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Objectives: Single-photon emission computed tomography (SPECT) with iodine-123 ('%I)-
labeled N-isopropyl-p-iodoamphetamine (IMP) is widely used in measuring the cerebral blood flow
(CBF) response to acetazolamide stress for assessment of cerebral vascular reserve. To quantitate
CBF by means of SPECT with IMP, an autoradiographic (ARG) method has been developed and
is widely used. Because the relation between the brain counts on the SPECT scan and CBF is not
linear in the ARG method, a mixture of gray and white matter in a pixel causes errors in the
calculation of CBF. In the present study, errors in the calculation of CBF and vascular response to
acetazolamide stress by the ARG method due to tissue heterogeneity were estimated by simulation
study. Correction for effects of tissue heterogeneity in SPECT data was also attempted. Methods:
Images of gray and white matter fraction were obtained by voxel-based morphometry analysis of
magnetic resonance (MR) imaging data set. Ideal CBF images, which were generated from gray and
white matter fraction images with assumed blood flow values for gray and white matter, were
compared to CBF images generated by the ARG method. Correction for effects of tissue
heterogeneity in SPECT data was performed with gray and white matter fraction data obtained from
MR images. Results: Systematic underestimation of CBF due to tissue heterogeneity was observed
in all brain regions. In the neocortical regions, underestimation by —-21% to —16%, —26% to -20%,
-31% to —24%, and —35% to —27% was observed for gray and white matter blood flow of 80 and
20, 100 and 25, 120 and 30, and 140 and 35 m//100 m//min, respectively. Vascular response was
also systematically underestimated in most brain regions. Vascular responses in the neocortical
regions ranged from 17% to 20%, from 31% to 37%, and from 42% to 52% when ideal vascular
responses were 25%, 50%, and 75%, respectively. After correction for the effects of tissue
heterogeneity, values of vascular response to acetazolamide stress ranged from 64% to 116% in the
neocortical regions, whereas values obtained by the ARG method ranged from 48% to 52%.
Conclusion: Underestimation of the vascular response to acetazolamide stress due to tissue
heterogeneity should be considered in the estimation of cerebral vascular reserve.
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Todine-123 ('2*I)-labeled N-isopropyl-p-iodoamphetamine
(IMP)"? has been used as a cerebral blood flow (CBF)
tracer for single-photon emission computed tomography
(SPECT) to investigate the pathophysiology of several
brain diseases, particularly occlusive cerebrovascular
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disease.>* Decreased cerebral perfusion pressure due to
major cerebral arterial occlusive disease causes cerebral
autoregulatory vasodilatation to maintain CBF.? To as-
sess such hemodynamic compromise, the CBF response
to acetazolamide, which is a cerebral vasodilator, is
measured by SPECT as an indicator of cerebral vascular
reserve. Reduced vasodilatory capacity as determined by
the acetazolamide stress test is a major predictor of stroke
recurrence.®’

To quantitate CBF by IMP-SPECT, an autoradiographic
(ARG) method has been developed®'? and is used widely
to measure the CBF response to acetazolamide stress.!!
With the ARG method, CBF is calculated from the brain
counts on the SPECT image with an assumed distribution
volume of IMP (V4) according to the standard single-
tissue compartment model. The limited spatial resolution
of the SPECT scanner results in representation of both
gray and white matter in a single pixel. Because the
relation between the brain counts and CBF is not linear in
the ARG method,? this tissue heterogeneity causes errors
in the calculation of CBF by the ARG method.”!%!3 In
particular, errors in CBF values due to tissue heterogene-
ity are greater when CBF is increased, i.e., during aceta-
zolamide stress.'2 However, regional differences in these
CBF calculation errors have not been investigated in
detail.

Images of specific brain tissue components, i.e., gray
matter, white matter, and cerebrospinal fluid, can be
segmented and extracted from magnetic resonance (MR)
images with the use of a recently developed voxel-based
morphometry (VBM) technique.'* In the present study,
regional differences in errors in CBF values determined
by the ARG method due to tissue heterogeneity were
investigated with the use of images of gray and white
matter fraction derived from MR images by VBM analy-
sis. Regional differences in errors in the vascular response
to acetazolamide stress were then estimated. We also
attempted to correct effects of tissue heterogeneity in
SPECT data using gray and white matter fraction data
obtained from MR images.

