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Recent studies have clarified that hemodynamically compro-
mised patients are at high risk for subsequent stroke. The
acetazolamide test is widely used to detect the patients with
hemodynamic compromise due to occlusive carotid artery dis-
ease. Previous studies have suggested that patients with im-
paired reactivity to acetazolamide had an increased oxygen
extraction fraction (OEF) on PET. However, the underlying
pathophysiology has not been defined in patients with reduced
blood flow and preserved reactivity to acetazolamide due to
carotid occlusive diseases regardless of a normal appearance
on MRI. This study aimed to clarify hemodynamic and metabolic
parameters in such patients, using 15O gas and 11C-flumazenil
(FMZ) PET. Methods: Our study included 15 patients who had
reduced cerebral blood flow (CBF) and preserved cerebrovas-
cular reactivity (CVR) to acetazolamide in the ipsilateral middle
cerebral artery territory due to occlusive carotid diseases on
N-isopropyl-p-123I-iodoamphetamine (123I-IMP) SPECT. We de-
termined the CBF, cerebral metabolic rate for oxygen (CMRO2),
cerebral blood volume (CBV), and OEF using 15O gas PET. The
binding potential for 11C-FMZ was also measured in 5 patients.
All patients were medically treated and followed-up during a
mean period of 2.7 y. Results: 15O gas PET scans revealed that
the ipsilateral CBF and CMRO2 were reduced to 80% � 11%
(P � 0.0001) and 78% � 8% (P � 0.0001) of the contralateral
side, respectively. However, there was no significant side-to-
side difference in the CBV and OEF. The ipsilateral binding
potential for 11C-FMZ was also significantly reduced to 82% �
2% of the contralateral side (P � 0.05), being very similar to the
asymmetry of the CBF and CMRO2. No patients suffered further
ischemic stroke in the ipsilateral hemisphere during the fol-
low-up period. Conclusion: Our results strongly suggest that a
reduced CBF and a normal CVR characterize oxygen hypome-
tabolism probably due to ischemia-related neuronal loss—
namely, incomplete infarction. Such an ischemic lesion is not
hemodynamically compromised and is at very low risk for a

subsequent ischemic stroke even if the patient is medically
treated.
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There is increasing evidence that hemodynamically com-
promised patients with internal carotid artery (ICA) occlu-
sion are at a high risk for subsequent ischemic stroke.
Recently, an elevated oxygen extraction fraction (OEF)
determined by PET has been accepted as an independent
risk factor for subsequent ischemic stroke (1,2).

Alternatively, cerebrovascular reactivity (CVR) to CO2 or
acetazolamide has also been used to assess the cerebral
perfusion reserve in patients with occlusive carotid diseases
because SPECT or unlabeled xenon CT is more widely
available than PET (3–11). Recent studies have proven that
quantitative measurements of cerebral blood flow (CBF)
and CVR can also be a predictor for subsequent ischemic
stroke in patients with ICA or middle cerebral artery (MCA)
occlusion (6,7), although it is still controversial whether
impaired CVR is closely related to OEF elevation (3,12–
16). Based on the quantitative analysis of CBF and CVR, all
patients can be simply classified into 4 types: the patients
with a normal CBF and CVR (type 1), those with a normal
CBF and a reduced CVR (type 2), those with a reduced CBF
and CVR (type 3), and those with a reduced CBF and a
normal CVR (type 4) (4–6). According to previous studies,
type 1 patients are considered to have a normal cerebral
perfusion pressure (CPP) because of a well-developed col-
lateral circulation. Type 2 patients have moderately reduced
CPP. Type 3 patients are believed to have inadequate col-
laterals to maintain a normal CPP (4–6).

However, to our knowledge, there are no reports in the
literature that definitely document the pathophysiology in
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type 4 patients, who have a reduced CBF and a normal
CVR. Previous studies have revealed that extracranial–in-
tracranial arterial bypass had no significant effect on their
SPECT parameters (5) and that subsequent ischemic stroke
is quite rare when they are treated medically (6). These
results strongly suggest that chronic cerebral ischemia has
already caused partial tissue damage, leading to a decreased
metabolic demand, regardless of a normal appearance on
CT or MRI, although metabolic parameters have not pre-
cisely analyzed in these patients. Therefore, in this study,
we aimed to specify the underlying pathophysiology in type
4 patients who have a reduced CBF and a preserved CVR to
acetazolamide. For this purpose, we measured the parame-
ters for oxygen metabolism and for neuronal integrity in
type 4 patients with occlusive carotid artery disease using
15O gas and the 11C-labeled benzodiazepine receptor ligand
flumazenil (11C-FMZ) PET, respectively.

