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Abstract. We have constructed a three-dimensional ste-
reotaxic ROI template (3DSRT) on anatomically stan-
dardised cerebral blood flow (CBF) single-photon 
emission tomography (SPET) images to objectively esti-
mate regional CBF (rCBF). The 3DSRT is composed of 
259 regions of interest (ROIs) in 11 segments (1, superi-
or frontal; 2, middle and inferior frontal; 3, primary sen-
sorimotor; 4, parietal; 5, angular; 6, temporal; 7, occipi-
tal; 8, pericallosal; 9, lenticular nucleus; 10, thalamus;
11, hippocampus) on each side. We measured the rCBF
values of the 518 ROIs and calculated the area-weighted
average (segmental CBF; sCBF) of the 22 segments
based on the rCBF in each ROI. We compared vascular
reserve before and after revascularisation surgery using
sCBF on anatomically standardised resting and acetazol-
amide (Acz)-challenged CBF SPET images, which were
obtained using an equal-volume-split dual-injection sin-
gle-day protocol [resting and vascular reserve (RVR)
method] in 13 patients who had not suffered any major
stroke but did have significant cerebrovascular stenosis.
Prior to the evaluation, we examined the sCBF values of
16 subjects with various cerebrovascular conditions 
(8, normal; 3, lacunar infarction; 2, chronic infarction; 
2, meningioma; 1, aneurysm) using physiological saline
instead of Acz (placebo study) in order to confirm the re-
producibility of the RVR method. In the placebo study
we observed excellent linearity (y=1.444+0.964x) be-
tween the 352 pairs of baseline (x) and post-placebo (y)
sCBF values in the 16 subjects, irrespective of the seg-
ment location. In all of the 13 patients, estimation of
sCBF demonstrated impaired vascular reserve pre-opera-

tively and improved vascular reserve postoperatively. We
conclude that the 3DSRT, which could be identically set
on the anatomically standardised images obtained at
baseline and after Acz injection, allowed objective as-
sessment of the pre- and postoperative vascular reserve,
which was not easy with conventional ROI settings.
While 3DSRT appeared useful for the evaluation of re-
gional vascular reserve as well as rCBF, further study is
necessary to clarify its general clinical value.
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Introduction

Statistical parametric mapping (SPM) was originally de-
signed to detect significantly activated regions on posi-
tron emission tomography (PET) images [1, 2, 3]. Re-
cently, however, many investigators have tried to apply
SPM to single-photon emission tomography (SPET) im-
ages to analyse regional cerebral blood flow (rCBF) dur-
ing the performance of miscellaneous tasks [4, 5, 6] or in
neurological disorders [7]. We have also tried to apply
SPM for the statistical evaluation of CBF SPET images,
but we have been unable to construct a well-documented
control SPET database, which is essential for this pur-
pose.

In this study, we utilised SPM99 not for statistical
analysis but for anatomical standardisation of rCBF
SPET images in order to construct a three-dimensional
stereotaxic region of interest (ROI) template (3DSRT) on
anatomically standardised SPET images. We compared
the cerebrovascular reserve before and after revasculari-
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sation surgery using 3DSRT in combination with the
resting and vascular reserve method (RVR method) [8].
The RVR method is a dual-injection single-day protocol
that we developed to measure resting and acetazolamide
(Acz)-activated (post-Acz) rCBF using technetium-99m
L,L-ethyl cysteinate dimer (99mTc-ECD).

Materials and methods

Protocol of the RVR method. The acquisition protocol was as de-
scribed in our previous study [8], with modification. Each SPET
acquisition time was shortened to 12 min from 17.5 min. The
method is briefly summarised in Fig. 1. Acquired SPET images
were reconstructed by filtered back-projection using a Ramp 
filter followed by post-processing filtration using a Butterworth
filter (order 8, cut-off 0.62 cycles/cm). Attenuation correction 
was performed using Chang’s method (attenuation coefficient:
µ=0.09 cm2/g). To obtain post-Acz projection data, the first pro-
jection data were subtracted from the second SPET data multiplied
by 1.041, which was the correction coefficient for the decay of
99mTc between the first and second SPET studies. Finally, the
baseline and post-Acz projection data were reformatted to con-
struct transaxial images parallel to the orbitomeatal line. The pixel
size and the slice thickness were 4.5 mm square and 4.5 mm, re-
spectively.

To calculate post-Acz mean CBF (mCBF), a transverse slice
containing the basal ganglia (slice thickness 9.0 mm) was pro-
duced from the summation of axial SPET images as the reference
slice. Baseline and post-Acz mean SPET counts were calculated
from ROIs which were placed manually over all structures com-
posed of grey matter, white matter and ventricle of the reference
slice. Post-Acz mCBF was calculated from baseline mCBF and
the SPET counts of the reference slices using Lassen’s linearisat-
ion correction algorithm (α=2.59) [9].

Baseline and post-Acz 99mTc-ECD transaxial SPET images
were converted to baseline and post-Acz quantitative rCBF images
using baseline mCBF and post-Acz mCBF, respectively, by apply-
ing Lassen’s linearisation correction algorithm (α=2.59) [10].

