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Fig. 3. The extent of the development of angiographic basal
moyamoya-like vessels in the moyamoya syndrome group was
evaluated by DSA. The ratio of the distance from the root to the
top-end of the basal moyamoya-like vessels to the distance from
the base of the skull (top of the sella turcica) to the top of the skull
in the same plane was indicated as the basal moyamoya-like ves-
sel extension index. Regional OEF was measured by positron
emission tomography in the cortical MCA area.

Discussion

The hemodynamic and metabolic backgrounds of
moyamoya syndrome associated with atherosclerosis
have not yet been investigated. In the present study, we
aimed to elucidate the hemodynamic and metabolic
changes associated with moyamoya syndrome with ath-
erosclerosis, and evaluated the hemodynamic and meta-
bolic changes associated with the development of the
moyamoya-like vascular abnormality associated with
unilateral atherosclerotic steno-occlusive lesions of the
ICA or MCA in the chronic phase. We demonstrated that
the cerebral hemodynamic impairment was significantly
more severe in patients with moyamoya syndrome than
in those without moyamoya syndrome.

We demonstrated previously that among cases of
moyamoya disease, the OEF was significantly higher in
adult patients with extensively developed basal moya-
moya vessels than in those with less extensive develop-
ment of moyamoya vessels and normal controls [2). Ac-
cording to a perfusion-weighted MRI study (3], the extent
of development of moyamoya vessels in both childhood
and adult moyamoya disease was correlated with the
mean transit time, which has been shown to be an alter-

14 Cerebrovasc Dis 2008;26:9-15

native index to the OEF [11]. In the present study, it was
demonstrated that the presence and extent of develop-
ment of the moyamoya-like vessels were also correlated
with the severity of the cerebral hemodynamic impair-
ment in the ipsilateral cortical MCA territory.

It has been shown that in moyamoya disease, the
extent of development of the basal moyamoya vessels is
negatively correlated with the extent of development of
leptomeningeal collateral vessels from the PCA, and pos-
itively correlated with the severity of the stenotic lesions
in the major arterial trunks [12]. In the present study, the
degree of the total vascularity, excluding that of the
moyamoya-like vessels, in the ipsilateral hemisphere was
significantly worse in the moyamoya syndrome group
than in the non-moyamoya-syndrome group. Both in
moyamoya disease and in moyamoya syndrome, the bas-
al moyamoya or moyamoya-like vessels, which are con-
sidered to be types of collateral vessels in moyamoya dis-
ease 5, 13], were found to have developed to complement
the insufficient collateral networks in the ipsilateral cor-
tical area.

The present study had some limitations. Firstly, the
number of patients was so small that statistical reliabil-
ity could not be ensured. Secondly, the normal controls
enrolled in this study were younger than the patient
group. In this study, however, we focused on compari-
sons between the patient groups, because there have
been numerous comparative studies about cerebral he-
modynamic and oxygen metabolism by PET between
normal controls and patients with atherosclerotic steno-
occlusive lesions. Thirdly, the ROI settings by the auto-
mated ROI analysis program FineSRT are sometimes
inappropriate because of errors in normalization proce-
dures, brain atrophy by aging, artifacts by gas masks or
displacement of sinuses. In the present study, we visu-
ally checked all the ROI settings via the viewer window
and eliminated apparently inappropriate ROI from the
analysis. Fourthly, although we have suggested that ce-
rebral hemodynamic compromise may be responsible
for the development of moyamoya-like vessels, heredi-
tary factors may also be involved in this angiogenesis
because the incidence of moyamoya disease is compara-
tively higher in the Japanese [13] and Koreans [14], and
markedly lower in Caucasians. Further studies are need-
ed to elucidate the effects of racial differences and ge-
netic factors on the development of moyamoya-like ves-
sels.