MATERIALS AND METHODS

Subjects

SPECT studies were performed on eight patients (seven
men and one woman, mean age = SD: 67 + 16 years, age
range: 34-82 years) with a unilateral steno-occlusive
lesion of a major cerebral artery. All patients underwent
MR imaging and angiography or MR angiography of the
brain. All patients were chronically ill.

A total of 28 healthy subjects (16 men and 12 women,
mean age + SD: 61 + 5 years, age range: 55-71 years) were
recruited and gave written informed consent to participate
in MR imaging studies with VBM analysis. The subjects
were judged healthy on the basis of their medical history,
a physical examination, and MR imaging of the brain.
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The study was approved by the Ethics Committee of the
Institute of Development, Aging and Cancer, Tohoku
University.

SPECT study in patients

Two SPECT studies were performed on separate days.
The first study (baseline) was performed at rest and the
second during acetazolamide stress. The interval between
the two studies was 2—7 days. For both studies, SPECT
scanning was performed at a mid-scan time of 40 min after
intravenous infusion of 111 MBq IMP for 1 min. For the
acetazolamide stress study, acetazolamide (1 g) was ad-
ministered intravenously for 1 min starting 10 min before
the beginning of IMP infusion. One-point arterial blood
sampling from the brachial artery was performed at 10
min after the start of IMP infusion to measure both the
radioactivity concentration of whole blood and arterial
blood gases. A SPECT scanner (SPECT-2000H, Hitachi
Medico Corp., Tokyo, Japan),'> with a four-head rotating
gamma camera fitted with low-energy, medium-resolu-
tion collimators and in-plane and axial resolutions of 10-
mm full width at half maximum (FWHM), was used for all
measurements. The SPECT scan protocol acquired 64
projections at 25 sec (25 sec x four-head camera = 100 sec
total) per projection with 360° continuous rotation of the
camera. Images were reconstructed by filtered backpro-
jection with a Butterworth filter, and attenuation correc-
tion was done numerically by assuming the object to be
elliptical for each slice and the attenuation coefficient
to be uniform (0.08 cm™").16:17 Correction for scattered
photons was not performed. Image slices were set up
parallel to the orbito-meatal line and were obtained through
the whole brain. A cross-calibration scan was performed
with the use of a cylindrical uniform phantom (inner
diameter, 16 cm) for calibrating sensitivity between the
SPECT scanner and the well-counter system.

MRI study in healthy subjects for VBM analysis

All MRI studies for VBM analysis were performed with
a 0.5-Tesla MRI scanner (GE, Milwaukee, WI). Three-
dimensional volumetric acquisition of a T1-weighted
gradient echo sequence produced a gapless series of thin
transverse sections using a SPGR sequence (TE: 7 msec,
TR: 40 msec, flip angle: 30°, field of view: 25 cm, acquisi-
tion matrix: 256 x 256, slice thickness: 1.5 mm).

Data analysis

All SPECT and MR images were transformed into the
standard brain size and shape by linear and nonlinear
parameters with the statistical parametric mapping (SPM2)
system for anatomic standardization.'® The PET image
and T1-weighted image in the SPM2 system were used as
templates of the standard brain for SPECT and MR
images, respectively. Thus, the brain images of all sub-
jects had the same anatomic format. Gray matter, white
matter, and cerebrospinal fluid images were segmented
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and extracted from all anatomically standardized MR
images by VBM methods in the SPM2 system.!# These
segmented MR images provide data on the tissue fractions
of gray and white matter and fraction of cerebrospinal
fluid per pixel (m//m/). All anatomically standardized
SPECT, gray matter, and white matter images were
smoothed with an isotropic Gaussian kernel at a 10-mm
FWHM which was the same as the FWHM of the SPECT
scanner. Average images of gray and white matter frac-
tion were calculated.

