation of the CBF response to acet-
azolamide may be important for the treatment of
patients with steno-occlusive lesions of the major ce-
rebral arteries (3–5). Reduction of cerebral perfusion
pressure due to severe atherosclerotic disease of the
cerebral arteries causes autoregulatory cerebral vaso-
dilatation, which acts to keep CBF constant. At an
early stage, the CBF response to acetazolamide may
be reduced according to the degree of vasodilatation
that is reflected by an increase of cerebral blood

volume (CBV). With further reduction in perfusion
pressure, the autoregulatory capacity is exceeded, and
CBF falls passively as a function of pressure. Then,
the CBF response to vasodilatory stimuli may be
absent, because vasodilatory capacity may be ex-
hausted. Thus, a decrease of the CBF response to
acetazolamide may reflect an increase of CBV caused
by reduced perfusion pressure in patients with major
cerebral artery steno-occlusive lesions (6, 7). How-
ever, a decrease in cerebral metabolic rate of oxygen
(CMRO2) caused by ischemia may also decrease the
CBF response to acetazolamide by decreasing the
production of carbon dioxide (CO2) (7, 8), which adds
complexity to the quantitative assessment of cerebral
autoregulatory vasodilation.

In patients with major cerebral arterial occlusive
diseases, the decreased CMRO2 in the normal-ap-
pearing cerebral cortex may be caused by primary
minor ischemic change, including neuronal loss or
secondary metabolic change through deafferentation
(9, 10). Therefore, knowledge of the effect of primary
minor ischemic change or deafferentation on the
CBF response to acetazolamide may make it possible
to interpret the results of the acetazolamide test
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properly. Although it is difficult to study the region
with primary minor ischemic change selectively,
crossed cerebellar diaschisis (CCD) can be studied as
one example of a pure form of deafferentation (11).
Some supratentorial brain lesions cause a decrease in
CBF and metabolism in the contralateral cerebellum
without morphologic change. The main mechanism
responsible for this phenomenon appears to be deaf-
ferentation through the cortico-ponto-cerebellar tract
(10–12). Decreased CMRO2 resulting from deaffer-
entation may cause vasoconstriction, which may result
in decreased CBV (12). It is not yet known how these
changes in CBV and CMRO2 affect the CBF re-
sponse to acetazolamide in deafferentation. The pur-
pose of this study was to investigate the relationship
between CBF response to acetazolamide and CBV or
CMRO2 in CCD.

Methods

Patients
Seventeen patients (12 male, five female; age, 61 � 12 years

[mean � SD]) with unilateral supratentorial infarcts were en-
rolled in this study. Five patients had cortical infarcts in the
middle cerebral artery (MCA) territory, and 12 had purely
subcortical infarcts in the MCA territory. All patients fulfilled
the following criteria: 1) significant CBF asymmetry in the
cerebellum as compared with normal subjects; 2) absence of
clinical symptoms of ischemia in the vertebrobasilar artery
territory; 3) absence of gross morphologic alterations in the
cerebellum and brain stem at MR imaging; and 4) normal
conventional angiographic findings in the vertebrobasilar sys-
tem. The interval between ischemic event and positron emis-
sion tomography (PET) examination was 7 � 16 months.

PET Measurements
All the subjects underwent PET with a whole-body scanner

(Advance; General Electric Medical Systems, Milwaukee, WI),
which permits simultaneous acquisition of 35 image sections
with intersection spacing of 4.25 mm (13, 14). Written informed
consent was obtained from each subject under the guidance of
the Ethics Committee of the Shiga Medical Center. Perfor-
mance tests showed the intrinsic resolution of the scanner to be
4.6–5.7 mm in the transaxial direction and 4.0–5.3 mm in the
axial direction. As part of the scanning procedure, but before
the tracer administration, 68Ge/68Ga transmission scanning was
performed for 10 minutes for attenuation correction. For recon-
struction of the PET data, images were blurred to 6.0 mm full-
width half-maximum in the transaxial direction by using a Han-
ning filter. Functional images were reconstructed as 128 � 128
pixels, with each pixel representing an area of 2.0 mm � 2.0 mm.