Kato etal.
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Conclusion

The hemodynamic and metabolic backgrounds of
moyamoya syndrome associated with atherosclerosis
have not yet been investigated. The present study clari-
fied that the development of the basal moyamoya-like
vascular abnormality is an important sign of misery per-
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fusion in the ipsilateral cortical MCA territory in patients
with moyamoya syndrome associated with unilateral
chronic atherosclerotic steno-occlusive lesions.
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MRI-Based Correction for Partial-Volume Effect
Improves Detectability of Intractable Epileptogenic
Foci on '>*I-lTomazenil Brain SPECT Images
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'23|-lomazenil brain SPECT has been used for the detection of
epileptogenic foci, especially when surgical intervention is con-
sidered. Although epileptogenic foci exhibit a decrease in '2%-
jomazenil accumnulation, normal cerebral cortices often exhibit
similar findings because of thin cortical ribbons, gray matter at-
rophy, or pathologic brain structures. In the present study, we
created '#3|-iomazenil SPECT images corrected for gray matter
volume using MRI and tested whether the detectability of the
epileptogenic focl Improved. Methods: Seven patients (1 male
patient and 6 female patients; mean age + SD, 34 + 17 y) with
intractable epilepsy were surgically treated by resecting the
cerebral cortex after surface electroencephalography. Histo-
pathologic examination of the resected specimens and a good
outcome after surgery indicated that the resected lesions were
eplleptogenic focl. These patients underwent '2*|-iomazenil
SPECT and 3-dimensional T1-weighted MRI examinations be-
fore their operations. Each SPECT image was coregistered to
the corresponding MR image, and its partial-volume effect
(PVE) was corrected on a voxel-by-voxel basis with a smoothed
gray matter distribution image. Four nuclear medicine physicians
visually evaluated the 23-lomazenil SPECT images with and
without the PVE correction, The SPECT count ratio of the sus-
pected focus to the contralateral cerebral cortex was evaluated
as an asymmetry index (%) based on the volume of interest.
Results: The sensitivity, specificity, and accuracy of focus de-
tection by visual assessment were higher after PVE correction
(88%, 99%, and 98%, respectively) than before comection
(50%, 92%, and 87%, respectively). The mean asymmetry
index for the surgically resected lesions was significantly higher
on the PVE-corrected SPECT images (22%) than on the PVE-
uncorrected ones (16%) (P = 0.006). Conclusion: MRI-based
PVE correction for '**l-iomazenil brain SPECT improves the sen-
sitivity and specificity of the detection of cortical epileptogenic
foci in patients with intractable epilepsy.
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Iomazcnil labeled with '**I is a tracer that is specifically
bound to central benzodiazepine receptors (/). Because
epileptogenic foci exhibit a reduction in central benzodiaz-
epine receptors (2,3), '**I-iomazenil brain SPECT has been
used to detect epileptic foci, especially when surgical inter-
vention is considered (3). However, normal cerebral cortices
often exhibit similar findings on '*l-iomazenil SPECT
because of thin cortical ribbons, gray matter atrophy, or
pathologic brain structures. This limitation is caused by the
partial-volume effect (PVE), which arises from the limited
spatial resolution of the scanner. In small structures, the
observed radioactivity concentration differs from the true
concentration because of blurring of the counts out of the
structure (“spill-out”) and blurring of the counts into the
structure from the surrounding radioactivity (“spill-in™) (4).

In a previous study (5) examining patients with intractable
mesial temporal lobe epilepsy arising from hippocampal
sclerosis, the sensitivity of detecting pathologic hippocampi
using ''C-flumazenil PET was improved by PVE correction
using MRI-based measurements of hippocampal volume. In
the present study, we created '**l-iomazenil SPECT images
corrected for the whole-brain gray matter volume based on
MRI measurements in patients with intractable partial epi-
lepsy and tested whether the detectability of cortical epilep-
togenic foci improved.

MATERIALS AND METHODS

Patients

Seven patients with intractable epilepsy (1 male patient and 6
female patients; mean age = SD, 34 = 17 y) who met the following
criteria were studied: no morphologic brain lesions other than small
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cystic lesions or suspected unilateral hippocampal atrophy (hippo-
campal sclerosis) visible on routine conventional MR images, surgical
removal and histopathologic examination of suspected epileptogenic
foci, improvement of patients’ symptoms after surgery, and per-
formance of '*l-iomazenil brain SPECT and 3-dimensional (3D)
Tl-weighted MRI studies before operation,

The patients’ clinical information is summarized in Table 1. All
patients had complex partial seizures with or without generalization
and were being treated with anticonvulsants. The Wada test, verbal
magnetoencephalogram, or Edinburgh test was performed to deter-
mine the lateralization of verbal function or memory. All patients
underwent surface electroencephalography or magnetoencephalog-
raphy to identify the location and extent of the epileptogenic foci.
All specimens resected during the operations were histopatholog-
ically investigated (Table 2). The histologic findings in 5 of 7
patients were nonspecific gliosis or neurodegeneration, and | patient
(patient 3) was suspected of having astrocytoma. The outcome after
surgery was evaluated on the basis of Engel’s classification. The
average follow-up period after surgery was 14 mo (range, 9-18 mo).
Five patients were classified as Engel's classification I, and the
remaining patients as Engel’s classification 1.

SPECT

In each subject, 167 MBq of '®*I-iomazenil were intravenously
administered. Three hours after the injection, SPECT images were
acquired while the subject rested supine on the scanning bed with
eyes closed in a quiet room. SPECT was performed using a 4-head
y-camera (6) (Gamma View SPECT 2000H; Hitachi Medical Corp.)
with a low-energy middle-resolution thin-section parallel-hole col-
limator. After the patient’s head had been fixed on the headrest,
the orbitomeatal line was detected using a laser-assisted device
equipped with the y-camera. The acquisition protocol was 20 s
per step, with 64 collections over 360°, and the data were recorded
in a 64 x 64 matrix. The raw SPECT data were transferred to a
nuclear medicine computer (HARP 3; Hitachi Medical Corp.). The
projection data were prefiliered using a Butterworth flter (cutoff
frequency, 0.20 cycles per pixel; order, 10) and reconstructed into
transaxial sections of 4.0-mm thickness in planes parallel to the
orbitomeatal line. Attenuation correction was performed using

PVE Correction

PVE was corrected using 3D T1-weighted MRI and a personal
computer (Dell Dimension 8300; Dell Inc.) running Windows XP
(Microsoft Corp.), as described in Figure 1. Thin-slice sagittal 3D
T1-weighted MR images were produced using 3 types of MRI
scanners: a Signa Excite 3.0 T, a Signa Excite HD 1.5 T (GE
Yokogawa Medical Systems Ltd. ), and a Magnetom Vision Plus 1.5
T (Siemens AG). In each case, a spoiled gradient echo sequence was
used (echo time/repetition time: 1.928/8.632 ms, 1.820/8.552 ms,
and 4.700/9.000 ms for the respective scanners; flip angle: 18, 18,
and 12, respectively; acquisition matrix: all 256 x 256 slice thick-
ness: all 1.4 mm). The acquired sagittal images were reformatted to
axial images with a thickness of 1.4 mm.