MATERIALS AND METHODS

This study included a total of 15 patients (12 men, 3 women;
mean age, 65.3 y; range, 59–72 y) who were admitted to our
hospital between January 1999 and February 2002. All of them
met the following criteria: (a) transient ischemic attack or minor
completed stroke (Rankin score, 1 or 2) due to ipsilateral occlusive
carotid artery disease; (b) severe stenosis (�90%) or occlusion of
the ipsilateral ICA or MCA; (c) no infarction or, if any, small
infarction on MRI; and (d) decreased CBF and normal CVR to
acetazolamide in the ipsilateral MCA territory on SPECT. Digital
subtraction angiography showed ICA occlusion in 9 patients, ICA
severe stenosis in 3, and MCA severe stenosis in 3 (Table 1). All
studies were performed at least 4 wk after the last ischemic episode
because the studies in an earlier period might affect the correct
interpretation of the data (5).

All patients were medically treated with aspirin (81–100 mg/d)
or ticlopidine (200 mg/d) and were followed-up in the outpatient
clinic over a mean period of 2.7 y (range, 0.5–4 y).

123I-IMP SPECT Study Protocol
To determine the CBF and CVR to acetazolamide, SPECT data

were acquired from 20 to 40 min after the tracer injection, using a
triple-head �-camera (GCA-9300/DI; Toshiba) equipped with low-
energy, high-resolution fanbeam collimators. The energy settings
were 160-keV peak with 24% width for the main window. The
matrix size was 128 � 128 pixels. The images were reconstructed
using the filtered backprojection method. The data were prepro-
cessed using a Butterworth filter with a cutoff frequency of 0.10
cycle per pixel and a power factor of 8. Attenuation correction was
performed using the method of Chang (17). The attenuation coef-
ficient was set at 0.10 per cm. Attenuation coefficient values were
determined by a phantom study. The imaging resolution was about
10-mm full width at half maximum after reconstruction.

Quantitative blood flow was determined by using the 123I-N-
isopropyl- p-123I-iodoamphetamine (123I-IMP) injection and single-
scan autoradiographic (ARG) technique as described earlier
(9,18–20). The 123I-IMP-ARG method is based on the 2-compart-
ment model for tracer kinetics. The method used a standard arterial
input calibrated by the radioactivity of a single arterial whole-
blood sample, a standard lipophilic fraction of 123I-IMP in whole
blood, and a fixed distribution volume of 123I-IMP (41 mL/mL).
Previous studies have demonstrated a good correlation between
regional CBF (rCBF) at the resting state measured by PET with
H2

15O and that measured by the 123I-IMP-ARG method (9,18–20).
Briefly, 222 MBq (6 mCi) 123I-IMP were infused into the antecu-
bital vein at a constant infusion rate for 1 min. At 10 min after the
beginning of the 123I-IMP infusion, one arterial blood sample was
taken and its whole-blood radioactivity concentration was counted
using a well counter that was cross-calibrated to a SPECT scanner.
A single SPECT scan was obtained at a midscan time of 30 min
after 123I-IMP injection. The duration of the SPECT scan was 20
min. The rCBF was quantitatively measured before and 15 min
after intravenous injection of 10-mg/kg acetazolamide on the sep-
arate days with an interval of 2–3 d.

To evaluate cerebral hemodynamics, 10-mm-diameter circular
regions of interest (ROIs) were symmetrically placed in the ipsi-

TABLE 1
Characteristics of 15 Patients Included in Study

Patient no. Age (y) Sex Clinical diagnosis Angiography Infarct 15O gas PET 11C-FMZ PET

1 66 M Minor CS ICA stenosis Corona radiata Yes No
2 64 M Minor CS ICA occlusion Temporal lobe Yes Yes
3 65 M Minor CS ICA occlusion Corona radiata Yes No
4 66 M Minor CS MCA stenosis Corona radiata Yes No
5 60 M TIA MCA stenosis None Yes No
6 71 F Minor CS ICA occlusion Corona radiata Yes No
7 68 M RIND ICA stenosis Frontal lobe Yes No
8 72 M Minor CS ICA stenosis Corona radiata Yes No
9 59 M RIND ICA occlusion Corona radiata Yes No