The subjects were placed in the scanner with their heads
immobilized with a head-holder and positioned with light
beams to obtain transaxial sections parallel to the orbitomeatal
line. A small cannula was placed in the left brachial artery for
blood sampling. First, a baseline H2

15O study was performed
(14, 15). After intravenous bolus injection of 555 MBq of
H2

15O into the right antecubital vein, a 3-minute dynamic PET
scan was started at the time of tracer administration with frame
durations of 5 seconds � 12, 10 seconds � 6, and 20 seconds �
3. Arterial blood was continuously drawn from a catheter in the
radial artery by using a minipump (AC-2120; Atto Co., Tokyo,
Japan), and the concentration of radioactivity was monitored
with a coincidental flow-through radioactivity detector (Pico-
Count;Bioscan Inc., Washington, DC) (16) and used as an
input function for data analysis.

After the baseline H2
15O study, a series of 15O-gas studies

were performed. C15O2 and 15O2 were inhaled continuously
through a mask (14). The scan time was 5 minutes, and arterial
blood was sampled manually from the brachial artery three
times during each scan. Each sample was collected for 10–20
seconds to average the fluctuation due to the respiratory cycle,
and the radiotracer concentrations of whole blood and plasma
were measured with a well counter. Inhalation of C15O with
3-minute scanning was used to measure the CBV. Arterial
samples were obtained manually twice during the scanning, and
the radiotracer concentration of whole blood was measured.

After the 15O-gas study, 1 g of acetazolamide was adminis-
tered intravenously (15). Ten minutes after administration, a
second H2

15O study was done: an intravenous bolus injection of
555 MBq of H2

15O and a 3-minute dynamic PET scan were
performed in the same way as in the baseline study.

No subject showed a significant change in PaCO2 during
PET scanning, and the changes in the physiologic data during
acetazolamide administration were small in all patients.

In the 15O-gas study, we calculated CBF, CMRO2, and
oxygen extraction fraction (OEF) on the basis of the steady-
state method (17). CMRO2 and OEF were corrected by the
CBV (18). In the H2

15O study, CBF was calculated by using the
autoradiographic method with a partition coefficient of 0.9
(mL/g) (19, 20).

Data Analysis
We analyzed images in the tomographic plane correspond-

ing to the level of the cerebellum. We used the scan section that
most satisfactorily visualized the cerebellar hemisphere. First,
in the baseline H215O-CBF image, we placed three circular
regions of interest 16 mm in diameter over the gray matter of
the cerebellar hemisphere ipsilateral to the supratentorial le-
sion. These regions of interest were then copied on the con-
tralateral side with respect to the anteroposterior axis, which
was determined in relation to the interhemispheric line in the
upper section of the CBF image. We took care not to include
the sinus in the regions of interest, by comparing the CBF
image with the CBV image (12).

From the absolute values of the PET variables, we calcu-
lated the percent difference between the contralateral (CL)
and ipsilateral (IL) cerebellar cortex (asymmetry index) as AI
(%) � (CL � IL)/IL � 100. We assumed that the resulting
values reflected the percent changes caused by CCD. We also
studied seven younger healthy subjects (mean age 46 � 6 years)
by using the 15O-gas steady state method, and calculated the AI
between the right (R) and left (L) cerebellar cortex as AI � L
(%) � (R � L)/L � 100 and AI � R (%) � (L � R)/R � 100.
AI � L and AI � R for CBF in the healthy subjects (mean �
SD) were �0.01 � 2.07% and 0.14 � 2.06%, respectively.
Patients with significant cerebellar CBF asymmetry (ie, with an
individual value of AI below �6.30% for a left supratentorial
stroke or below �6.04% for a right supratentorial stroke, the
respective means �3 SD in normal subjects) were selected as
the study subjects.

In each hemisphere, we calculated the absolute and percent
differences between the values obtained after acetazolamide
administration and the values at baseline (� and �%) as � �
CBF value (acetazolamide) � CBF value (baseline) and �% �
�/(CBF value [baseline]) � 100 (%). We assumed that the
resulting values reflected the absolute and percent changes
caused by acetazolamide administration.

Statistical Analysis
We compared the results, except for CBF, in each cerebellar

cortex by using the Wilcoxon signed-rank test. Differences were
considered significant at P � .05.

Spearman rank correlation was used to analyze the relation-
ship of CBV or CMRO2 to the change of CBF during acet-
azolamide administration (� and �%). A P value of �.05 was
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regarded as indicating statistical significance. We also used
multiple linear regression analysis to test the independent pre-
dictive value of CBV or CMRO2 with respect to the change of
CBF during acetazolamide administration (� and �%). We
applied this analysis by using the hemispheric values of the
change of CBF (� or �%) in each hemisphere (34 hemi-
spheres) as the dependent variable and the baseline value of
CBV or CMRO2 as the independent variable. We adopted the
two hemispheric values for each patient because of the sus-
pected hemispheric difference of baseline hemodynamics and
metabolism in each patient, although the data are not indepen-
dent of each other.