The Tl-weighted MR images were first segmented into gray
matter, white martter, cerebrospinal fluid, or other compartments
(skull and extracranial structures) using SPMS (Wellcome Depart-
ment of Imaging Neuroscience). This procedure yielded a Bayesian
probability map for each tissue class based on a priori MRI
information with an inhomogeneity correction for the magnetic
field (8). Voxels were assigned into 3 tissue classes (gray matter,
white matter, and cerebrospinal fluid) according to the maximum
probability encountered for each voxel across the 3 datasets. These 3
tissue classes were subsequently put into binary form (given a value
of 0 for absence of tissue or | for presence of tissue) (9).

The point-spreading function of the reconstructed SPECT images
acquired with the low-energy middle-resolution thin-section paral-
lel-hole collimator was assessed using a 'l 1-mm-diameter line
source in air, according to a previously described methodology (6).
The binary maps for the gray matter were convoluted with a 3D
gaussian function with a full width at half maximum of 12 x 12 x
12 mm, which was assumed to be the same as the point-spreading
function of the reconstructed SPECT image, as described in previ-
ous studies (/0,11). The resulting image was subsequently referred
to as the smoothed gray matter map.

The '®l-iomazenil SPECT images were coregistered to the
smoothed gray matter maps using FMRIB's Linear Image Registra-
tion Tool (FLIRT) (/2). In this procedure, the '*T-iomazenil SPECT
images were simultaneously reformatted 1o a matrix of the same size
(256 x 256 x 256) as the referenced smoothed gray matter maps,

Chang's method (7) with an opti d effective ion coef- A binary volume image was created from the smoothed gray matter
ficient of 0.08 em ™', map as a mask image for the gray matter. The threshold for determining
TABLE 1
Characteristics of Subjects

Patient Age Onset Duration Interval®
na. ¥) Sex (y) ) Seizures/mo (d) Diagnosis Anticonvulsants MRI Language dominancy
1 24 F 14 10 120 4 LTLE CBZ CLB NP L (Wada test)
2 65 F 43 22 30 2 MTLE PHT NP Bilateral (Wada test)
3 “ F 40 4 30 2 LTLE None Small cyst  Bilateral (Wada test)
in RATL
4 14 F 3 n 5 10 MTLE VPA CBZ, PHT NP L (MEG study)
5 3 F 8 22 10 7 MTLE CBZ CLB,CZIP RHS L (Wada test)
6 28 F 19 9 5 3 MTLE VPA L HS L (Edinburgh test)
7 at M 9 22 8 2 LTLE CBZ, CLB, CZP NP R (Wada test)

*Batween last seizure and SPECT study.

LTLE = lateral temporal lobe epilepsy; CBZ = carbamazepine; CLB = clobazam; NP = not performed; MTLE = mesial temporal lobe
epilepsy; PHT = phenytoin; ATL = anterior temporal lobe; VPA = sodium valproate; MEG = magnetoencephalogram; CZP = clonazepam;

HS = hippocampal sclerosis.
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TABLE 2
Operations and Prognosis

Patient no. Resected lesions Histology Prognosis®  Follow-up (mo)

1 L superior temporal gyrus, middle temporal gyrus Gliosis lic 18
(corticectomy/multiple subpial transection)

2 L hippocampus (multiple subpial transection), Gliosis b 17
L superior temporal gyrus (corticectomy)

3 R anterior temporal lobe (tailored lobectomy), Astrocytoma la-lb 16
R hippocampus (hippocampectomy)

4 R hippocampus (hippocampectomy), Gliosis, degeneration Id 14
temporal lobe (tallored corticectomy)

5 R hippocampus (hippocampectomy), Satellitosis la 14
anterior temporal lobe (tailored lobectomy),
superior temporal gyrus (corticectomy)

B L hippocampus (hippocampectomy), Neurodegeneration la )
amygdaloid (amygdaloidectormy)

7 L posterior central gyrus, angular gyrus Unknown Iia 9

(selective corticectomy/multiple subpial transection)

*Engel's classification. Class |: free of disabling seizures (completely seizure-free since surgery [la], nondisabling simple partial seizures
[ib). some disabling seizures but free of disabling seizures for at least 2 y [“running down"] [ic], generalized convulsion with antiepileptic
drug withdrawal only [Id]). Class Il: rare disabling seizures (rare disabling seizures since surgery [<3/y] [lla], more than rare disabling
sefzures Initially but only rare seizures for at least 2 y [Iib), noctumnal seizures only [lic]). Class Ill: worthwhile improvement (significant
reduction in seizure frequency [>75% reduction] [llla], prolonged seizure-free intervals amounting to greater than half the follow-up period
of at least 2 y [lib]), Class IV: no worthwhile improvement (insignificant reduction, no change, or increase in seizure frequency).

the boundary of the binary volume image was set at 35% (an empir-
ically determined value) of the maximum, which was the same as the
threshold value used in a previous study (/0). This mask image for the
gray matter was then applied to the coregistered '*l-iomazenil SPECT
image. The masked '“I-iomazenil SPECT image was then divided
using the smoothed gray matter map on a pixel-by-pixel basis (Fig. 1).

