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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, pericalosal; 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 al of the 13 patients, estimation of
SCBF demonstrated impaired vascular reserve pre-opera-

Ryo Takeuchi ([ ])

Department of Internal Medicine, Division of Nuclear Medicine,
Nishi-Kobe Medical Center, Kohjidai 5-7-1, Nishi-ku, Kobe-City,
Hyogo-Pref., 651-2273, Japan

e-mail: ryouta@land.linkclub.or.jp

Tel.: +81-78-9933727, Fax: +81-78-9933728

European Journal of Nuclear Medicine Vol. 29, No. 3, March 2002

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, alowed 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:
p=0.09 cm?/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
9mTc between the first and second SPET studies. Finaly, the
baseline and post-Acz projection data were reformatted to con-
struct transaxial images parallel to the orbitomeatal line. The pixel
size and the dlice thickness were 4.5 mm square and 4.5 mm, re-
spectively.

To calculate post-Acz mean CBF (mMCBF), a transverse dlice
containing the basal ganglia (slice thickness 9.0 mm) was pro-
duced from the summation of axial SPET images as the reference
dice. 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
dlice. Post-Acz mCBF was calculated from baseline mCBF and
the SPET counts of the reference slices using Lassen’s linearisat-
ion correction algorithm (a=2.59) [9].

Baseline and post-Acz 9mTc-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 (a=2.59) [10].

99mT..ECD 9mrc.ECD
1.5ml Acetazolamide 1.5ml
(300MBq) 1000 mg (300 x 0.961MBq)
10min
E3
Imi Imi
. H |
21 min i 21 min —Di
-t 42 min T

#* Radionuclide Angiography

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) 9mTc-ECD was injected. The second SPET ac-
quisition was started 9 min later. The total dose of 9mTc-ECD was
600 MBq and the total scanning time was 42 min

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 mmx2 mmx2 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 9mTc-ECD in the brain is
different from that of H,150, 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’ 9mTc-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 79x95 matrix Analyze
format images were transferred to IPLab, a Macintosh-based im-
age processing application (Scanalytics Inc., Fairfax, Va.). Among
68 dlices of the transferred image, we used 49 slices (from the
15th to the 63rd), which included transverse dlices 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 dlice 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 slicein the IPLab.

Construction of 3DSRT on anatomically standardised SPET imag-
es. The non-truncated anatomically standardised 79x95 matrix
Analyze format images were also transferred to the IPLab and the
same 49 slices were processed. Because the abscissa and ordinate
in each dlice 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,2 and
(X,Y,2) 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+
0.882-0.44 (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 dlices 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. 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.

pericallosal; 9, lenticular nucleus; 10, thalamus; 11, hippocampus.
These ROIs areillustrated 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, lowa) 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 isillustrated 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-
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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 (R?)

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 aready 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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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 RtS 341 345 449482 132 140 373 37.7 553555 1.48 147
90%
stenosis
2/IM/51  Muscle Lacunar LtMCA LtA 403 381 539478 134125 415 366 522474 126 129
weakness 90%
of Rt arm stenosis
3/M/66  Muscle Lacunar LtMCA LtA 383 342 465400 121 117 395 364 552495 1.40 1.36
weakness 90%
of Rt arm stenosis
4M/69 Lt Lacunar LtICA LtE 429 405 51.3434 119 107 489 465 613598 125 1.29
amaurosis 90%
fugax stenosis
5/M/70  Dysarthria Normal Lt ICA LtS 441 425 64.149.7 145 117 486 485 76.6 728 157 150
99%
stenosis
6/M/62  Dysarthria Lacunar RtICA RtE 38.6 379 40.8 40.6 1.06 1.07 412 408 57.6 56.2 1.40 1.38
99%
stenosis
7/IM/70  Muscle Lacunar LtICA LtE 395 316 483375 122119 422 327 557451 132 1.38
weakness 99%
of Rt leg stenosis
8/M/55  Muscle Lacunar LtICA Lt A 347 27.0 347 290 1.00 1.07 347 290 453334 1.31 115
weakness occlusion
of Rt arm
9/F/61 Muscle Lacunar LtICA Lt A 410 365 44.036.8 107 1.01 474 457 622524 131 115
weakness occlusion
of Rt arm
and leg
10/M/51 Muscle Lacunar LtMCA LtA 482 387 488344 101089 440 370 539453 123 1.23
weakness occlusion
of Rt arm
and leg
11/F/70 Muscle Lacunar RtICA RtE 412 41.3 388418 094 1.01 436 453 570571 131 1.26
weakness 99%
of Lt arm stenosis
Lt ICA
90%
stenosis
12/M/69 Dizziness Lacunar LtICA LtS 474 46.2 47.6 420 1.00 091 402 386 524484 130 1.25
(Parkinson's occlusion
disease) Rt ICA
95%
stenosis
13/M/63 Muscle Lacunar RtICA Rt A 41.8 41.2 395404 095098 385 36.6 46.046.7 120 1.27
weakness occlusion
of Lt arm LtICA
and leg 90%
stenosis