Regions-of-interest (ROIs) were drawn on all anatomi-
cally standardized SPECT, gray matter, and white matter
images, by referring to the T1-weighted MR image (Fig.
1). Circular ROIs were defined for the pons, midbrain,
thalamus, putamen, parahippocampal gyrus, and anterior
and posterior parts of cingulate gyrus (16 mm in diam-
eter). Elliptical ROIs were defined for the cerebellar
cortex, centrum semiovale, base and convexity side of the
frontal cortex, the temporal cortex, cuneus and lateral side
of the occipital cortex, and inferior and superior sides of
the parietal cortex (16 mm x 32 mm).

From SPECT data, CBF values were calculated for
each ROI by the ARG method. With the ARG method,
CBF is calculated from the brain counts with V4 assumed
to be 40 m//m/.'%-?° The arterial input function is deter-
mined by calibration of the standard input function with
one-point arterial blood sampling at 10 min after IMP
infusion. The vascular response to acetazolamide stress
was calculated as the percentage of change in CBF:

% vascular response = 100(CBFacz/CBFpasetine — 1)
Eq. 1

where CBFpaseline is CBF in the baseline study, and CBFacz
is CBF during acetazolamide stress.

Simulation study

A simulation study was performed to estimate errors in
CBF obtained by the ARG method when the fractions of
gray and white matter in a given ROI were changed. The
time-activity curves in heterogeneous tissue (0 to 40 min)
were generated as mixtures of gray and white matter
according to the standard single-tissue compartment
model.?! Blood flow values of the gray and white matter
were assumed to be 60—140 m//100 m//min in 5 steps and
15-35 m//100 m//min in 5 steps, respectively.?>?? The Vg4
values for gray and white matter were assumed to be the
same, 40 m//m/.'%29 The difference between ideal CBF,
calculated as gray matter blood flow x gray matter fraction
+ white matter blood flow x white matter fraction, and
CBF calculated by the ARG method (ARG-CBF) on the
basis of the generated heterogeneous tissue radioactivity
was estimated where the fraction of gray matter varied
from 0O to 0.9 m//m/, assuming the fraction of cerebrospi-
nal fluid to be 0.1 m//m/. The standard input function used
in the ARG method was employed to generate tissue
time-activity curves.?! The vascular responses in ideal
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CBF and ARG-CBF were then calculated with Eq. 1,
assuming a baseline ideal CBF to be calculated with 80
and 20 m//100 m//min of gray and white matter blood
flow, respectively. Calculated vascular responses in ARG-
CBF were compared to those in ideal CBF. In the present
simulation, vascular responses in blood flow were as-
sumed to be identical between the gray and white matter,
on the basis of previous reports.??3

Regional differences in effects of tissue heterogeneity
on CBF images processed by the ARG method were also
estimated from average images of the tissue fraction of
gray and white matter, which were obtained by VBM
analysis. The radioactivities in gray and white matter at 40
min were calculated according to the standard single-
tissue compartment model with assumed gray and white
matter blood flow values of 60—-140 m//100 m//min in 5
steps and 15-35 m//100 m//min in 5 steps, respectively, as
mentioned above. Brain radioactivity were mapped by
calculation of gray matter radioactivity x gray matter
fraction + white matter radioactivity x white matter frac-
tion; gray and white matter fractions were obtained from
tissue fraction images of gray and white matter. CBF
images were then generated by the ARG method from
these maps of brain radioactivity. The difference between
ideal CBF images, generated by the equation of gray
matter blood flow x gray matter fraction + white matter
blood flow x white matter fraction, and ARG-CBF images
generated by the ARG method was estimated. Images of
the vascular response for ARG-CBF were also generated
from ARG-CBF images, assuming a baseline ARG-CBF
image to be generated with 80 and 20 m//100 m//min of
gray and white matter blood flow, respectively.