Visual Assessment
Four experienced nuclear medicine physicians visually assessed
the coronal images. The physicians were unaware of the patients’

A D

PVE Cogrrection For 2] Iomazenie SPECT + Kato et al.

clinical information to avoid biases caused by differences in the
amount of information available for each of the patients. The
physicians visually evaluated the coronal 'ZI-iomazenil SPECT
images with and without PVE correction, presented in a random
order, and noted the arcas of epileptogenic foci, where the tracer
uptake was reduced when compared with the comesponding
contralateral regions. Decisions on the foci were made by joint
agreement during a conference of the 4 physicians.

Patients without epileptogenic foci were excluded from the
present study. Therefore, the sensitivity and specificity of focus

FIGURE 1. (A) '?-lomazenil SPECT
image. (B) Automatic coregistration of
123-jomazenil SPECT image with MR Im-
age via smoothed gray matter maps.
Maps were simultaneously reformatted
to matrix that was same size as referenced
smoothed gray matter map. (C) 3D MR
image obtained before operation. (D) MR
Image segmented into Bayesian probabil-
Ity map showing 3 tissue classes. Gray
matter probability map was subsequently
put into binary form (0 for absence of
tissue, 1 for presence of tissue). (E) Binary
map for gray matter convoluted with
point-spreading function (PSF), which
was assumed to be same as point-
spreading function of SPECT scanner. (F)
Smoothed gray matter map masked with
threshold set to 35% of maximum voxel
value. Coregistered '#*l-iomazenil SPECT
image was divided using masked
smoothed gray matter map on voxel-by-

SPECT Image  voxel basis.
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detection were determined on a region-by-region basis. We divided
the whole cerebrum into 18 bilateral blocks, as shown in Figure 2.
We then assigned a binary value of positive or negative to each
block, based on the visual assessment (i.e., positive for a focus,
negative for no focus). We assumed that the resected lesions
corresponded to the true epileptogenic foci and that unresected
regions corresponded to the intact brain, because follow-up of
surgical outcomes of the patients was good. Then, a true-positive
result was defined as a positive result of visual assessment in a
resected brain region. a true-negative result was defined as a
negative result of visual assessment in an unresected brain region,
a false-positive result was defined as a positive result of visual
assessment in an unresected brain region, and a false-negative result
was defined as a negative result of visual assessment in a resected
brain region. The sensitivity, specificity, and accuracy of uncor-
rected or PVE-corrected SPECT images were calculated as follows:

sensitivity = number of true-positive blocks /number of
resected blocks,

specificity = number of true-negative blocks /number of
unresected blocks,

accuracy = (number of true-positive blocks + number of
true-negative blocks)/number of total blocks.

FIGURE 2. Whole cerebrum was divided into 18 bilateral
blocks. A binary value of positive or negative was assigned to
each block on the basis of visual assessment (i.e., positive for
focus, negative for no focus). In this study, we assumed that
resected lesions corresponded to true epileptogenic foci and
unresected regions comresponded to intact brain because of
good follow-up outcomes of patients after operations. Then,
result of evaluation of each block was defined as follows. true-
positive: positive result of visual assessment in resected brain
region; true-negative: negative result of visual assessment in
unresected brain reglon; false-positive: positive result of visual
assessment in unresected brain region; false-negative: negative
result of visual assessment in resected brain reglon.
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Quantitative Assessment

First, the volume of interest (VOI) was established so as to
include each resected lesion in reference to an MR image obtained
after the operation (Fig. 3). If the VOI included a medial temporal
lesion, it was divided into a medial temporal and a lateral part,
Second, another VOI was made 5o as to contain each visually de-
tected false-positive area on the uncorrected or PVE-comrected
SPECT images that were coregistered with the MR images. For
each of these VOIs, the corresponding contralateral VOI was also
made in reference to the SPECT and MR images. The VOI counts of
the uncorrected or the PVE-corrected SPECT images coregistered
with the MR images were measured to evaluate quantitatively the
sensitivity or specificity of the images of the epileptogenic foci.
The asymmetry index (Al) for the 'I-iomazenil SPECT count of
the ipsilateral VOI A, C,, and that of the contralateral VOI B, Cg,
was calculated as follows:

Al = |Cy — Cg| x 200/(Cy+Cp). Eq. 1

RESULTS

The sensitivity, specificity, and accuracy of focus detection
by visual assessment were higher after PVE correction (88%,
99%, and 98%, respectively) than before correction (50%,
92%, and 87%, respectively). The Al values for the resected
lesions are summarized in Table 3. The mean Al was signif-
icantly higher on the PVE-corrected SPECT images than on
the uncorrected ones for the whole resected lesions (22%,
16%, P = 0.006), lateral parts of the resected lesions (20%,
12%, P = 0.006), and medial temporal parts of the resected
lesions (25%, 20%, P = 0.029). In patients 2 and 7, true foci
were not detected on the uncorrected SPECT images. In
Table 4, the location, visual assessment, and Al for the false-
positive regions are listed. The mean Al for the false-positive
regions was significantly larger on the uncorrected images
(12%) than on the PVE-corrected ones (4.8%) (P < 0.001).

The uncorrected and PVE-corrected SPECT images of
typical patients are shown in Figure 4. A lateralized decrease
in the counts was found on the PVE-corrected images in the
areas corresponding to the resected lesions, although no
laterality was seen on the uncorrected images (Fig. 4A).
Conversely, a lateralized decrease in the counts was seen in
the intact areas on the uncorrected images, whereas no
laterality was found on the PVE-corrected images (Fig. 4B).