10 69 F TIA MCA stenosis Corona radiata Yes Yes
11 66 F Minor CS ICA occlusion Frontal lobe Yes Yes
12 58 M RIND ICA occlusion Parietal lobe Yes Yes
13 60 M TIA ICA occlusion None Yes Yes
14 70 M Minor CS ICA occlusion Corona radiata Yes No
15 65 M Minor CS ICA occlusion Corona radiata Yes No

CS � completed stroke; TIA � transient ischemic attack; RIND � reversible ischemic neurologic deficit.
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lateral and contralateral MCA territories. As described elsewhere
(4–6), the CVR to acetazolamide was quantitatively calculated as:

CVR�%� � 100 � �CBFACZ � CBFrest�/CBFrest,

where CBFrest and CBFACZ � rCBF before and after intravenous
injection of acetazolamide, respectively.

Normal control values (mean � SD) of CBF (38.1 � 5.4
mL/min/100 g) and CVR (30.% � 8.0%) in the MCA territory on
123I-IMP were obtained from 10 healthy volunteers free of cere-
brovascular disease. The values were rated as reduced when any
value was less than the mean 	 2 SDs. Thus, in this study, the
patients were diagnosed as having type 4 ischemia when their CBF
was �27 mL/min/100 g and their CVR was �14%.

PET Measurements
PET studies were performed using an ECAT EXACT HR


scanner (Siemens) with in-plane and axial resolutions of 4.5 and
3.71 mm, respectively. The intervals between SPECT and PET
measurements were between 3 and 21 d (9.7 � 5.3 d). The PET
scanner provides 63 tomographic images with 2.425-mm intervals
by the continuous axial motion of the gantry. The image slices
were parallel to the orbitomeatal line. Before emission scanning, a
transmission scan using a 68Ge line source was obtained to correct
tissue attenuation. Intermittent arterial blood sampling and �-ray
monitoring with a scintillator were conducted throughout PET
scanning using a catheter implanted in the radial artery to obtain
the arterial input function. PaO2, PaCO2, hemoglobin, and the blood
pH were also measured in the same blood samples. One-minute
inhalation of C15O (2 GBq/min) followed by 3-min static scanning
and 3 arterial blood samplings were obtained to measure the
cerebral blood volume (CBV). After a 15-min inhalation of 15O2

(0.5 GBq/min), a steady-state O2 image was scanned and 3 arterial
blood samplings were obtained for 5 min to measure the OEF and
the cerebral metabolic rate for oxygen (CMRO2). Finally, to deter-
mine the CBF, the steady-state CO2 image was scanned and 3
arterial blood samplings were obtained for 5 min after a 15-min
inhalation of C15O2 (0.5 GBq/min).

The following formulas were used to calculate the CBV, CBF,
OEF, and CMRO2:

CBV � Ci�/�Cv � 0.85�,

CBF � /��Ca/Ci� � 1�,

OEF � �Ci�/Ci � Ca/Cp� � Ca/Cp�/�Ca�/Cp� � Ca/Cp�,

OEF� � �OEF � X�/�1 � X�,

CMRO2 � 1.39 � Hb � SO2 � CBF � OEF�,

where Ci� � CO PET count; Cv � CO blood count;  � decay
constant of 15O (ln2/2.04 min � 0.341); Ca � equilibrium CO2

blood count; Ci � equilibrium CO2 PET count; Ci� � O2 PET
count; Cp� � O2 plasma count; Cp � equilibrium CO2 plasma
count; Ca� � O2 blood count; OEF� � corrected OEF with
vascular component; X � (CBF 
 )/(CBF/CBV 
 ); and
1.39 � maximum binding capacity of oxygen per gram of hemo-
globin (mL O2/g hemoglobin).

Normal PET values were obtained from 10 volunteers: CBF,
44 � 4 mL/min/100 g; CMRO2, 3.3 � 0.6 mL/min/100 g;, CBV,
3.7 � 0.7 mL/min; and OEF, 0.43 � 0.05 (mean � SD). Each PET
parameter was obtained using 10-mm-diameter circular ROIs.