Anatomical standardisation. To measure rCBF, the quantitative
baseline and post-Acz rCBF images were transferred into SPM99,
which worked on the MATLAB (MathWorks Inc., Natick, Mass.)
Windows software package, and spatially normalised under 12-pa-
rameter transformation (Rigid Body, Zooms and Affine) normali-
sation algorithms – final voxel size, 2 mm×2 mm×2 mm; bound-
ing box, MNI [(–78 mm, –112 mm, –50 mm)–(78 mm, 76 mm,
85 mm)]; interpolation method, bilinear; regularisation, 0.01 (me-
dium); brain mask (Template), apriori/brainmask.img; brain mask
(Subject), no use; number of non-linear basis functions, (4, 5, 4);
number of iterations of non-linear spatial normalisation, 8 – using
qualitative baseline rCBF images as the “Image to determine pa-
rameters”. Because the distribution of 99mTc-ECD in the brain is
different from that of H2

15O, which is used as the PET template in
the SPM program, for anatomical standardisation we used a 99mTc-
ECD template which Ohnishi et al. made by averaging 14 normal
volunteers’ 99mTc-ECD images that were spatially normalised us-
ing parameters from co-registered T1-weighted three-dimensional
MR images [11].

For a quantitative display of anatomically standardised images,
the upper limit of baseline and post-Acz quantitative rCBF images
was truncated to 90 before anatomical standardisation. Thereafter,
the normalisation processes applied to the truncated images were
the same as those applied to the non-truncated images.

Quantitative display of anatomically standardised SPET images.
The truncated anatomically standardised 79×95 matrix Analyze
format images were transferred to IPLab, a Macintosh-based im-
age processing application (Scanalytics Inc., Fairfax, Va.). Among
68 slices of the transferred image, we used 49 slices (from the
15th to the 63rd), which included transverse slices from the 1_2
(65 mm) to the 10_11 (–24 mm) with slice numbers corresponding
to those in the system of Talairach et al. [12]. Adding small pixels
with a value of 90 at the corner of each slice of the truncated
SPET images to equalise the maximum count of each slice to 90,
we applied an identical colour table, which was evenly divided in-
to eight steps from 10 to 90, to each slice in the IPLab.

Construction of 3DSRT on anatomically standardised SPET imag-
es. The non-truncated anatomically standardised 79×95 matrix
Analyze format images were also transferred to the IPLab and the
same 49 slices were processed. Because the abscissa and ordinate
in each slice of the IPLab and SPM99 ranged from (0,0) to (94,78)
and from (–91,–127) to (89,89), respectively, the converting equa-
tions between co-ordinates in SPM99 and the IPLab were:
x=2.3Y–91 (1), y=2.3X–127 (2) and z=Z, (3), where (x,y,z) and
(X,Y,Z) were the co-ordinates in SPM99 and the IPLab, respective-
ly. Using these equations, we transformed the equations advocated
by Brett et al. [13] between co-ordinates in the Talairach atlas [12]
and SPM 99 – Xt=0.88x–0.8 (4), Yt=0.97y–3.32 (5), Zt=0.05y+
0.88z–0.44 (6), where (Xt,Yt,Zt) were the co-ordinates in the 
Talairach atlas – into those between the Talairach atlas and the 
IPLab: X=0.45Yt+53.75 (7), Y=0.49Xt+39.84 (8), Z=1.14Zt–
0.056Yt+0.071 (9). We accordingly converted the co-ordinates of
the corners of the respective boundaries of anatomical segments
on the Talairach atlas into those on the bilateral cortical surfaces
of the 49 slices in the IPLab. To decide on the boundaries, we re-
ferred to Brodmann’s chart of cortical areas and the model of
dominant vascularisation reported by Tatu et al. [14]. In total, 
518 ROIs were consequently set up, but as this number was con-
sidered too large to be evaluated, we grouped them into 11 seg-
ments: 1, superior frontal; 2, middle and inferior frontal; 3, prima-
ry sensorimotor; 4, parietal; 5, angular; 6, temporal; 7, occipital; 8,
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Fig. 1. RVR method. Radionuclide angiography was performed
immediately after intravenous bolus injection of 1.5 ml
(300 MBq) 99mTc-ECD, followed by baseline SPET imaging. Ac-
etazolamide was administered during the first SPET acquisition,
and immediately after its completion another 1.5 ml
(300×0.961 MBq) 99mTc-ECD was injected. The second SPET ac-
quisition was started 9 min later. The total dose of 99mTc-ECD was
600 MBq and the total scanning time was 42 min



pericallosal; 9, lenticular nucleus; 10, thalamus; 11, hippocampus.
These ROIs are illustrated in Fig. 2. We named these 518 ROIs the
3DSRT.

Measurement of rCBF and calculation of sCBF. We measured the
rCBF values of the 518 ROIs of 3DSRT automatically with mac-
roprograms using QuicKeys (CE Software, Iowa) software and
calculated the area-weighted average for each of the 22 segments
based on the rCBF in each of the ROIs. We named this average the
segmental CBF (sCBF) value.

Placebo study. To verify the reproducibility of the RVR method in
combination with 3DSRT, patients referred to us exclusively for a
resting SPET study were examined with the same RVR method
using physiological saline instead of Acz. Sixteen subjects 
(7 women, 9 men; age range 32–80 years) with various cerebral
perfusion conditions (8, normal; 3, lacunar infarction; 2, chronic
infarction; 2, meningioma; 1, aneurysm) were examined after ob-
taining their informed consent. We measured sCBF values of the
22 segments before (baseline) and after placebo injection (post-
placebo) in each subject, and evaluated the linearity between the
two conditions. The 352 pairs of sCBF values of the 16 subjects
were analysed. The scatter plot of the baseline sCBF and post-pla-
cebo sCBF is illustrated in Fig. 3.