In the present study, we introduced a method for perform-
ing MRI-based PVE corrections on '*I-iomazenil SPECT
images. This method improved the accuracy with which
epileptogenic foci can be detected in the cerebral cortices.

Inhibitory neural transmission is thought to be disturbed at
epileptic foci (/3). This hypothesis is supported by in vivo
flumazenil PET (/4,/5) and iomazenil SPECT (2,3) studies.
Previous studies have indicated a disproportion between the
gray matter volume and the benzodiazepine receptor den-
sity in some epileptogenic foci (3,/6,17). In patients with
hippocampal sclerosis, changes in benzodiazepine receptor
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FIGURE 3. (A) MR image obtained after operation. (B) VOIs
for resected brain lesions were established on 3D MR image
(left) so as to include each resected lesion in reference to MR
image obtained after operation. Comesponding contralateral
VOIs were also established on same MR image. If VOI included
medial temporal area, it was divided into lateral temporal part
and medial temporal part (dashed line). Each VOI was applied
to uncorrected (middle) and PVE-corrected (right) SPECT
images coregistered to 30 MR image.

binding were detected in the hippocampus and the extra-
hippocampal neocortices, which appeared normal on MRI
(18). Thus, identifying the location of epileptogenic foci and
evaluating the extent of the area to be resected may be
impossible using MRI alone. In the present study, a consid-
erable number of true-positive lesions in the cerebral cortices
appeared normal during the MRI study.

The nonspecific binding of iomazenil has been shown to
account for a small proportion of all bound molecules
(1%—-3%) (19). According to an ex vivo study of nonhuman
primates, iomazenil showed a predominantly high accumu-
lation in the gray matter, with ratios of greater than 30:1 for
gray matter to white matter (20). Thus, the distribution of
iomazenil accumulation in the cerebrum is markedly influ-
enced by the local volume of gray matter when a SPECT
scanner with a limited spatial resolution is used. Non-
pathologic laterality or an asymmetric distribution of gray
matter volume on a certain slice may increase the risk of a

false-positive result in side-by-side comparisons of ioma-
zenil images.

The accurate determination of actual radiotracer concen-
trations in human gray matter in vivo is possible using MRI-
based PVE corrections (27,22). In ethylcysteinate dimer
SPECT. PVE correction made the regional cerebral blood
flow distribution more homogeneous throughout the brain,
with less intersubject variation than in the original distribu-
tion. Using this method for brain perfusion SPECT deter-
mines regional cerebral blood flow more accurately, even in
healthy volunteers (/0). As for '*0-H,0 PET, PVE correc-
tion made it possible to estimate the regional cerebral blood
flow accurately despite cortical atrophy both in Alzheimer’s
disease (23) and in normal aging (24). In '*F-FCWAY
("8F-trans-4-fluoro-N-2-[4-(2-methoxyphenyl)piperazin-1-
yllethyl-N-(2-pyridyl)cyclohexanecarboxamide) PET for
the detection of foci in TLE patients, MRI-based PVE
correction effectively eliminated artifacts related to PVE
that were influenced by the local geometry of the gray matter
and was useful for the extraction of pathologic serotonin 1A
binding reduction (25).

The MRI-based PVE correction method used in the pres-
ent study is similar to that used in previous studies
(5,10,23,26). In this study, PVE was corrected for gray matter
and other components (2-compartment method), although
the PVE correction was performed for gray matter, white
matter, and other brain structures (3-compartment method) in
most of the previous studies. According to a previous vali-
dation study (21), the 2-compartment method is less sensitive
to errors resulting from resolution mismatch between MRI
and SPECT, misregistration, and missegmentation. Mean-
while, the 3-compartment method is capable of greater
accuracy for absolute quantitative measures. The accumula-
tion of '®I-iomazenil in white matter is known to be mark-
edly small; consequently, the spill-in of counts from the
surrounding white matter to the gray matter voxels is negli-
gible. For this application, the 2-compartment method is
more suitable because the decrease in accuracy is small and
the tolerance to errors in image processing is greater with the
2-compartment method than with the 3-compartment one.

TABLE 3
Al for VOI Counts in Resected Lesions

Total resected lesions Lateral part of lesions Medial temporal parl of lesions

Patient  Resected (Al %D (Al %] (Al [%D

no. lesions Uncomrected  PVE-comected  Uncomected  PVE-comected  Uncorrected  PVE-corrected
1 STG, MTG 22 10.8 22 108 _— _
2 ATL, MTL 74 136 56 13.0 -02 10.8
3 ATL, MTL 21.7 34.4 213 34.2 96 153
4 ITG, MTL 29.5 38.7 24.7 345 394 46.4
5 ATL, MTL 12.2 1486 10.0 13.2 211 225
[:] MTL 278 306 - —_ 278 306
i IPL 2.1 1.6 2.1 118 _— -

STG:-superior!ampnralgynm;MTG-rni.ddlatempomlwms;ﬁ‘l’l.=mmlampmailoba:mtsmallempomlbobe:l‘rﬁ=

inferior temporal gyrus; IPL = inferior parietal lobule.
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TABLE 4
Al for VOI in False-Positive Areas

Uncorrected PVE-corrected

Visual Al Visual Al

Patient no. Location assessment (%) assessment (%)
1 ATL Positive 150 Positive 13.1
2 MTL-WM"  Positive 10.7 Negative 2.1
SPL Positive 10.3 Negative 41

3 0G Positve 11.1 MNegative 7.2
IPL Positive 14.68 Negative 1.4
SPL Positve 10.1 Negative 4.6
5 PHG Positive 12.0 Negative 1.2
6 ATL Positive 136 Negative 7.3
7 SPL Positive 116 Negative 2.1
MTL Positive 119 Negative 4.7

*Contralateral to true focus.