Correction for effects of tissue heterogeneity in SPECT
data

Brain radioactivity concentration in a ROI (Cror) can be
expressed as follows:

Cror = Cgray : TFgray + Cwhite - TFwhite Eq. 2

where Cgray and Cynice are the radioactivity concentrations
of gray and white matter, respectively, and TFgry and
TFunite are the tissue fractions of gray and white matter
(ml/ml), respectively. If Cyniee is given, Cgray can be
calculated for given TFgray and TFyniee. In the present
study, Cwhite Was assumed to be the radioactivity concen-
tration in the centrum semiovale, and TFgray and TFwhie
were derived from averaged gray and white matter im-
ages. Blood flow values of gray and white matter, fgray and
fwhite (M//100 m//min), were then calculated by the ARG
method with the use of Cgray and Cunice, respectively. The
ideal CBF value in a ROI, that is, the values corrected for
effects of tissue heterogeneity, was calculated as fol-
lows?3:

Ideal CBF = furay - TFgray + fwhite - TFwhite Eq.3

The vascular response values were obtained from ideal
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Table1 P,CO», P,O2, and pH in SPECT studies

P.CO» P.O»
(mmHg) (mm Hg)

Baseline 402+1.9 85788 7.423 +0.024
Acetazolamide stress 39.7+3.0 923 +6.2 7.416+0.018

Values are shown as mean + SD.

Study pH

Table 2 CBEF at baseline and during acetazolamide stress, and
vascular responses to acetazolamide stress on the normal side

CBF (m//100 m//min)
Region Vascular

Baseline ~ ACZ* response (%)
Cerebellum 37.0+£7.5 533=+113 445+224
Pons 27.1+£57 39.1+9.0 442=+20.7
Midbrain 265+44 379+76 420+10.2
Thalamus 278+4.8 39.6+94 406=+154
Putamen 31.6 5.8 482+102 51.8+18.6
Parahippocampal gyrus 26.0 £4.7 385=+7.3 48.6+18.0
Anterior cingulate 27.6+43 40.8+8.1 474+184
Posterior cingulate 28.8 4.7 427+78 49.0+232
Frontal cortex base 282+53 429+9.1 515+179
Frontal cortex convexity 28.0+52 42.0+80 50.2+16.9

Temporal cortex 31.6+£6.2 475+10.6 49.6+17.8
Occipital cortex cuneus 354 +5.1 529=11.0 47.9=+185

Lateral occipital cortex 29.2+4.5 438+95 48.8+17.2
Inferior parietal cortex  30.2+53 45199 48.8+222
Superior parietal cortex 28.0+4.4 423x82 50.1=16.1
Centrum semiovale 18.1+3.0 26042 444+13.6

Table 3 Tissue fraction of gray and white matter per given ROI
on average images of gray and white matter

Values are shown as mean + SD.
*ACZ: acetazolamide stress

CBF values calculated by this equation with patient data
obtained for the normal side, that is, the side of contralat-
eral to the steno-occlusive lesion in the supratentorial
region and ipsilateral to the lesion in the cerebellum, and
for the pons and midbrain.

RESULTS

P.CO», P,O, and pH values in each SPECT study are
shown in Table 1; no significant differences were ob-
served between the studies. Baseline CBF values and
CBF during acetazolamide stress, and vascular responses
to acetazolamide stress on the normal side are given in
Table 2. Values in the pons and midbrain are also given.
In the neocortical regions, CBF values ranged from 28 to
35 m//100 m//min for baseline and from 42 to 53 m//100
m//min during acetazolamide stress. The vascular re-
sponses to acetazolamide stress in the neocortical regions
ranged from 48% to 52%.

Anatomically standardized T1-weighted MR images
and gray and white matter images averaged for all subjects
are shown in Figure 2. Tissue fraction values of gray and
white matter for each ROI on average images of gray and
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Tissue fraction (m//m/)

Region
Gray matter ~ White matter
Cerebellum 0.655 0.281
Pons 0.329 0.600
Midbrain 0.380 0.511
Thalamus 0.441 0.475
Putamen 0.539 0.452
Parahippocampal gyrus 0.747 0.146
Anterior cingulate 0.482 0.404
Posterior cingulate 0.495 0.429
Frontal cortex base 0.423 0.423
Frontal cortex convexity 0.451 0.382
Temporal cortex 0.591 0.275
Occipital cortex cuneus 0.473 0.417
Lateral occipital cortex 0.346 0.549
Inferior parietal cortex 0.466 0.420
Superior parietal cortex 0.429 0.328
Centrum semiovale 0.053 0.935

white matter are given in Table 3. Among the neocortical
regions, the tissue fraction of gray matter in an ROI ranged
from 0.346 to 0.591 m//ml, and the tissue fraction of white
matter ranged from 0.275 to 0.549 m//ml.