Estimation of pre- and postoperative cerebrovascular reserve.
Thirteen patients (2 women, 11 men; age range 51–70 years), who
underwent revascularisation surgery (6, superficial temporal artery
(STA)–middle cerebral artery (MCA) anastomosis; 4, carotid en-
darterectomy; 3, carotid stenting) owing to significant stenosis in
their internal carotid artery (ICA) or MCA, were followed up.
Their clinical symptoms, magnetic resonance imaging (MRI) find-

ings, and magnetic resonance angiography (MRA) findings are
summarised in Table 1 together with the mMCBF values, which
were the area-weighted average of sCBF of the cortical segments
commonly perfused by the MCA (segments 2–6 in Fig. 2). Types
of stroke were transient ischaemic attack or reversible ischaemic
neurological deficit. None of the strokes were major strokes, but,
as already indicated, three lacunar infarctions were included. Ten
patients (1 woman, 9 men; age range 51–70 years) had unilateral
stenosis localised in the affected hemisphere (unilateral stenosis
group). The remaining three patients (1 woman, 2 men; age range
63–70 years) had stenosis bilaterally (bilateral stenosis group), the
affected side being determined by MRA findings.
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Fig. 2. The 518 ROIs of 3DSRT. 1, Superior frontal; 2, middle and
inferior frontal; 3, primary sensorimotor; 4, parietal; 5, angular; 
6, temporal; 7, occipital; 8, pericallosal; 9, lenticular nucleus; 
10, thalamus; 11, hippocampus.

Fig. 3. Scatter plot of baseline sCBFs as measured by post-place-
bo sCBFs, demonstrating an excellent linearity as determined by
linear regression analysis. The solid line is the linear regression
line, and the dashed line is "y=x". The regression equation is
shown along with the coefficient of determination (R2)
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Table 1. Summary of patients who underwent revascularisation surgery

No./ Symptom MRI Vascular Surgery Pre operation Post operation
gender/ findings lesions
age (yr) Baseline Post-Acz mMIR Baseline Post-Acz mMIR

mMCBF mMCBF mMCBF mMCBF

Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt

1/M/70 Free Normal Rt ICA Rt S 34.1 34.5 44.9 48.2 1.32 1.40 37.3 37.7 55.3 55.5 1.48 1.47
90%
stenosis

2/M/51 Muscle Lacunar Lt MCA Lt A 40.3 38.1 53.9 47.8 1.34 1.25 41.5 36.6 52.2 47.4 1.26 1.29
weakness 90% 
of Rt arm stenosis

3/M/66 Muscle Lacunar Lt MCA Lt A 38.3 34.2 46.5 40.0 1.21 1.17 39.5 36.4 55.2 49.5 1.40 1.36
weakness 90% 
of Rt arm stenosis

4/M/69 Lt. Lacunar Lt ICA Lt E 42.9 40.5 51.3 43.4 1.19 1.07 48.9 46.5 61.3 59.8 1.25 1.29
amaurosis 90% 
fugax stenosis

5/M/70 Dysarthria Normal Lt ICA Lt S 44.1 42.5 64.1 49.7 1.45 1.17 48.6 48.5 76.6 72.8 1.57 1.50
99%
stenosis

6/M/62 Dysarthria Lacunar Rt ICA Rt E 38.6 37.9 40.8 40.6 1.06 1.07 41.2 40.8 57.6 56.2 1.40 1.38
99%
stenosis

7/M/70 Muscle Lacunar Lt ICA Lt E 39.5 31.6 48.3 37.5 1.22 1.19 42.2 32.7 55.7 45.1 1.32 1.38
weakness 99% 
of Rt leg stenosis

8/M/55 Muscle Lacunar Lt ICA Lt A 34.7 27.0 34.7 29.0 1.00 1.07 34.7 29.0 45.3 33.4 1.31 1.15
weakness occlusion
of Rt arm

9/F/61 Muscle Lacunar Lt ICA Lt A 41.0 36.5 44.0 36.8 1.07 1.01 47.4 45.7 62.2 52.4 1.31 1.15
weakness occlusion
of Rt arm
and leg

10/M/51 Muscle Lacunar Lt MCA Lt A 48.2 38.7 48.8 34.4 1.01 0.89 44.0 37.0 53.9 45.3 1.23 1.23
weakness occlusion
of Rt arm
and leg

11/F/70 Muscle Lacunar Rt ICA Rt E 41.2 41.3 38.8 41.8 0.94 1.01 43.6 45.3 57.0 57.1 1.31 1.26
weakness 99% 
of Lt arm stenosis

Lt ICA 
90%
stenosis

12/M/69 Dizziness Lacunar Lt ICA Lt S 47.4 46.2 47.6 42.0 1.00 0.91 40.2 38.6 52.4 48.4 1.30 1.25
(Parkinson’s occlusion
disease) Rt ICA