Dynamic FMZ PET was studied in 5 of 15 patients at the same
time that 15O gas PET was performed. When the other patients
were admitted to our hospital, 11C-FMZ PET was not yet available.
The transaxial images of the brain were reconstructed with a voxel
size of 1.73 � 1.73 � 2.45 mm3. Photon attenuation was corrected
with a 10-min transmission scan and the data were corrected for
decay. The injected dose of 11C-FMZ was 370 MBq for each
patient. A set of 27 sequential PET frames, of increasing duration,
were obtained over a period of 60 min after 11C-FMZ injection
according to the following protocol: 40 s � 1 frame, 20 s � 10
frames, 60 s � 4 frames, 180 s � 4 frames, and 300 s � 8 frames.
The binding potential (BP) images were calculated pixel by pixel
using the reference tissue model (21). The control value in the
cerebral cortex was obtained from 11 volunteers and was 4.4 � 1.5
(mean � SD) when the pons was used for the reference.

To evaluate cerebral hemodynamic and metabolic parameters,
10-mm-diameter circular ROIs were symmetrically placed in the
ipsilateral and contralateral MCA territories.

Data Analysis and Statistical Analysis
To evaluate various parameters obtained from 123I-IMP SPECT,

15O gas PET, and 11C-FMZ PET, the SPECT and PET images were
automatically coregistered to axial T1-weighted MR images. The
SPECT, PET and MR images were registered using a fully auto-
matic multimodality image registration algorithm (22) on Unix-
based workstation (Indigo 2; SGI Inc.).

All data are expressed as mean � SD. Comparison between the
ipsilateral and contralateral sides was evaluated with a paired t test.
P � 0.05 was considered to be statistically significant.

RESULTS

SPECT Studies
On SPECT studies, the CBF in the ipsilateral MCA area

was 25.6 � 2.1 mL/100 g/min and was significantly lower
than that in the contralateral MCA area (33.3 � 3.5 mL/100
g/min (P � 0.0001). The ratio of ipsilateral to contralateral
CBF was 0.77 � 0.05. On the other hand, the CVR in the
ipsilateral and contralateral MCA areas was 25.1% � 5.0%
and 28.9% � 7.1%, respectively. The ratio of ipsilateral to
contralateral CVR was 0.91 � 0.25. Thus, there was no
significant difference of the CVR between the ipsilateral
and contralateral MCA areas (Table 2).

15O Gas PET Studies
PET studies also revealed that the CBF in the ipsilateral

MCA area was 31.4 � 4.2 mL/100 g/min and was signifi-
cantly lower than that in the contralateral MCA area (39.4 �
3.5 mL/100 g/min, P � 0.0001). The ratio of the ipsilateral
CBF to the contralateral CBF was 0.80 � 0.11, which was
almost the same as the results on SPECT studies. The
CMRO2 in the ipsilateral MCA area was 2.3 � 0.4 mL/100
g/min and was significantly lower than that in the contralat-
eral MCA area (3.0 � 0.3 mL/100g/min, P � 0.0001). The
ratio of ipsilateral to contralateral CMRO2 was 0.78 � 0.08.
The side-to-side asymmetry was very comparable between
the CBF and CMRO2. On the other hand, there were no
significant differences of CBV and of OEF between the
ipsilateral and contralateral MCA areas. Thus, the CBV was
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3.5 � 1.2 mL/100 g and 3.6 � 1.2 mL/100 g in the
ipsilateral and contralateral MCA areas, respectively. The
ratio of ipsilateral to contralateral CBV was 0.95 � 0.06.
The OEF was within normal limits in the ipsilateral and
contralateral MCA areas: 0.40 � 0.08 and 0.42 � 0.06,
respectively. The ratio of ipsilateral to contralateral OEF
was 0.97 � 0.13 (Table 2).