Lt, Left; Rt, right; MRI, magnetic resonance imaging; ICA, internal
carotid artery; MCA, middle cerebra artery; A, STA-MCA anasto-
mosis (STA, superficial tempora artery); E, carotid endarterecto-
my; S, carotid stenting; mMMCBF (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 mMMCBF (post-Acz
mM CBF/baseline mM CBF)
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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
UM/70 1 376 374 489 485 130 1.30 384 38.6 552 54.6 144 141
2 345 361 449 49.7 130 138 379 383 553 56.6 146 148
3 36.8 358 447 485 121 135 381 36.7 56.2 555 148 151
4 337 311 458 425 136 1.36 364 340 553 512 152 151
5 36.0 351 53.3 494 148 141 40.3 401 552 588 137 147
6 320 336 43.6 485 136 144 358 389 554 555 155 143
7 355 356 50.0 48.6 141 137 421 420 643 632 153 150
2/M/51 1 428 421 51.6 59.3 121 141 426 422 546 516 128 122
2 39.3 389 515 512 131 132 41.3 389 52.3 487 127 125
3 37.7 360 49.7 419 132 116 39.8 340 514 45.0 129 133
4 409 364 535 430 131 118 408 321 519 418 127 1.30
5 423 36.7 58.5 40.6 138 111 424 345 509 504 120 146
6 423 388 58.3 48.9 138 126 426 36.8 526 48.0 124 1.30
7 439 435 56.1 59.5 128 137 441 411 572 535 130 130
3/M/66 1 374 359 46.3 433 124 121 39.0 389 56.2 53.3 144 137
2 36.2 330 441 389 122 118 386 354 505 481 131 1.36
3 365 321 417 394 114 123 36.0 336 53.7 479 149 143
4 379 325 481 417 127 128 36.6 336 55.3 483 151 144
5 420 395 50.1 433 119 110 452 412 63.5 55.0 141 133
6 415 36.3 50.8 40.6 122 112 424 392 609 515 144 131
7 4.4 422 56.7 52.2 128 124 46.2 442 66.3 63.6 143 144
4/M/69 1 432 419 50.3 443 116 1.06 48.6 483 64.2 621 132 128
2 411 395 480 416 117 1.05 474 456 571 570 120 125
3 412 377 497 427 121 113 48.7 46.1 615 56.9 126 1.23
4 420 39.2 522 433 124 111 480 46.2 64.6 624 135 135
5 46.0 436 506 44.0 110 1.01 50.7 48.8 625 64.1 123 131
6 46.1 431 56.4 46.1 122 107 51.2 477 659 634 129 133
7 489 476 58.6 554 120 1.16 529 50.8 69.3 66.2 131 1.30
5/M/70 1 458 448 63.6 56.8 139 127 525 517 769 788 147 152
2 4.4 429 61.3 50.2 138 117 49.0 499 751 740 153 148
3 475 46.6 704 517 148 111 494 510 840 772 170 151
4 466 44.6 724 505 155 1.13 542 495 815 745 150 150
5 464 443 675 494 145 111 540 517 87.0 782 161 151
6 40.7 388 61.3 47.7 151 123 444 442 711 673 160 152
7 435 419 62.7 59.1 144 141 470 472 755 726 161 154
6/M/62 1 36.6 36.8 410 402 112 1.09 39.7 392 537 548 135 140
2 36.1 351 40.3 395 112 112 38.7 382 526 52.6 136 1.37
3 376 371 39.3 405 1.05 1.09 412 401 57.0 56.0 1.38 140
4 37.8 384 412 414 1.09 1.08 423 447 61.1 57.7 144 129
5 429 452 40.1 408 094 0.90 456 473 65.7 62.8 144 133
6 42.0 40.6 423 421 101 104 436 42.0 619 59.4 142 141
7 470 457 471 46.8 1.00 1.02 492 481 675 65.1 137 135
7/M70 1 421 385 53.7 47.0 127 122 426 393 56.7 52.8 133 134
2 391 322 50.6 39.7 129 123 402 321 534 432 133 134
3 418 342 542 430 130 125 448 372 549 525 123 141
4 375 286 427 302 114 1.06 39.3 297 51.5 39.6 131 133
5 40.3 31.0 412 318 1.02 1.03 450 325 60.1 47.3 134 145
6 395 30.6 460 358 116 1.17 442 326 599 458 135 141
7 436 36.0 522 430 120 119 51.2 430 68.4 57.8 134 135
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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
8/M/55 1 336 305 321 307 095 1.01 321 307 424 36.7 132 119
2 33.0 261 323 272 098 1.04 323 272 429 315 133 116
3 312 251 345 281 111 112 345 281 411 307 119 1.09
4 326 260 316 269 097 1.03 316 26.9 431 314 137 117
5 37.3 286 36.8 29.7 099 104 36.8 29.7 519 342 141 115
6 39.1 292 389 327 099 112 389 327 500 381 129 117
7 422 347 424 379 1.01 1.09 424 379 54.3 46.0 128 121
9/F/61 1 40.2 389 417 383 1.04 098 479 46.1 59.3 58.0 124 126
2 392 351 429 348 1.09 0.99 46.1 436 57.6 49.8 125 114
3 383 357 430 350 112 098 455 453 60.7 50.2 133 111
4 417 365 433 410 1.04 112 480 46.2 654 543 136 1.17
5 459 404 454 3938 099 0.98 526 51.7 67.8 57.8 129 112
6 435 382 46.1 38.6 1.06 1.01 489 473 67.1 553 137 117
7 466 434 51.7 436 111 1.00 54.7 532 726 66.1 133 124
10/M/51 1 49.2 465 489 451 099 097 429 420 542 524 126 125
2 48.1 407 489 36.2 1.02 0.89 449 39.1 52.7 459 117 1.18
3 485 40.2 51.3 37.2 1.06 0.93 435 363 549 453 126 125
4 457 36.6 479 338 1.05 093 412 342 51.2 445 124 1.30
5 51.1 371 51.2 339 1.00 091 441 36.7 56.7 48.6 129 1.32
6 484 36.2 472  30.7 098 0.85 439 354 55,5 44.0 127 124
7 499 470 494 448 099 0.9 449 419 549 513 122 122