95% 
stenosis

13/M/63 Muscle Lacunar Rt ICA Rt A 41.8 41.2 39.5 40.4 0.95 0.98 38.5 36.6 46.0 46.7 1.20 1.27
weakness occlusion
of Lt arm Lt ICA 
and leg 90%

stenosis

Lt, Left; Rt, right; MRI, magnetic resonance imaging; ICA, internal
carotid artery; MCA, middle cerebral artery; A, STA-MCA anasto-
mosis (STA, superficial temporal artery); E, carotid endarterecto-
my; S, carotid stenting; mMCBF (unit: ml/100 g/min), the area-

weighted average of sCBF of the cortical segments commonly
perfused by the MCA (segments 2–6 in Fig. 2); Acz, acetazol-
amide; mMIR, mean increment ratio of mMCBF (post-Acz
mMCBF/baseline mMCBF)



Table 2. Comparison of segmental perfusion before and after operation; unilateral stenosis group

No./gender/ Segmenta Pre operation Post operation
age (yr)

Baseline Post-Acz sIR Baseline Post-Acz sIR
sCBF sCBF sCBF sCBF

Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt

1/M/70 1 37.6 37.4 48.9 48.5 1.30 1.30 38.4 38.6 55.2 54.6 1.44 1.41
2 34.5 36.1 44.9 49.7 1.30 1.38 37.9 38.3 55.3 56.6 1.46 1.48
3 36.8 35.8 44.7 48.5 1.21 1.35 38.1 36.7 56.2 55.5 1.48 1.51
4 33.7 31.1 45.8 42.5 1.36 1.36 36.4 34.0 55.3 51.2 1.52 1.51
5 36.0 35.1 53.3 49.4 1.48 1.41 40.3 40.1 55.2 58.8 1.37 1.47
6 32.0 33.6 43.6 48.5 1.36 1.44 35.8 38.9 55.4 55.5 1.55 1.43
7 35.5 35.6 50.0 48.6 1.41 1.37 42.1 42.0 64.3 63.2 1.53 1.50

2/M/51 1 42.8 42.1 51.6 59.3 1.21 1.41 42.6 42.2 54.6 51.6 1.28 1.22
2 39.3 38.9 51.5 51.2 1.31 1.32 41.3 38.9 52.3 48.7 1.27 1.25
3 37.7 36.0 49.7 41.9 1.32 1.16 39.8 34.0 51.4 45.0 1.29 1.33
4 40.9 36.4 53.5 43.0 1.31 1.18 40.8 32.1 51.9 41.8 1.27 1.30
5 42.3 36.7 58.5 40.6 1.38 1.11 42.4 34.5 50.9 50.4 1.20 1.46
6 42.3 38.8 58.3 48.9 1.38 1.26 42.6 36.8 52.6 48.0 1.24 1.30
7 43.9 43.5 56.1 59.5 1.28 1.37 44.1 41.1 57.2 53.5 1.30 1.30

3/M/66 1 37.4 35.9 46.3 43.3 1.24 1.21 39.0 38.9 56.2 53.3 1.44 1.37
2 36.2 33.0 44.1 38.9 1.22 1.18 38.6 35.4 50.5 48.1 1.31 1.36
3 36.5 32.1 41.7 39.4 1.14 1.23 36.0 33.6 53.7 47.9 1.49 1.43
4 37.9 32.5 48.1 41.7 1.27 1.28 36.6 33.6 55.3 48.3 1.51 1.44
5 42.0 39.5 50.1 43.3 1.19 1.10 45.2 41.2 63.5 55.0 1.41 1.33
6 41.5 36.3 50.8 40.6 1.22 1.12 42.4 39.2 60.9 51.5 1.44 1.31
7 44.4 42.2 56.7 52.2 1.28 1.24 46.2 44.2 66.3 63.6 1.43 1.44

4/M/69 1 43.2 41.9 50.3 44.3 1.16 1.06 48.6 48.3 64.2 62.1 1.32 1.28
2 41.1 39.5 48.0 41.6 1.17 1.05 47.4 45.6 57.1 57.0 1.20 1.25
3 41.2 37.7 49.7 42.7 1.21 1.13 48.7 46.1 61.5 56.9 1.26 1.23
4 42.0 39.2 52.2 43.3 1.24 1.11 48.0 46.2 64.6 62.4 1.35 1.35
5 46.0 43.6 50.6 44.0 1.10 1.01 50.7 48.8 62.5 64.1 1.23 1.31
6 46.1 43.1 56.4 46.1 1.22 1.07 51.2 47.7 65.9 63.4 1.29 1.33
7 48.9 47.6 58.6 55.4 1.20 1.16 52.9 50.8 69.3 66.2 1.31 1.30

5/M/70 1 45.8 44.8 63.6 56.8 1.39 1.27 52.5 51.7 76.9 78.8 1.47 1.52
2 44.4 42.9 61.3 50.2 1.38 1.17 49.0 49.9 75.1 74.0 1.53 1.48
3 47.5 46.6 70.4 51.7 1.48 1.11 49.4 51.0 84.0 77.2 1.70 1.51
4 46.6 44.6 72.4 50.5 1.55 1.13 54.2 49.5 81.5 74.5 1.50 1.50
5 46.4 44.3 67.5 49.4 1.45 1.11 54.0 51.7 87.0 78.2 1.61 1.51
6 40.7 38.8 61.3 47.7 1.51 1.23 44.4 44.2 71.1 67.3 1.60 1.52
7 43.5 41.9 62.7 59.1 1.44 1.41 47.0 47.2 75.5 72.6 1.61 1.54