11C-FMZ PET Studies
To evaluate the neuronal integrity in patients included in

this study, 11C-FMZ PET was performed on 5 of 15 patients
(patients 2, 10, 11, 12, and 13; Table 1). Their ratio of
ipsilateral to contralateral CBF on SPECT was 0.76 � 0.05.
The ratios of CBF, CMRO2, CBV, and OEF were 0.83 �
0.08 (P � 0.01), 0.80 � 0.03 (P � 0.01), 1.01 � 0.11, and
0.94 � 0.06 in these 5 patients, being similar to the results
obtained from the 15 patients (Table 3). The BP for 11C-
FMZ was measured in the same ROIs as in 15O gas PET.
The BP for 11C-FMZ in the ipsilateral and contralateral
MCA area was 3.3 � 0.4 and 4.1 � 0.6, respectively. Thus,
the BP for 11C-FMZ was significantly lower in the ipsilat-
eral MCA area than that in the contralateral MCA area (P �
0.05). The ratio of the ipsilateral to contralateral BP was
0.82 � 0.02 (Table 3).

Illustrative Case: Patient 13
A 60-y-old man complained of mild weakness of the right

extremities and was admitted to our hospital. Neurologic
examinations on admission revealed mild right hemiparesis.
He was treated conservatively, and his neurologic symp-
toms almost disappeared within 24 h after the onset. No
cerebral infarction was detected on MRI. Cerebral angiog-
raphy revealed complete occlusion of the left ICA at the
origin. SPECT and PET studies were performed 1 mo after
the onset. SPECT studies showed a moderate decrease of
the CBF in the left frontoparietal lobe. The CBF in the right
and left parietal lobes was 32 and 26 mL/100g/min, respec-
tively. The ratio of the left to right side was 0.81. However,
the CVR in the regions was 25% and 23.9%, respectively.
Thus, the CVR in both sides was within normal limits.

On 15O gas PET, the CBF in the right and left parietal
lobe were 42 and 38 mL/100 g/min, respectively. Likewise,
the CMRO2 in the regions was 2.7 and 2.3 mL/100 g/min,
respectively. Thus, the CMRO2 ratio of the left to right side
was 0.83. The CBV in the regions was 2,5 and 2.8 mL/100
g, respectively. The OEF in the regions was 0.36 and 0.38,
respectively. Thus, there were no significant differences in
the CBV and OEF between the hemispheres. The 11C-FMZ

TABLE 2
SPECT and 15O Gas PET in 15 Patients Included in Study

Study n Ipsilateral side Contralateral side I/C ratio Significance

SPECT
CBF (mL/min/100 g) 15 25.6 � 2.1 33.3 � 3.5 0.77 � 0.05 P � 0.0001
CVR (%) 15 25.1 � 5.0 28.9 � 7.1 0.91 � 0.25 NS

PET
CBF (mL/min/100 g) 15 31.4 � 4.2 39.4 � 3.5 0.80 � 0.11 P � 0.0001
CMRO2 (mL/min/100 g) 15 2.3 � 0.4 3.0 � 0.3 0.78 � 0.08 P � 0.0001
CBV (mL/100 g) 15 3.5 � 1.2 3.6 � 1.2 0.95 � 0.06 NS
OEF 15 0.40 � 0.08 0.42 � 0.06 0.97 � 0.13 NS

I/C ratio � ipsilateral/contralateral ratio; NS � not significant.

TABLE 3
SPECT, 15O Gas, and 11C-FMZ PET in 5 Patients Included in Study

Study n Ipsilateral side Contralateral side I/C ratio Significance

SPECT
CBF (mL/min/100 g) 5 25.0 � 2.8 33.0 � 4.2 0.76 � 0.05 P � 0.0001
CVR (%) 5 25.0 � 4.0 29.0 � 8.6 0.95 � 0.35 NS

PET
CBF (mL/min/100 g) 5 34.3 � 2.6 41.4 � 1.8 0.83 � 0.08 P � 0.0001
CMRO2 (mL/min/100 g) 5 2.3 � 0.3 2.9 � 0.3 0.80 � 0.03 P � 0.0001
CBV (mL/100 g) 5 3.3 � 1.3 3.2 � 1.1 1.01 � 0.11 NS
OEF 5 0.39 � 0.10 0.42 � 0.09 0.94 � 0.06 NS
FMZ-BP 5 3.4 � 0.4 4.1 � 0.58 0.82 � 0.02 P � 0.05

I/C ratio � ipsilateral/contralateral ratio; NS � not significant; FMZ-BP � BP for 11C-FMZ.
Five patients included in study were patients 2, 10, 11, 12, and 13 (Table 1).
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PET study revealed that the BP in the right and left parietal
lobe was 4.4 and 3.7, respectively. The side-to-side asym-
metry was 0.83 (Fig. 1).