The simulated effects of gray-white matter mixing on
CBF values calculated by the ARG method are shown
in Figure 3. CBF was systematically underestimated
because of tissue heterogeneity. Maximum degrees of
underestimation were —15%, —17%, -20%, —25%, and
—-30% for gray and white matter blood flow values of 60
and 15, 80 and 20, 100 and 25, 120 and 30, and 140 and
35 m//100 m//min, respectively.

The simulated effects of gray-white matter mixing on
the vascular response in CBF calculated by the ARG
method are shown in Figure 4; the baseline blood flow
values in gray and white matter are assumed to be 80 and
20 m//100 m//min, respectively. Because of tissue hetero-
geneity, the vascular response was systematically under-
estimated when CBF was greater than baseline CBF and
overestimated when it was less than baseline CBF. Mini-
mum vascular responses were 17%, 31%, and 43% when
vascular responses in ideal CBF were +25%, +50%, and
+75%, respectively. The maximum response was —21%
when vascular responses in ideal CBF were —25%.

Images of ideal CBF, ARG-CBF, and the percentage of
error in ARG-CBF in comparison to ideal CBF in the
simulation study are shown in Figure 5. The values of
ideal CBF, ARG-CBF, and percentage error of ARG-
CBF for each ROI are also given in Table 4. ARG-CBF
was systematically underestimated because of gray-white
matter mixing. ARG-CBF in the neocortical regions was
underestimated by —18% to —12%, =21% to -16%, —26%
to =20%, -31% to —24%, and -35% to —27% for gray and
white matter blood flow of 60 and 15, 80 and 20, 100 and
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Fig.1 Regions-of-interest drawn on all anatomically standardized images (1: pons, 2: cerebellar cortex, 3:
parahippocampal gyrus, 4: midbrain, 5: putamen, 6: temporal cortex, 7: base of frontal cortex, 8: anterior
cingulate gyrus, 9: thalamus, 10: cuneus of occipital cortex, 11: lateral side of occipital cortex, 12: convexity
of frontal cortex, 13: centrum semiovale, 14: posterior cingulate gyrus, 15: inferior parietal cortex, 16: superior
parietal cortex). All images are transaxial sections parallel to the anterior-posterior commissure (AC-PC) line.
The slice positions are —36, —18, 0, 6, 22, 36, and 50 mm from the AC-PC line.
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Fig.2 Anatomically standardized averaged T1-weighted MR images and gray and white matter images. Scale
maximum and minimum values are 1 and 0 m//m/, respectively, for both gray and white matter images.
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Fig.3 Effects of gray-white matter mixing on CBF calculated Fig.4 Effects of gray-white matter mixing on vascular response
by the ARG method. X-axis is the fraction of gray matter. The in CBF calculated by the ARG method. Baseline blood flow
fraction of cerebrospinal fluid is assumed to be 0.1 m//ml. values in gray and white matter are assumed to be 80 and 20 m//

100 m//min, respectively. X-axis is the fraction of gray matter.
The fraction of cerebrospinal fluid is assumed to be 0.1 m//m/.
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0%
75%

Fig. 5 Images of ideal CBF, ARG-CBF,
and percentage of error in ARG-CBF in
comparison to ideal CBF generated by simu-
lation study. (A) Blood flow values in gray
and white matter are assumed to be 80 and
20 m//100 m//min, respectively. Scale
maximum and minimum values are 64 and
0 m//100 m//min, respectively, for images
of ideal CBF and ARG-CBF. (B) Blood flow
values in gray and white matter are assumed
to be 140 and 35 m//100 m//min, res-
pectively. Scale maximum and minimum
values are 112 and 0 m//100 m//min, res-
pectively, for images of ideal CBF and
ARG-CBF.