6/M/62 1 36.6 36.8 41.0 40.2 1.12 1.09 39.7 39.2 53.7 54.8 1.35 1.40
2 36.1 35.1 40.3 39.5 1.12 1.12 38.7 38.2 52.6 52.6 1.36 1.37
3 37.6 37.1 39.3 40.5 1.05 1.09 41.2 40.1 57.0 56.0 1.38 1.40
4 37.8 38.4 41.2 41.4 1.09 1.08 42.3 44.7 61.1 57.7 1.44 1.29
5 42.9 45.2 40.1 40.8 0.94 0.90 45.6 47.3 65.7 62.8 1.44 1.33
6 42.0 40.6 42.3 42.1 1.01 1.04 43.6 42.0 61.9 59.4 1.42 1.41
7 47.0 45.7 47.1 46.8 1.00 1.02 49.2 48.1 67.5 65.1 1.37 1.35

7/M70 1 42.1 38.5 53.7 47.0 1.27 1.22 42.6 39.3 56.7 52.8 1.33 1.34
2 39.1 32.2 50.6 39.7 1.29 1.23 40.2 32.1 53.4 43.2 1.33 1.34
3 41.8 34.2 54.2 43.0 1.30 1.25 44.8 37.2 54.9 52.5 1.23 1.41
4 37.5 28.6 42.7 30.2 1.14 1.06 39.3 29.7 51.5 39.6 1.31 1.33
5 40.3 31.0 41.2 31.8 1.02 1.03 45.0 32.5 60.1 47.3 1.34 1.45
6 39.5 30.6 46.0 35.8 1.16 1.17 44.2 32.6 59.9 45.8 1.35 1.41
7 43.6 36.0 52.2 43.0 1.20 1.19 51.2 43.0 68.4 57.8 1.34 1.35
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8/M/55 1 33.6 30.5 32.1 30.7 0.95 1.01 32.1 30.7 42.4 36.7 1.32 1.19
2 33.0 26.1 32.3 27.2 0.98 1.04 32.3 27.2 42.9 31.5 1.33 1.16
3 31.2 25.1 34.5 28.1 1.11 1.12 34.5 28.1 41.1 30.7 1.19 1.09
4 32.6 26.0 31.6 26.9 0.97 1.03 31.6 26.9 43.1 31.4 1.37 1.17
5 37.3 28.6 36.8 29.7 0.99 1.04 36.8 29.7 51.9 34.2 1.41 1.15
6 39.1 29.2 38.9 32.7 0.99 1.12 38.9 32.7 50.0 38.1 1.29 1.17
7 42.2 34.7 42.4 37.9 1.01 1.09 42.4 37.9 54.3 46.0 1.28 1.21

9/F/61 1 40.2 38.9 41.7 38.3 1.04 0.98 47.9 46.1 59.3 58.0 1.24 1.26
2 39.2 35.1 42.9 34.8 1.09 0.99 46.1 43.6 57.6 49.8 1.25 1.14
3 38.3 35.7 43.0 35.0 1.12 0.98 45.5 45.3 60.7 50.2 1.33 1.11
4 41.7 36.5 43.3 41.0 1.04 1.12 48.0 46.2 65.4 54.3 1.36 1.17
5 45.9 40.4 45.4 39.8 0.99 0.98 52.6 51.7 67.8 57.8 1.29 1.12
6 43.5 38.2 46.1 38.6 1.06 1.01 48.9 47.3 67.1 55.3 1.37 1.17
7 46.6 43.4 51.7 43.6 1.11 1.00 54.7 53.2 72.6 66.1 1.33 1.24

10/M/51 1 49.2 46.5 48.9 45.1 0.99 0.97 42.9 42.0 54.2 52.4 1.26 1.25
2 48.1 40.7 48.9 36.2 1.02 0.89 44.9 39.1 52.7 45.9 1.17 1.18
3 48.5 40.2 51.3 37.2 1.06 0.93 43.5 36.3 54.9 45.3 1.26 1.25
4 45.7 36.6 47.9 33.8 1.05 0.93 41.2 34.2 51.2 44.5 1.24 1.30
5 51.1 37.1 51.2 33.9 1.00 0.91 44.1 36.7 56.7 48.6 1.29 1.32
6 48.4 36.2 47.2 30.7 0.98 0.85 43.9 35.4 55.5 44.0 1.27 1.24
7 49.9 47.0 49.4 44.8 0.99 0.95 44.9 41.9 54.9 51.3 1.22 1.22
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Table 2. (continued)

No./gender/ Segmenta Pre operation Post operation
age (yr)

Baseline Post-Acz sIR Baseline Post-Acz sIR
sCBF sCBF sCBF sCBF

Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt

sCBF, Segmental cerebral blood flow (unit: ml/100 g/min); Acz, ac-
etazolamide; sIR, segmental increment ratio (post-Acz sCBF/base-
line sCBF)

a 1, 2, 3, 4, 5, 6 and 7 correspond to the segment numbers in
Fig. 2, and signify the superior frontal, middle and inferior frontal,
primary sensorimotor, parietal, angular, temporal and occipital
segments, respectively

To analyse Acz reactivity, the increment ratio (IR) was calcu-
lated as post-Acz CBF/baseline CBF. Similarly, mean IR (mIR),
mean MIR (mMIR), regional IR (rIR) and segmental IR (sIR)
were calculated as post-Acz mCBF/baseline mCBF, post-Acz
mMCBF/baseline mMCBF, post-Acz rCBF/baseline rCBF and
post-Acz sCBF/baseline sCBF, respectively. We used 1.20 as the
threshold IR of the normal Acz response, as reported previously
[8].