Clinical Course
All 15 patients were medically treated with antiplatelet

agents. As a result, no patients experienced any further
episode of ipsilateral ischemic stroke during their follow-up
periods (mean, 2.7 y).

DISCUSSION

The present SPECT/PET study clearly showed that, in
patients with a reduced CBF and a preserved CVR to
acetazolamide due to occlusive carotid artery diseases, the
reduction of blood flow is comparable to that of the oxygen
metabolic rate in the ipsilateral MCA areas. Thus, on 15O
gas PET, the ipsilateral CBF decreased to 83% of the
contralateral value, and the ipsilateral CMRO2 also de-
creased to 78% of the contralateral value. There were,
however, no significant differences of OEF and CBV be-
tween hemispheres in these 15 patients. Therefore, the so-
called “misery perfusion syndrome” (23) or “stage-2 hemo-
dynamic ischemia” (24) does not exist in these areas, and a
decreased blood flow is closely coupled to a reduced oxygen
metabolism regardless of the lack of an abnormal intensity
lesion on MRI.

Our results mirror previous descriptions—that is, using
the 133Xe inhalation method and SPECT, Kuroda et al. (5)
reported chronologic changes of the CBF and CVR in 32
patients with ICA occlusion. They divided the patients into
4 types based on quantitative SPECT measurements. Eight
of 32 patients (25%) had a reduced rCBF and a normal
regional CVR (rCVR) in the ipsilateral MCA area (type 4).

Their follow-up blood flow studies revealed no significant
changes in the rCBF and rCVR whether or not they under-
went bypass surgery. Although some of them showed ex-
acerbation of dementia, a subsequent ischemic stroke was
not noted during follow-up periods (5). Furthermore, a
recent study by Kuroda et al. (6) also revealed that subse-
quent ischemic stroke in the ipsilateral MCA area was quite
rare during mean follow-up periods of 38 mo and that its
annual risk was 2.4% per year in medically treated patients
with a reduced CBF and a normal CVR (type 4). Ogasawara
et al. have reported a similar result (7).

Acetazolamide is known to increase the CBF by dilating
cerebral arterioles and is widely used to assess cerebral
vasodilatory capacity. It is believed that critical reduction of
cerebral perfusion pressure induces maximal dilation of
cerebral arterioles, causing a reduction of CVR to acetazol-
amide (3–11). A recent study has clarified that an increase
in the CBV, as well as an elevation of the OEF, can be a
high risk for subsequent ischemic stroke in patients with
occlusive carotid artery diseases (25). In the present study,
there was no significant abnormality of the CBV in the areas
with a reduced CBF and a normal CVR, correlating well
with the assumption that these areas are not hemodynami-
cally impaired and are not at high risk for subsequent
ischemic stroke (26).

Using 11C-FMZ PET, we also measured the BP for 11C-
FMZ in 5 of the 15 patients to clarify the underlying
mechanism of the reduced oxygen metabolism in the areas
with a reduced CBF and a normal CVR. Because �-ami-
nobutyric acid receptors are abundant in the cortex and
sensitive to ischemic damage, specific ligands to their sub-
units—the cerebral benzodiazepine receptors—have been
used as markers of preserved morphologic integrity (27,28).
Sette et al. (28) analyzed the effects of permanent versus
transient (3–6 h) MCA occlusion in baboons and identified
in vivo subcortical “infarcts” by the typical CT-hypodense
lesion. However, they also detected an approximate 20%
decrease of benzodiazepine receptor binding in the CT-
intact opercular cortex adjacent to the hypodense area. The
authors suggested that this borderline-ischemic cortex
where blood was supplied by pial collateral vessels had
suffered partial or selective neuronal necrosis without loss
of glial cells; as a consequence, the gross tissue structure
had remained “intact” on CT (28). Subsequently, Heiss et al.
(29,30) measured the CBF and 11C-FMZ binding in patients
with acute ischemic stroke and concluded that a reduction of
11C-FMZ binding can reliably estimate irreversible damage
of the cerebral cortex, predicting whether the tissue can
benefit from reperfusion therapy. Using 123I-iomazenil (123I-
IMZ), an alternative benzodiazepine receptor ligand for
SPECT, a reduction of 123I-IMZ binding is shown to reflect
oxidative hypometabolism caused by neuronal damage in
hemodynamically impaired areas in patients with cerebro-
vascular disease (31,32). The present results showed that its
BP was significantly decreased in these areas, and its side-
to-side asymmetry was 0.82, being very similar to that of