Fig. 6 Images of vascular response for
ARG-CBF generated by simulation study.
Baseline blood flow values in gray and white
matter are assumed to be 80 and 20 m//100
m//min, respectively. Vascular responses in
ideal CBF of 25%, 50%, and 75% corre-
spond to gray and white matter blood flow
values of 100 and 25, 120 and 30, and 140
and 35 m//100 m//min, respectively.
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Table 4 Ideal CBF, ARG-CBF, and percentage error of ARG-
CBF in comparison to ideal CBF in simulation study

Ideal CBF ARG-CBF
Region (m//100 m//  (ml//100 ml// % error
min) min)
Gray flow: 60, White flow: 15 (mZ/100 m//min)
Cerebellum 43.5 39.7 -8.8
Pons 28.7 249 -13.6
Midbrain 304 26.1 -14.2
Thalamus 335 294 -12.2
Putamen 39.1 35.6 -9.1
Parahippocampal gyrus 47.0 43.2 -8.2
Anterior cingulate 349 30.5 -12.5
Posterior cingulate 36.1 32.1 -11.2
Frontal cortex base 31.7 27.0 -14.8
Frontal cortex convexity 32.8 279 -15.1
Temporal cortex 39.5 349 -11.9
Occipital cortex cuneus 34.6 30.2 -12.9
Lateral occipital cortex 29.0 249 -14.3
Inferior parietal cortex 34.2 29.7 -13.3
Superior parietal cortex 30.6 253 -17.6
Centrum semiovale 17.2 16.0 -6.5
Gray flow: 80, White flow: 20 (mZ/100 m//min)
Cerebellum 58.0 50.5 -12.9
Pons 38.3 324 -15.6
Midbrain 40.6 33.8 -16.7
Thalamus 44.7 379 -15.0
Putamen 52.1 45.8 -12.2
Parahippocampal gyrus 62.6 54.7 -12.9
Anterior cingulate 46.6 39.1 -15.8
Posterior cingulate 48.2 412 -143
Frontal cortex base 422 347 -18.0
Frontal cortex convexity 43.7 35.7 -18.4
Temporal cortex 52.7 44.4 -16.0
Occipital cortex cuneus 46.2 38.8 -16.1
Lateral occipital cortex 38.6 322 -16.7
Inferior parietal cortex 45.7 38.2 -16.4
Superior parietal cortex 40.9 322 -21.3
Centrum semiovale 22.9 21.2 -7.6
Gray flow: 100, White flow: 25 (mZ/100 mZ/min)
Cerebellum 72.5 59.6 -17.9
Pons 479 39.1 -18.5
Midbrain 50.7 40.4 -20.2
Thalamus 559 45.1 -18.8
Putamen 65.2 54.5 -16.4
Parahippocampal gyrus 78.3 64.3 -18.0
Anterior cingulate 58.2 46.3 -20.0
Posterior cingulate 60.2 48.8 -18.5
Frontal cortex base 52.8 412 -22.0
Frontal cortex convexity 54.6 42.3 -22.8
Temporal cortex 65.9 52.1 -21.2
Occipital cortex cuneus 57.7 45.9 -20.3
Lateral occipital cortex 48.3 38.7 -19.8
Inferior parietal cortex 57.1 452 -20.7
Superior parietal cortex 51.1 38.0 -25.7
Centrum semiovale 28.6 26.6 -7.1
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Gray flow: 120, White flow: 30 (m//100 m//min)

Cerebellum 86.9 67.2 =227
Pons 57.4 44.9 -21.9
Midbrain 60.9 46.1 =242
Thalamus 67.0 51.1 -22.9
Putamen 78.2 62.0 -20.6
Parahippocampal gyrus 93.9 72.5 -23.0
Anterior cingulate 69.8 52.1 -24.6
Posterior cingulate 72.2 55.2 -22.8
Frontal cortex base 63.3 46.5 -26.4
Frontal cortex convexity 65.5 47.6 -27.5
Temporal cortex 79.1 58.3 -26.5
Occipital cortex cuneus 69.2 51.8 -24.9
Lateral occipital cortex 579 443 =235
Inferior parietal cortex 68.4 51.0 -25.4
Superior parietal cortex 61.3 42.6 -30.5
Centrum semiovale 343 32.1 -6.4
Gray flow: 140, White flow: 35 (m//100 mZ/min)