ATL = anterior temporal lobe; MTL-WM = mesial temporal lobe
white matter, SPL = superior parietal lobule; OG = orbital gyri; IPL =
inferior parietal lobule; PHG = parahippocampal gyrus; MTL = mesial
temporal lobe.

In this study, an increase in the Al of the resected lesions
was shown after PVE correction in both the lateral part and
medial temporal part of the resected lesions. This finding
implies an increase in the volume of the gray matter or de-
crease in the volume of the adjacent white matter in the lesion
areas, compared with that in the corresponding contralateral
normal areas. In the previous study (27), an increase in the
regional gray matter concentration in malformations of cor-
tical development in patients with focal cortical dysplasia

FIGURE 4. Typical SPECT images of 2 patients are shown. In
each case, uncorrected SPECT image is on left, PVE-comected
SPECT image in middle, and PVE-corrected SPECT image
coregistered to MR image on right. (A) Although no laterality
could be found on uncorrected images, localized decrease In
count on PVE-corrected images is distinct in areas correspond-
ing to resected lesions. (B) No laterality was found on PVE-
corrected images; unilateral decreased count, however, was
found in intact areas on uncorrected Images. Arrows Indicate
the true focus (red) or the false-positive region (yellow).
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was detected by voxel-based morphometry. In addition, the
local increase of the gray matter volume has been reported to
coincide with that of the white matter volume, as detected by
voxel-based morphometry, around pathologic sclerotic me-
dial temporal lesions in cases of temporal lobe epilepsy (28).
This phenomenon may, however, be controversial, and fur-
ther detailed investigation is needed of the changes in the Al
in pathologic medial temporal lesions associated with PVE
correction.

The present study had some limitations. First, the number
of patients was too small to ensure statistical reliability. Sec-
ond, some of the patients were taking anticonvulsants (e.g.,
clobazam) at the time of their '**I-iomazenil SPECT exam-
ination, even though such drugs may influence iomazenil
binding to a certain extent. Previous reports, however, have
suggested that the extent of this influence is small (3,29).
Thus, as far as intrasubject comparisons using the Al are
concerned, the influence of anticonvulsants was thought to be
negligible. Additionally, the temporary withdrawal of anti-
convulsants solely for the purpose of SPECT can be harmful
or impractical. From this viewpoint, our findings suggest that
PVE corrections for '*I-iomazenil SPECT remain effective
even when the patient is taking anticonvulsants. Third, the
brain structure images were obtained using 3 different types
of MRI scanners. However, this protocol was not problematic
in the present study because interscanner comparisons were
not included in the analysis. Fourth, white matter activity was
masked and eliminated during the process of PVE correction,
although some cases of refractory focal epilepsy with hetero-
topia caused by neuronal migration disturbances have been
reported to show a high flumazenil uptake in periventricular
white matter (30). Because the evaluation of abnormal '#]-
iomazenil activity in white matter is quite difficult because of
the higher activity spill-out from the adjacent gray matter,
further study to solve this problem is needed. Fifth, the
resolution of the present scanner was around 11 mm, al-
though the current state-of-the-art SPECT scanner has a
resolution of around 4-5 mm at full width at half maximum.
We consider that the PVE correction in these scanners is
effective to detect small cortical foci of epilepsy. Finally, we
assumed that the unresected brain tissues were normal. Be-
cause this assumption cannot be proved, the accuracy of the
true-negative and false-positive categorizations is limited.

CONCLUSION

PVE correction for '**l-iomazenil brain SPECT images
using the MRI-based gray matter volume improved the
sensitivity and specificity at which cortical epileptogenic
foci could be detected in patients with intractable epilepsy.
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Clinical Usability of a Compact High Resolution
Detector for High Resolution and Quantitative
SPECT Imaging in a Selected Small ROI

Tsutomu Zeniya, Hiroshi Watabe, Member, IEEE, Hiroyuki Kudo, Member, IEEE, Yoshiyuki Hirano, Kotaro Minato,
Member, IEEE, and Hidehiro lida, Member, IEEE

Abstract- SPECT using compact high resolution detector or
pinhole collimator allows to image physiological functions with
high spatial resolution. However, when field-of-view (FOV) Is
smaller than the object, the projection data are truncated by
radioisotope outside FOV. The truncation causes artifact and
overestimation, which decreases quantitative accuracy. Recently
Defrise et al proposed a new truncation-compensated
reconstruction method, that is, the truncated data can be
successfully reconstructed by fulfilling following conditions.
First, FOV contains zero or background counts outside the object
as known value. Second, reconstructed image space is large
enough to contain the whole support of the object. They
demonstrated their theory by 2D X-ray CT simulation. This
study was aimed at evaluating clinical-SPECT usability of a
reconstructed image of a selected small region-of-interest (ROI)
with the above Defrise’s method. This evaluation was performed
by computer simulation with a numerical human brain phantom
and a detector with 2-mm resolution, 48-mm FOV and a parallel
collimator. The projection data were acquired including the area
outside the brain. After adding Gaussian noise, the projection
data were reconstructed by maximum likelihood expectation
maximization (MLEM) method on the reconstruction matrix
large enough to contain the whole support of the brain. This
simulation showed that the truncation compensated
reconstruction method could provide the image with high
resolution and the counts almost equivalent to that of original
image in the selected small ROI without the effect of truncation
for human brain. In conclusion, this result suggests that a

pact high r detector can be used for quantitatively
reconstructing a selected small ROI with clinical SPECT camera.
This technique can also use the pinhole collimator instead of the
compact high resolution detector.