FIGURE 1. A 60-y-old man with transient ischemic attack due
to left ICA occlusion. T2-weighted MR image shows no cerebral
infarction (top left). 123I-IMP SPECT demonstrates mild reduc-
tion of CBF and normal reactivity to acetazolamide in left cere-
bral hemisphere (top right). PET shows mild reduction of CBF
and CMRO2 as well as of BP for 11C-FMZ in left cerebral hemi-
sphere (bottom).
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the CBF and of CMRO2. Therefore, our study strongly
suggests that a selective loss of neural cells occurs in these
areas regardless of a normal appearance on MRI, leading to
the reduction of metabolic demand for oxygen. Therefore, a
reduction of blood flow is most likely secondary to a decline
of oxygen metabolism.

In discussing the pathophysiology in the areas with a
reduced CBF and a normal CVR, 2 patients reported by
Lassen et al. (33) are worthy of note. These patients suffered
a cerebral infarct in the basal ganglia. Cerebral angiography
revealed ipsilateral MCA occlusion in both patients. A
blood flow study showed that a large cortical area surround-
ing the infarct had a very low CBF, 20–25 mL/100 g/min
(i.e., moderate ischemia). Later autopsy showed �50% loss
of neurons in the cortical area, where CT scans detected no
hypodense lesion (33). Subsequently, Garcia et al. (34)
emphasized the importance of selective neuronal necrosis
(incomplete infarction) in human stroke as a pathologic
entity. They concluded that selective neuronal necrosis is
the consequence of transient or permanent ischemia of
moderate severity and that it is not visible on either CT or
MRI. Therefore, oxygen hypometabolism and decreased
neuronal integrity observed in a type 4 area are most likely
analogous to incomplete infarction. Moderate and chronic
cerebral ischemia due to occlusive carotid artery disease
may lead to selective neuronal loss and subsequent down-
regulation of oxygen metabolism, reestablishing a flow–
metabolism balance at a lower level than the normal con-
dition in the area with a reduced CBF and a normal CVR.

Few studies using SPECT have identified a subgroup of
patients with a reduced CBF and a normal CVR to acet-
azolamide (type 4 ischemia) due to occlusive carotid dis-
eases (11,35). To accurately detect these patients using
SPECT, it is very important to evaluate both the rCBF and
the rCVR quantitatively. As Yonas et al. (36) pointed out,
qualitative analysis of the rCBF and rCVR have low sensi-
tivity (61%) and low specificity (75%) for detecting the
patients with impaired reactivity to acetazolamide. Thus,
qualitative analysis judged that 34 of 94 patients with ICA
occlusion had impaired reactivity to acetazolamide. Quan-
titative analysis, however, revealed that 17 of these 34
patients (50%) were false-positive (36). Very recently, Oga-
sawara et al. (37) also reported that quantitative, but not
qualitative, analysis of the CVR to acetazolamide can be a
reliable predictor of the 5-y risk for subsequent stroke in
patients with symptomatic major cerebral artery occlusion.
These results strongly suggest that quantitative blood flow
measurement would be essential to identify type 4 patients
with a reduced CBF and a normal CVR because they
frequently have a significant CBF difference between the
hemispheres on both pre- and postacetazolamide blood flow
imaging (36,37). More importantly, it is clinically crucial to
categorize type 4 patients accurately. When the patients are
diagnosed to have a reduced CBF and a normal CVR on
quantitative blood flow measurements, we should remember
the present results and determine a therapeutic strategy for

them properly. Thus, based on these findings, their ischemic
lesions are not in a hemodynamically compromised condi-
tion and are at very low risk for subsequent ischemic stroke
even if the patients are treated medically.

CONCLUSION

This study strongly indicates that a reduced CBF and a
normal CVR to acetazolamide (type 4 ischemia) character-
ize oxygen hypometabolism due to ischemia-related selec-
tive neuronal damage in patients with occlusive carotid
diseases. It is critical to categorize type 4 patients by quan-
titatively measuring the CBF and CVR and to determine a
therapeutic strategy, because they require medical treat-
ment, but not bypass surgery.
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