Cerebellum 101.4 73.7 -27.4
Pons 67.0 49.9 -25.5
Midbrain 71.0 50.8 -28.3
Thalamus 78.2 56.2 -27.1
Putamen 91.2 68.6 -24.6
Parahippocampal gyrus 109.6 79.0 -28.1
Anterior cingulate 8L.5 57.0 -29.1
Posterior cingulate 84.3 60.5 -27.2
Frontal cortex base 73.9 50.9 -30.9
Frontal cortex convexity 76.4 51.9 -323
Temporal cortex 922 63.3 -31.6
Occipital cortex cuneus 80.8 56.7 -29.5
Lateral occipital cortex 67.6 49.1 -27.3
Inferior parietal cortex 79.9 55.8 -30.1
Superior parietal cortex 71.5 46.2 -354
Centrum semiovale 40.1 374 -6.4

25, 120 and 30, and 140 and 35 m//100 m//min, respec-
tively.

Images of vascular response for ARG-CBF in the
simulation study are shown in Figure 6; baseline blood
flow values in gray and white matter are assumed to be 80
and 20 m//100 m//min, respectively. The vascular re-
sponse values for ARG-CBF for each ROI are also given
in Table 5. Because of gray-white matter mixing, the
vascular response was systematically underestimated when
CBF was greater than baseline CBF and overestimated
when CBF was less than baseline CBF. The vascular
responses in the neocortical regions ranged from -23% to
-21%, from 17% to 20%, from 31% to 37%, and from
42% to 52% when vascular responses in ideal CBF were
-25%, 25%, 50%, and 75%, respectively.

The vascular response values from ideal CBF values
processed by Egs. 2 and 3 with patient data obtained on the
normal side and in the pons and midbrain are given in
Table 6. After correction for effects of tissue heterogene-
ity, values of vascular response to acetazolamide stress
ranged from 64% to 116% in the neocortical regions.
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Table5 Vascular response for ARG-CBF in simulation study.
Baseline blood flow of gray and white matter are assumed to be
80 and 20 m//100 m//min, respectively

Vascular response (%)

Gray flow (m//100 m//min): 60 100 120 140
White flow (m//100 m/min): 15 25 30 35
(Ideal response) (=25%) (25%) (50%) (75%)

Region

Cerebellum -214 17.8  33.0 458
Pons =232 207 387 543
Midbrain =227 197 364 505
Thalamus =225 193 357 497
Putamen -224 19.0 357 50.2
Parahippocampal gyrus -21.0 175 323 442
Anterior cingulate -22.1 186 34.0 4638
Posterior cingulate =222 189 349 484
Frontal cortex base =220 187 341 469
Frontal cortex convexity -219 182 33.0 45.0
Temporal cortex =213 17.1  31.0 422
Occipital cortex cuneus =222 186 340 468
Lateral occipital cortex -22.8 20.1 374 522
Inferior parietal cortex =222 185 337 46.2
Superior parietal cortex =214 17.8 322 435
Centrum semiovale -242 256 51.6 770

Table 6 Vascular response from ARG-CBF and from calcu-
lated ideal CBF in measured SPECT data

Vascular response (%)

Region

ARG-CBF Ideal CBF
Cerebellum 445224 54.8 £29.5
Pons 442 £ 20.7 61.9 +44.9
Midbrain 42.0£10.2 49.3 = 18.7
Thalamus 40.6 £ 154 47.1+£27.1
Putamen 51.8 £ 18.6 60.0 = 27.0
Parahippocampal gyrus 48.6 = 18.0 48.6 £ 19.8
Anterior cingulate 474 184 548 £27.8
Posterior cingulate 49.0 +23.2 539 +28.2
Frontal cortex base 51.5+179 92.8 £51.0
Frontal cortex convexity 50.2 £ 16.9 71.7+£31.2
Temporal cortex 49.6 £ 17.8 64.4 £29.7
Occipital cortex cuneus 479 = 18.5 116.3 =514
Lateral occipital cortex 488 £17.2 81.3 +38.7
Inferior parietal cortex 48.8 £22.2 72.8 £38.4
Superior parietal cortex 50.1 = 16.1 1133 +57.2
Centrum semiovale 444 £ 13.6 447+ 13.9

Values are shown as mean = SD.