The sCBF and sIR values under pre-operative baseline and
post-Acz conditions were compared with those obtained postoper-
atively. The results in the unilateral stenosis group (patients 1–10)
and the bilateral stenosis group (patients 11–13) are summarised
in Tables 2 and 3, respectively.

Example. The patient, a 70-year-old man (patient 1 in Tables 1 and
2), underwent right carotid stenting after being incidentally found
to present 90% stenosis of the right ICA. His baseline and post-
Acz standardised quantitative SPET images, under pre- and post-
operative conditions, are illustrated in Fig. 4. His baseline and
post-Acz rCBF in 28 consecutive ROIs of the area perfused by the
central artery (segment 3 in Fig. 2), under pre- and postoperative
conditions, are summarised in Table 4. 

Results

Placebo study

As shown in Fig. 3, there was excellent linearity between
the 352 pairs of baseline and post-placebo sCBF values
of the 16 subjects irrespective of the segment location.
The intercept and the slope of the regression line were
1.444 and 0.964, respectively.

Estimation of pre- and postoperative cerebrovascular 
reserve

Judging from the mMIR (Table 1), pre-operative im-
paired Acz reactivity (IR<1.20) was not recognised on
either side in the two patients with relatively mild (90%)
unilateral stenosis (patients 1 and 2). Postoperatively,
impaired vascular reserve was apparent only on the af-
fected side in the two patients with ICA occlusion (pa-
tients 8 and 9).

Analysis of sIR values (Tables 2 and 3) showed pre-
operatively impaired vascular reserve in several seg-
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Table 3. Comparison of segmental perfusion before and after operation; bilateral stenosis group

No./gender/ Segmenta Pre operation Post operation
age (yr)

Baseline Post-Acz sIR Baseline Post-Acz sIR
sCBF sCBF sCBF sCBF

Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt

11/F/70 1 43.5 44.7 41.3 44.7 0.95 1.00 46.1 47.0 59.7 63.6 1.30 1.35
2 39.5 40.5 35.8 41.2 0.91 1.02 42.1 44.0 50.4 55.4 1.20 1.26
3 38.1 40.7 38.5 41.2 1.01 1.01 43.0 46.3 58.8 55.8 1.37 1.21
4 38.4 38.9 38.6 40.9 1.00 1.05 41.8 42.7 54.8 62.0 1.31 1.45
5 43.7 43.2 41.3 45.4 0.95 1.05 42.9 47.0 64.3 63.6 1.50 1.35
6 45.8 43.3 42.8 42.7 0.94 0.99 46.7 47.1 64.8 56.9 1.39 1.21
7 47.2 45.7 47.6 46.4 1.01 1.02 51.0 50.9 67.1 70.1 1.32 1.38

12/M/69 1 47.8 46.7 46.0 43.9 0.96 0.94 51.9 50.4 62.8 60.2 1.21 1.20
2 45.3 45.8 45.5 40.1 1.01 0.88 48.1 48.1 58.7 54.4 1.22 1.13
3 52.3 49.4 49.1 44.8 0.94 0.91 58.9 54.8 71.0 59.6 1.21 1.09
4 49.0 43.6 47.4 39.2 0.97 0.90 57.9 44.3 68.2 53.4 1.18 1.20
5 52.2 51.8 55.8 45.4 1.07 0.88 55.2 49.6 66.8 58.6 1.21 1.18
6 46.5 45.1 48.1 43.6 1.04 0.97 47.3 45.2 59.2 55.8 1.25 1.24
7 49.6 46.6 56.1 53.2 1.13 1.14 53.1 45.5 64.6 59.1 1.22 1.30

13/M/63 1 40.2 41.0 37.5 39.9 0.93 0.97 37.1 37.2 45.5 45.3 1.23 1.22
2 41.4 41.8 40.0 39.6 0.97 0.95 36.9 35.4 43.7 45.7 1.18 1.29
3 37.8 39.4 36.7 41.2 0.97 1.05 36.7 36.4 43.5 45.0 1.18 1.24
4 37.9 40.0 32.9 38.9 0.87 0.97 37.8 36.3 44.9 46.3 1.19 1.28
5 44.1 43.2 44.5 44.7 1.01 1.03 41.0 39.2 51.2 52.6 1.25 1.34
6 45.2 41.2 41.5 40.8 0.92 0.99 41.2 38.0 49.8 47.6 1.21 1.25
7 45.5 43.2 44.4 42.8 0.98 0.99 43.6 43.6 53.7 54.3 1.23 1.24

ments in all except one patient (patient 1). Postoperative-
ly, impaired vascular reserve was manifested in 12 seg-
ments of three patients (patients 8–10) in the unilateral
stenosis group and in six segments of two patients (pa-
tients 12 and 13) in the bilateral stenosis group.