Results
In the group as a whole, in the cerebellar cortex

contralateral to the supratentorial infarction, signifi-
cant decreases of CMRO2 and CBV and an increase
of OEF were found, as compared with the respective
values in the ipsilateral cerebellar cortex. The abso-
lute change of CBF during acetazolamide administra-
tion in the contralateral cerebellar cortex was signif-
icantly less than that in the ipsilateral cortex, whereas
the percent change of CBF showed no significant
difference between the two cortices (Table 1).

In univariate analysis, the absolute change of CBF
during acetazolamide administration was significantly
and negatively correlated with CBV, whereas the per-
cent change of CBF was significantly and negatively
correlated with both CBV and CMRO2 (Fig 1). At
baseline, CBV was significantly and positively corre-
lated with CMRO2 (Spearman correlation coeffi-
cient, � � 0.66; P � .001).

The positive relationships between CMRO2 and
the absolute change of CBF during acetazolamide
administration became significant after controlling
for the effect of CBV by using multiple linear regres-
sion analysis (model 2 in Table 2). This model, which
included the values of CBV and CMRO2, accounted
for a significant proportion of the variance of the
absolute change of CBF (P � .0001; R2 � 0.53). CBV
accounted for 20.5% of the variance of the change of
CBF, whereas CMRO2 accounted for 32.5% of the
variance.

The negative relationship between CMRO2 and the
percent change of CBF during acetazolamide admin-
istration, which was significant in univariate analysis,
became insignificant after controlling for the effect of
CBV by using multiple linear regression analysis (Ta-
ble 3, model 2). The CBV was a significant indepen-
dent predictor of the percent change of CBF and
accounted for 62.3% of the variance.

Discussion
This study showed that, in deafferentation, varia-

tions in the CBF response to acetazolamide are ac-
counted for by changes in CBV and a decrease in
CMRO2 does not affect the CBF response to acet-
azolamide expressed as the percent change. We
found that both the absolute and percent changes of
CBF during acetazolamide administration were sig-
nificantly and negatively correlated with the baseline
CBV value in CCD. In multivariate analysis, although
both CBV and CMRO2 were independent predictors
of the absolute change of CBF, only CBV was an
independent predictor of the percent change. For the
absolute CBF response, CBV accounted for 20.5% of
the variance and CMRO2 accounted for 32.5%. As
expected from the mechanism of the vasodilatory
effect of acetazolamide, CMRO2 was positively cor-
related with the CBF change. On the other hand, only
CBV accounted for a significant proportion of the
variance of the percent change of CBF (62.3%). The
CBF response to acetazolamide expressed as the per-
cent change can thus be used to estimate CBV in
CCD because of the minor contribution of CMRO2.

Several studies using various methods to measure
CBF investigated the acetazolamide reactivity in
CCD and showed inconsistent results (21–25). Two
recent studies in which CBF response to acetazol-
amide was assessed by quantitative CBF by using PET
showed no significant difference between the cerebel-
lar hemispheres in the CBF response to acetazol-
amide expressed as the percent change (24, 25), in
agreement with the findings of the present study.
Because CBV was reduced in CCD, CBF response to
acetazolamide should be increased if acetazolamide
reactivity indicates vasodilatory capacity. In CCD,
however, CMRO2 is also reduced, and reduced
CMRO2 may cause a reduction of the CBF response
to acetazolamide. The vasodilatory effect of acetazol-
amide probably occurs through inhibition of carbonic
anhydrase in circulating red blood cells, which inter-
feres with CO2 clearance from the brain because of
conversion of the CO2 to circulating bicarbonate (1,
8). Consequently, increased levels of CO2 around
cerebral vessels cause cerebral vasodilatation. Thus,
the vasodilatory effect of acetazolamide may depend
on the level of the production of CO2, which may be
associated with baseline CMRO2. In the patients
studied here, CBV was positively correlated with
CMRO2. Therefore, the positive effect of the de-
creased CBV on the CBF response to acetazolamide
may have been counterbalanced by the negative effect
of the decrease of CMRO2, resulting in the lack of

TABLE 1: Baseline values of PET variables and CBF response to
acetazolamide in the cerebellar hemispheres contralateral and
ipsilateral to the supratentorial infarction