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

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 norma 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.

al, 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 occipita
segments, respectively

Results
Placebo study

Asshown 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 postoper ative 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 severa 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 1 435 447 413 447 095 1.00 46.1 470 59.7 63.6 130 135
2 395 405 358 412 091 1.02 421 440 504 554 120 126
3 38.1 407 385 412 1.01 101 430 46.3 588 55.8 137 121
4 384 389 38.6 40.9 1.00 1.05 418 427 548 62.0 131 145
5 437 432 413 454 095 1.05 429 470 64.3 63.6 150 1.35
6 458 433 428 427 094 0.99 46.7 47.1 64.8 56.9 139 121
7 472 457 476 464 1.010 1.02 51.0 50.9 67.1 701 132 138
12/M/69 1 478 46.7 46.0 439 096 094 519 504 62.8 60.2 121 120
2 453 458 455 401 1.01 0.88 481 481 587 544 122 113
3 523 494 491 4438 094 091 589 54.8 71.0 596 121 109
4 49.0 436 474 39.2 097 0.90 579 443 68.2 534 118 1.20
5 522 518 55.8 454 1.07 0.88 55.2 49.6 66.8 58.6 121 118
6 465 451 48.1 436 1.04 097 473 452 59.2 55.38 125 124
7 496 46.6 56.1 53.2 113 114 531 455 64.6 59.1 122 130
13/M/63 1 40.2 410 375 399 093 0.97 371 372 455 453 123 122
2 414 418 400 39.6 097 0.9 369 354 437 457 118 1.29
3 378 394 36.7 412 097 1.05 36.7 364 435 450 118 124
4 379 400 329 389 087 0.97 378 363 449 46.3 119 128
5 441 432 445 447 1.01 1.03 410 392 51.2 52.6 125 134
6 452 412 415 408 092 0.99 412 380 498 476 121 125
7 455 432 444 428 098 0.99 436 436 53.7 543 123 124