In patient 1, the pre-operative sIR value of the prima-
ry sensorimotor area (segment 3 in Fig. 2) on the affect-
ed side was conspicuous pre-operatively. However, im-
pairment of the vascular reserve in the segment was
more precisely estimated on the basis of rCBF and rIR
(Table 4). Severe pre-operative impairment of the vascu-
lar reserve localised at the segment in the 11th to 16th
slices was manifest, while the baseline rCBF values of
the affected regions were slightly higher than those on
the opposite side. Postoperatively, the vascular reserve
was considerably improved bilaterally and baseline
rCBFs of the segment were still slightly higher than
those on the opposite side. Visual assessment of the
quantitative SPET fusion images with 3DSRT (Fig. 4)
was also helpful in recognising the regional perfusion
conditions.

Discussion

There have been several studies on stereotaxic ROI anal-
ysis [15, 16, 17, 18, 19], but in these studies the ROIs
themselves were transformed to fit the subjects’ individ-
ual anatomical arrangements; thus the interindividual an-
atomical variation remained, and the relation between
ROI location and anatomy was not consistent. In contrast
to these studies, others have applied a volume of interest
(VOI)-based analysis technique (as conventionally used
in the study of FDG PET data [20]) to SPET image eval-
uation [21, 22]. Since the VOI was defined on the ana-
tomically standardised template, automated (semi)-quan-
tification eliminating interobserver variability could be
achieved.

In the present study, we also constructed a VOI map,
but our aim was the objective estimation of rCBF and ce-
rebrovascular reserve. The arterial territories of the brain
have been reported to be hugely variable in size and lo-
calisation [23], but standardisation of the location of the
arterial territories was essential for automated objective
analysis of cerebrovascular conditions. We set up 219
ROIs in superficial grey matter and grouped them into

sCBF, Segmental cerebral blood flow (unit: ml/100 g/min); Acz,
acetazolamide; sIR, segmental increment ratio (post-Acz sCBF/
baseline sCBF)

a 1, 2, 3, 4, 5, 6 and 7 correspond to the segment numbers in
Fig. 2, and signify the superior frontal, middle and inferior frontal,
primary sensorimotor, parietal, angular, temporal and occipital
segments, respectively
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eight segments reflecting perfusion areas irrigated by pri-
mary branches of cerebral arteries: 1, callosomarginal ar-
tery of the anterior cerebral artery (ACA); 2, precentral
artery of the MCA; 3, central artery of the MCA; 4, pari-
etal artery of the MCA; 5, angular artery of the MCA; 6,
temporal artery of the MCA; 7, posterior cerebral artery;

8, pericallosal artery of the ACA. In addition we set three
further groups (40 ROIs: 9, lenticular nucleus; 10, thala-
mus; 11, hippocampus) and calculated the area-weighted
average for each of the 11 segments based on the rCBF in
each of the ROIs, to estimate cerebrovascular reserve.

Prior to the analysis of cerebrovascular reserve, we
tested 3DSRT in combination with the RVR method us-
ing placebo. Excellent reproducibility was confirmed by
the linear regression analysis between baseline and pla-
cebo-challenged sCBF, as shown in Fig. 3.

We compared the vascular reserve before and after re-
vascularisation surgery in the seven superficially posi-
tioned segments using the RVR method with 3DSRT. Al-
though baseline and post-Acz SPET images could be ob-

Fig. 4a–d. Anatomically standardised quantitative CBF fusion
SPET images with 3DSRT of patient 1 in Tables 1 and 2. a Pre-
operative baseline image; b pre-operative post-Acz image; c post-
operative baseline image; d postoperative post-Acz image. Pre-op-
erative impairment and postoperative improvement in vascular re-
serve localised from the 11th to the 16th slice in the right primary
sensorimotor cortex were observed
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tained without difficulties through the RVR method, esti-
mation of vascular reserve using IR values was not as
easy as we had expected because the obtained IR values
varied considerably with subtle changes in the shape,
size and location of the ROIs. Comparison of the vascu-
lar reserve before and after revascularisation surgery was
also difficult because it is scarcely possible to achieve
identical ROI settings under different conditions using
conventional manual ROI delineation, even in the same
patient. Since with the RVR method the position of the
patient was exactly the same during SPET acquisitions,
post-Acz SPET images shared the same anatomical co-

ordinates as baseline ones and could be anatomically
standardised using the same movement parameters as
were used for baseline images in SPM99. Thus, 3DSRT,
which could be identically set on the anatomically stan-
dardised images obtained at baseline and after Acz injec-
tion, allowed us to objectively assess the pre- and post-
operative vascular reserve, which was not possible with
conventional ROI settings.

We initially feared that the sCBF evaluation of these
segments might be inappropriate for estimation of the
vascular reserve because of the vast variation in perfu-
sion pattern. However, in view of the pre- and postopera-

Fig. 4. (continued)



tive follow-up data shown in Tables 2 and 3, sCBF val-
ues may be expected to be useful for the evaluation of
cerebrovascular disorders. The vascular reserve in a giv-
en area could not be evaluated by reference to the overall
mMCBF values of the MCA territory, but could be readi-
ly assessed on the basis of the sCBF and sIR. Further-
more, if a more precise evaluation of localised cerebro-
vascular ischaemia in the early stages were to be re-
quired, estimation using rCBF and rIR values simulta-
neously with sCBF and sIR values could be readily per-
formed, as shown in patient 1 in Table 4. Since vasodila-
tion leading to increased cerebral blood volume is the
first response to diminished perfusion pressure as part of
an autoregulation mechanism [24], detection of regions
with normal resting perfusion but limited vasodilatory
potential in a vasodilatory challenge test is essential. The
analysis of baseline rCBF values alone was consequently

misleading and unsuitable for accurate evaluation of ce-
rebrovascular ischaemia in the early stages.