Variable

Hemisphere

Contralateral Ipsilateral

CBF (mL/100g/min) 43.0 � 7.5 55.0 � 8.8
CMRO2 (mL/100g/min) 3.29 � 0.48* 4.01 � 0.34
OEF (%) 45.4 � 5.5* 43.3 � 5.0
CBV (mL/100g) 3.20 � 0.60* 3.72 � 0.56
CBF change (mL/100g/min) 24.9 � 10.6† 28.7 � 10.2
CBF change (%) 60.6 � 23.6 54.4 � 22.6

Note.—Values are the mean � SD. CBF signifies cerebral blood
flow; CMRO2, cerebral metabolic rate of oxygen; OEF, oxygen extrac-
tion fraction; CBV, cerebral blood volume; CBF change, the change of
CBF during acetazolamide administration.

* P � .005 versus corresponding value in the contralateral cortex
(Wilcoxon signed-rank test).

† P � .05.
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hemispheric difference in the CBF response ex-
pressed as the percent change. For the CBF response
expressed as the absolute change, the negative effect
of the decrease of CMRO2 was large, which caused a
hemispheric difference in the CBF response.

Previous studies using PET showed a negative cor-
relation between the change of CBF during acetazol-
amide administration and the baseline value of CBV
in patients with major cerebral arterial occlusive dis-
ease, which supports the notion that evaluation of the
CBF response to acetazolamide may be useful for
estimating the degree of cerebral autoregulatory va-
sodilatation in response to reduced perfusion pres-

sure (6, 7). This correlation, however, was shown to
be weakened by the confounding effect of a decrease
in CMRO2 on the CBF response to acetazolamide
(7). In patients with major cerebral arterial occlusive
disease and cerebral infarcts, neuronal damage or
deafferentation may cause decreased CMRO2 in the
normal-appearing cerebral cortex (10). In the present
study, the CBF response to acetazolamide expressed
as the percent change was shown to be correlated only
with the CBV in CCD, which suggests that any de-
creases in the CMRO2 resulting from deafferentation
may not affect the CBF response to acetazolamide. In
patients with major cerebral arterial occlusive dis-

FIG 1. Scatterplots relating the absolute (upper row) or percent (lower row) change in CBF during acetazolamide administration to the
values of CBV (left panels) or CMRO2 (right panels) at baseline in the cerebellar hemispheres on both sides.

TABLE 2: Multiple linear regression analysis of the absolute change
of CBF during acetazolamide administration as the dependent
variable

Variable Coefficient
Standard

Error t P value

Model 1:
CBV (mL/100g) �7.9 2.5 �3.0 �.005

Model 2:
CBV (mL/100g) �15.6 2.5 �6.1 �.0001
CMRO2 (mL/100g/min) 14.0 2.9 4.8 �.0001

Note.—CBV signifies cerebral blood volume; CMRO2, cerebral
metabolic rate of oxygen.

TABLE 3: Multiple linear regression analysis of the percent change
of CBF during acetazolamide administration as the dependent
variable

Variable Coefficient
Standard

Error t P value

Model 1:
CBV (mL/100g) �28.9 3.8 �7.4 �.0001

Model 2:
CBV (mL/100g) �33.0 4.9 �6.7 �.0001
CMRO2 (mL/100g/min) 7.5 5.6 1.3 .20

Note.—CBV signifies cerebral blood volume; CMRO2, cerebral
metabolic rate of oxygen.
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eases, if CMRO2 reduction correlates with CBF re-
sponse to acetazolamide, it is not deafferentation, but
neuronal damage, that is confounding the CBF re-
sponse, on the assumption that similar relationships
exist in the cerebral cortical areas. Therefore, the
evaluation of the neuronal integrity may be needed to
interpret the results of the acetazolamide test prop-
erly. This can be done by visualizing the distribution
of central-type benzodiazepine receptors (9, 26). If
neuronal integrity is preserved in the cerebral cortex
ipsilateral to the major cerebral arterial lesion, the
CBF response to acetazolamide could be used as an
index of preexisting vasodilatation. In our study, no
patients showed atrophy of the cerebellar cortex con-
tralateral to the supratentorial infarction. Neuronal
damage due to transneuronal degeneration would
cause a severe decrease of CMRO2 that might con-
tribute to reduced CBF response to acetazolamide.

Conclusion
In deafferentation, variations in the CBF response

to acetazolamide may be accounted for by changes in
CBV, and a reduction in CMRO2 may not affect the
CBF response expressed as the percent change. Eval-
uation of the CBF response to acetazolamide may be
useful for estimating CBV in regions with secondary
metabolic depression caused by deafferentation.
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