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

mentsin 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
guantitative SPET fusion images with 3DSRT (Fig. 4)
was aso helpful in recognising the regiona perfusion
conditions.
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al, 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

Discussion

There have been several studies on stereotaxic ROl 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 arteria territories of the brain
have been reported to be hugely variable in size and lo-
calisation [23], but standardisation of the location of the
arteria territories was essential for automated objective
analysis of cerebrovascular conditions. We set up 219
ROIs in superficia grey matter and grouped them into
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J0g/min

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; ¢ 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

eight segments reflecting perfusion areas irrigated by pri-
mary branches of cerebral arteries. 1, callosomarginal ar-
tery of the anterior cerebral artery (ACA); 2, precentra
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 superficialy posi-
tioned segments using the RVR method with 3DSRT. Al-
though baseline and post-Acz SPET images could be ob-
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Fig. 4. (continued)

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-

European Journal of Nuclear Medicine Vol. 29, No. 3, March 2002

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-
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Table 4. Regional CBFsin 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
1 324 332 371 412 114 124 385 354 585 60.3 152 170
2 346 352 406 46.2 117 131 411 364 59.8 60.3 145 1.66
3 346 348 429 470 124 135 387 351 570 56.1 148 1.60
4 36.2 36.1 459 513 127 142 39.7 36.0 56.8 56.4 143 157
5 377 374 484 553 129 148 404 36.7 57.0 56.6 141 154
6 375 357 474 516 126 145 377 359 56.1 545 149 152
7 38.1 36.0 481 526 126 146 384 36.6 576 552 150 151
8 384 359 485 527 126 147 387 37.1 58.8 557 152 150
9 375 356 46.6 489 124 138 38.0 36.7 585 554 154 151
10 379 36.2 475 493 125 136 38.7 370 586 55.1 151 149
11 370 356 411 464 111 130 376 36.0 575 543 153 151
12 372 36.3 409 474 1.10 131 385 36.6 57.3 540 149 147
13 374 36.8 40.2 484 1.08 132 389 37.1 56.5 53.3 145 144
14 379 356 381 47.1 101 133 395 36.2 543 51.8 138 143
15 376 354 38.2 477 1.02 135 39.2 36.3 535 51.9 1.36 143
16 37.3 351 40.2 482 1.08 137 38.2 364 525 520 1.37 143
17 36.3 337 425 471 117 140 374 359 51.3 524 137 146
18 357 337 437 476 122 141 36.6 359 508 53.1 1.39 148
19 335 344 448 482 1.34 140 352 36.3 50.2 547 142 150
20 335 346 447 48.0 133 139 348 36.5 505 54.9 145 150
21 342 36.6 43.6 457 128 125 36.2 385 541 583 150 151
22 348 37.1 432 46.0 124 124 36.2 39.2 546 585 151 149
23 354 37.2 436 46.6 123 125 36.6 394 559 585 153 149
24 36.3 374 433 470 119 126 36.7 39.8 55.8 584 152 147
25 378 36.5 432 46.3 114 127 356 375 55.4 56.5 155 151
26 39.1 373 442 464 113 124 36.1 378 55.7 56.4 154 149
27 412 380 473 475 115 125 375 383 58.3 56.4 155 147
28 417 39.0 475 481 114 123 377 386 58.1 57.1 154 148
Baseline sCBF Post-Acz sCBF  sIR Baseline sSCBF Post-Acz sCBF  sIR
36.8 35.8 447 485 121 135 38.1 36.7 56.2 555 148 151

Abbreviations and acronyms are the same asin Tables 1, 2 and 3
aThe slice numbers correspond to thosein Fig. 2

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 reservein a giv-
en area could not be evaluated by reference to the overall
mM CBF 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 ischaemiain 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 analysisis suitable for rCBF quantifica-
tion and especialy 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 asresting 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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