A voxel-based method like SPM, which compares the
differences of two groups with the linear model at each
voxel, is effective for the statistical analysis of rCBF
changes but unsuitable for evaluation of the CBF in each
arterial territory in cerebrovascular disorders. By con-
trast, VOI-based analysis is suitable for rCBF quantifica-
tion and especially for quantification of the increase in
rCBF in response to Acz challenge. By constructing the
3DSRT we enabled automated quantification of cerebro-
vascular reserve as well as resting perfusion.

It is concluded that 3DSRT on anatomically stan-
dardised rCBF SPET images can be easily used for esti-
mation of cerebral perfusion conditions through numeri-
cal as well as visual assessment of rCBF, thereby elimi-
nating interobserver variability.
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Table 4. Regional CBFs in the primary sensorimotor segment before and after surgery in patient 1

Slicea Rt internal carotid artery 90% stenosis Post stenting

Baseline rCBF Post-Acz rCBF rIR Baseline rCBF Post-Acz rCBF rIR

Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt Rt Lt

1 32.4 33.2 37.1 41.2 1.14 1.24 38.5 35.4 58.5 60.3 1.52 1.70
2 34.6 35.2 40.6 46.2 1.17 1.31 41.1 36.4 59.8 60.3 1.45 1.66
3 34.6 34.8 42.9 47.0 1.24 1.35 38.7 35.1 57.0 56.1 1.48 1.60
4 36.2 36.1 45.9 51.3 1.27 1.42 39.7 36.0 56.8 56.4 1.43 1.57
5 37.7 37.4 48.4 55.3 1.29 1.48 40.4 36.7 57.0 56.6 1.41 1.54
6 37.5 35.7 47.4 51.6 1.26 1.45 37.7 35.9 56.1 54.5 1.49 1.52
7 38.1 36.0 48.1 52.6 1.26 1.46 38.4 36.6 57.6 55.2 1.50 1.51
8 38.4 35.9 48.5 52.7 1.26 1.47 38.7 37.1 58.8 55.7 1.52 1.50
9 37.5 35.6 46.6 48.9 1.24 1.38 38.0 36.7 58.5 55.4 1.54 1.51

10 37.9 36.2 47.5 49.3 1.25 1.36 38.7 37.0 58.6 55.1 1.51 1.49
11 37.0 35.6 41.1 46.4 1.11 1.30 37.6 36.0 57.5 54.3 1.53 1.51
12 37.2 36.3 40.9 47.4 1.10 1.31 38.5 36.6 57.3 54.0 1.49 1.47
13 37.4 36.8 40.2 48.4 1.08 1.32 38.9 37.1 56.5 53.3 1.45 1.44
14 37.9 35.6 38.1 47.1 1.01 1.33 39.5 36.2 54.3 51.8 1.38 1.43
15 37.6 35.4 38.2 47.7 1.02 1.35 39.2 36.3 53.5 51.9 1.36 1.43
16 37.3 35.1 40.2 48.2 1.08 1.37 38.2 36.4 52.5 52.0 1.37 1.43
17 36.3 33.7 42.5 47.1 1.17 1.40 37.4 35.9 51.3 52.4 1.37 1.46
18 35.7 33.7 43.7 47.6 1.22 1.41 36.6 35.9 50.8 53.1 1.39 1.48
19 33.5 34.4 44.8 48.2 1.34 1.40 35.2 36.3 50.2 54.7 1.42 1.50
20 33.5 34.6 44.7 48.0 1.33 1.39 34.8 36.5 50.5 54.9 1.45 1.50
21 34.2 36.6 43.6 45.7 1.28 1.25 36.2 38.5 54.1 58.3 1.50 1.51
22 34.8 37.1 43.2 46.0 1.24 1.24 36.2 39.2 54.6 58.5 1.51 1.49
23 35.4 37.2 43.6 46.6 1.23 1.25 36.6 39.4 55.9 58.5 1.53 1.49
24 36.3 37.4 43.3 47.0 1.19 1.26 36.7 39.8 55.8 58.4 1.52 1.47
25 37.8 36.5 43.2 46.3 1.14 1.27 35.6 37.5 55.4 56.5 1.55 1.51
26 39.1 37.3 44.2 46.4 1.13 1.24 36.1 37.8 55.7 56.4 1.54 1.49
27 41.2 38.0 47.3 47.5 1.15 1.25 37.5 38.3 58.3 56.4 1.55 1.47
28 41.7 39.0 47.5 48.1 1.14 1.23 37.7 38.6 58.1 57.1 1.54 1.48

Baseline sCBF Post-Acz sCBF sIR Baseline sCBF Post-Acz sCBF sIR

36.8 35.8 44.7 48.5 1.21 1.35 38.1 36.7 56.2 55.5 1.48 1.51

Abbreviations and acronyms are the same as in Tables 1, 2 and 3
a The slice numbers correspond to those in Fig. 2
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