I. INTRODUCTION

PECT using compact high resolution detector or pinhole
collimator allows to image physiological functions with
high spatial resolution [1]. However, when such a small field-
of-view (FOV) detector is applied for a large object like
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human, the projection data are truncated by radioisotope
outside the FOV., The truncation causes artifact and
overestimation, which quantitative accuracy, Recently Defrise
et al proposed a new truncation-compensated reconstruction
method [2]. They demonstrated their theory by 2D X-ray CT
simulation. The aim of this study was to evaluate clinical-
SPECT usability of a reconstructed image of a selected small
region-of-interest (ROI) with the above Defrise’s method.
This evaluation was performed by 2D computer simulation
with a numerical human brain phantom.

Il. MATERIALS AND METHODS

A, Defrise's truncation P d reconstruction theory

Defrise’s theory compensates the artifact and
overestimation due to truncation and exactly reconstructs for
FOV, by fulfilling the conditions as shown in Fig. |.
Projection data must be acquired under first condition. And
then, the projection data must be reconstructed by iterative
reconstruction method such as maximum likelihood
expectation maximization (MLEM) method [3] under second
condition.

Truncated Area
Detector

Detector

Fig. 1. Conditions 1o compensated artifact and overestimation due to
truncation in Defrise’s theory,

B. Computer Simulation

Figure 2 shows the numerical human brain phantom used in
this simulation. Image matrix is 90 pixel X 110 pixel.
Assuming pixel size of 2 mm, the image size is 180 mm *
220 mm. Pixel values are | or 0.

A compact high resolution detector is with 2-mm resolution,
48-mm FOV, 24 bins and a parallel-hole collimator.
Projection data for ROl shown by red circle in Fig. 2 were
acquired by a circular orbit shown by green line, over 1807,
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This ROI
outside the brain. After adding Gaussian noise, the projection
data reconstructed by MLEM method, on the reconstruction
matrix of 90 pixel X 110 pixel large enough to comain the
whole support of the brain to satisfy the condition of Defnise’s
theory. To compare with conventional reconstruction method
using small reconstruction matrix, projection data with 24 bin
were also reconstructed on the reconstruction matrix of 24
pixel 24 pixel. The number of MLEM
reconstruction was 24 for each method.

with 3°step and 60 views. included the area

iteration in

To compare with conventional chnical SPECT, untruncated
projection data including the whole of the brain were acquired
by a 220-mm large FOV (22 bin) detector with low resolution
of 10 mm, over 360° with 3° step and 120 views. After
adding Gaussian noise, the projection data were reconstructed
by ordered subsets expectation maximization (OSEM) method
[4] which is an accelerated MLEM. The OSEM parameters
were B subsets and 3 iterations.

As reference image, untruncated projection data including
the whole of the brain were acquired by a 220-mm large FOV
(110 bin) detector with high resolution of 2 mm, over 360°,
with 3° step and 120 views. Afier adding Gaussian noise, the
projection data were reconstructed by OSEM method with 8
subsets and 3 iterations. However, this detector is impra
because it is too expensive if manufactured.

The images obtained in this simulation were visually
compared, and also the profiles of the images were obtained
on line shown by yellow in Fig. 2 to compare quantitatively

In this simulation, the effects of attenuation, scatter and
blurring by collimator were not considered because this
simulation was aimed at evaluating truncation-compensated
method.

al

i . Small FOV detector
Profile line

Fig. 2. The numerical human brain phantom used in this simulation. The
green line is circular orbit of the small FOV detector over 1807, The red circle
is ROL The yellow line s the position of profiles shown Fig. 4. Pixel values
are | or 0.

I1I. RESULTS AND DISCUSSION

Figure 3(a) shows the image reconstructed from untruncated
projection data using the small FOV detector with low
resolution, The obtained image had low resolution. The detail
of brain structure was not observed.

Figure 3(b) shows the image reconstructed from
untruncated projection data using the large FOV detector with
high resolution. The image with high resolution was obtained
and the fine structure was observed. However, such a high
resolution and large FOV detector is impractical because it is
too expensive if manufactured.

Figure 3(c) shows the image reconstructed from truncated
projection data obtained using the small FOV detector with
high resolution. The projection data were reconstructed on the
small reconstruction matrix as conventional reconstruction
method. The reconstructed image had artifact and the pixel
counts were significantly overestimated.