DISCUSSION

Vascular responses to acetazolamide stress on the side
contralateral to the brain region containing a lesion, which
can be considered as approximately normal values of
vascular response, ranged from 48% to 52% in the neocor-
tical regions (Table 2). These values were in good agree-
ment with previously reported normal vascular responses
to acetazolamide stress measured by the ARG method.!!
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Simulation studies show systematic underestimation of
ARG-CBF due to the tissue heterogeneity, and systematic
underestimation of vascular response in ARG-CBF when
CBF is increased (Figs. 3, 4). These findings indicate that
vascular responses to acetazolamide stress determined by
the ARG method are systematically underestimated.

VBM analysis can be used to generate gray and white
matter images from a T1-weighted MR image (Fig. 2,
Table 3). Regional differences in the errors in CBF
calculations by the ARG method due to tissue heterogene-
ity were simulated with the use of averaged gray and white
matter images (Fig. 5, Table 4). In all brain regions,
systematic underestimation of ARG-CBF was observed.
The greatest degree of underestimation of ARG-CBF was
observed in the superior parietal cortex and the smallest in
the centrum semiovale. The degree of underestimation of
ARG-CBF was smaller in the cerebellum, putamen, and
parahippocampal gyrus than in the neocortical regions.
These findings indicate that the error in ARG-CBF due to
tissue heterogeneity is decreased in the more homoge-
neous tissue, i.e., tissue mainly containing gray matter or
white matter.'? It is noteworthy that the greatest degree of
underestimation of ARG-CBF was observed in the supe-
rior parietal cortex, which often shows hypoperfusion in
patients with Alzheimer disease.?%?” This should be con-
sidered in the diagnosis of Alzheimer disease based on
CBF images generated by the ARG method. The degree
of underestimation of ARG-CBF due to tissue heteroge-
neity increased when CBF increased, indicating that tis-
sue heterogeneity could affect the vascular response to
acetazolamide stress.

Regional differences in the vascular response in ARG-
CBF due to tissue heterogeneity were simulated with the
use of averaged gray and white matter images (Fig. 6,
Table 5). In all brain regions except the centrum semiovale,
systematic underestimation of the vascular response was
observed when CBF was increased in comparison to
baseline CBF. In particular, the greatest underestimation
of vascular response was observed in the temporal cortex
and superior parietal cortex. Such regional differences
should be considered in the estimation of cerebral vascu-
lar reserve.

Although the SPECT data were obtained from patients,
not normal healthy subjects, we attempted to correct for
the effects of tissue heterogeneity in the SPECT data. A
limitation of this correction is that tissue fractions of gray
and white matter might be different between patients and
healthy subjects. After correction for these effects, values
of the vascular response to acetazolamide stress ranged
from 64% to 116% in the neocortical regions (Table 6).
These values were 30-140% greater than values from
CBEF calculated by the ARG method. Such a discrepancy
in the vascular responses to acetazolamide stress between
the CBF values determined by the ARG method and CBF
values corrected for the effects of tissue heterogeneity
should be considered in the estimation of cerebral vascu-
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lar reserve. However, assessment of the vascular response
to acetazolamide stress is more important at the lower
range of response, i.e., 0% to 20% vascular response, for
treatment planning and prediction of outcome in patients
with major cerebral arterial occlusive disease.®” In this
low range of vascular response, the effect of tissue hetero-
geneity may not be significant.

In the present estimation of the effect of tissue hetero-
geneity, all images were smoothed with an isotropic
Gaussian kernel at a FWHM of 10 mm, which matched the
FWHM of the SPECT scanner. When the spatial resolu-
tion of the SPECT scanner is changed, the effect of tissue
heterogeneity may be changed. Further investigation is
necessary to estimate the effect of spatial resolution on
tissue heterogeneity effects.

In conclusion, we estimated errors in CBF and the
vascular response to acetazolamide stress determined by
the ARG method which were due to a mixture of gray and
white matter, using images of gray and white matter
fraction derived from MR images by VBM analysis.
Systematic underestimation of CBF was observed in all
brain regions. The vascular response was also systemati-
cally underestimated in almost all brain regions. Such
underestimation of the vascular response to acetazola-
mide stress due to tissue heterogeneity should be consid-
ered in the estimation of cerebral vascular reserve.
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