Figure 3(d) shows the image reconstructed from truncated
projection data using the small FOV detector with high
resolution. The projection data were reconstructed on the large
reconstruction matrix as proposed reconstruction method. The
obtained image was with high resolution and the pixel counts
almost equivalent to that of original image without the effect
of truncation in the selected small ROL

o il il Fogh " dlerge High dith ek ronchl
SPECT with low FOVEPECT wed sivadl FOV and smell FOV
et tion and barge FOV SPEGT + nmall EPECT * large
et i (Propend
e thed)

Y
&,
0

in ib) (3] iy
Fig. 3. The reconstructed images obtained in this simulation. All images
were displayed with the mnge of same gray scale [0-1.07] (a) The image
obtained from the untruncated projection data of large FOV detector with low
resolution as conventional climical SPECT. (b) The image obtained from the
untruncated projection data of large FOV detector with high resolution as the
reference image, (¢) The image reconstructed from the truncated projection
data of small FOV detector with high resolution, on the small reconstruction
matrix as conventional reconstruction method. (d) The image reconstructed
from the tnincated projection data of small FOV detector with high resolution,
by the large reconstruction matrix as proposed reconstruction method

Figure 4 shows the line profiles in a small ROI on the
images obtained from the high-resolution detectors. When the
truncated projection data from small FOV detector were
reconstructed on the small reconstruction matrix, the obtained
image had extremely high counts on the edge of and the pixel
counts were wholly overestimated. On the other hand, when
the truncated projection data from small FOV detector were
reconstructed on the large reconstruction matrix, the profile of
the image had good agreement with that of the image from the
untruncated projection data.
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Fig 4. In a small ROIL the line profiles on the image obtained by
reconstructing data from high-resolution detector by cach method.

IV. CONCLUSION
These results suggest that a compact high resolution
detector can be used for quantitatively reconstructing a
selected small ROl with clinical SPECT camera. This
technique can also use the pinhole collimator instead of the
compact high resolution detector.
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Combination of a High Resolution Detector with

Small FOV and a Low Resolution Detector with

Large FOV for High Resolution and Quantitative
SPECT

Tsutomu Zeniya, Hiroshi Watabe, Member, IEEE, Hiroyuki Kudo, Member, IEEE, Yoshiyuki Hirano, Kotaro Minato,
Member, IEEE, and Hidehiro lida, Member, IEEE

Abstract- SPECT using compact high resolution detector or
pinhole collimator allows to image physiological functions with
high resolution. However, when region-of-interest (ROI) is
smaller than the object, the projection data are truncated due to
radioisotope outside ROL The truncation causes artifact and
overestimation, which decrease quantitative accuracy. In theory,
to eliminate the artifact and the overestimation due to truncation,
the untruncated data from another large field-of-view (FOV)
detector can be used even if the detector has low resolution. This
study was aimed at evaluating feasibility of combination of a
small FOV high resolution detector and a large FOV low
resolution detector in clinical circumstance, This evaluation was
performed by computer simulation with a numerical torso
phantom. We tested whether the image in a selected small ROI
(in this case, ROT was heart) can be obtained with high resolution
and without artifact and overestimation. The small FOV detector
with high resolution was with 1.14-mm resolution, 80-mm FOV
and parallel collimator. The whole of heart was included in this
FOV, but the surrounding area was truncated. The large FOV
detector with low resolution has 9-mm resolution, 360-mm FOV
and parallel collimator like conventional clinical SPECT. The
untruncated projections including the whole of thorax were
acquired by this detector. Gaussian noises were added to all
projection data. Data from the small detector were reconstructed
by maximum likelihood expectation maximization (MLEM) as
iterative method, on the reconstruction matrix large enough to
contain the whole of thorax. The reconstructed image from the
large FOV detector was used as an initial image in iterative
reconstruction. The image obtained by our proposed method had
high resolution and the counts almost equivalent to that of
original image in the small ROL In conclusion, this result
suggests feasibility of the combination of two detectors with small
and large FOV to quantitatively obtain high-resolution image of
a selected small ROI with clinical SPECT.
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I. INTRODUCTION

PECT using compact high resolution detector or pinhole
Scollimator allows to image physiological functions with
high spatial resolution [1]. However, when such a small field-
of-view (FOV) detector is applied for a large object like
human, the projection data are truncated by radioisotope
outside region-of-interest (ROI). The truncation causes artifact
and overestimation, which quantitative accuracy, Truncation-
compensated reconstruction theory proposed by Defrise et al
uses area outside the object with ROl as a prior knowledge to
solve the truncation problem [2]. Defrise's theory can't be
applied for the case that ROI does not contain the area outside
the object. The aim of this study was to evaluate feasibility fo
combination of a small-FOV high-resolution detector and a
large-FOV low-resolution detector in clinical circumstance.
We tested whether the image in a selected small ROI (in this
case, ROI was heart) can be reconstructed with high resolution
and without the effect of truncation by using untruncated data
from the large FOV detector, which do not need to have high
resolution, even if ROI in small FOV detector with high
resolution does not contain the area outside the object. This
evaluation was performed by 2D computer simulation with a
numerical human torso phantom.

II. MATERIALS AND METHODS

A, Suppaort from large-FOV low-resolution detector for

truncation problem

As shown in Fig. 1, our proposed method uses untruncated
data from the large FOV detector with low resolution, in order
to compensate the artifact and overestimation due to
truncation in small FOV detector.

Our proposed approach based on iterative reconstruction
method such as maximum likelihood expectation-
maximization (MLEM) [3] or ordered-subsets expectation-
maximization (OSEM) [4] algorithm is, as follows:

Stepl: the object is reconstructed using OSEM from
untruncated data of the large FOV detector with high
resolution;

Step2: In the MLEM reconstruction, the image
reconstructed from the large FOV detector is used as initial
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