Multicenter Evaluation of a Standardized Protocol for Rest
and Acetazolamide Cerebral Blood Flow Assessment Using a
Quantitative SPECT Reconstruction Program and Split-Dose

123].Jodoamphetamine

Hidehiro Iida!-2, Jyoji Nakagawara'-3, Kohei Hayashida'#, Kazuhito Fukushima'->, Hiroshi Watabe!-2,
Kazuhiro Koshino!-2, Tsutomu Zeniya!-?, and Stefan Eberl!-

'Dual-Table Autoradiography SPECT Research Group in Japan, Osaka, Japan; *National Cerebral and Cardiovascular
Center—Research Institute, Osaka, Japan; 3Nakamura Memorial Hospital, Sapporo, Japan; *Takeda Hospital, Kyoto, Japan;
SNational Cerebral and Cardiovascular Center—Hospital, Osaka, Japan; and °Royal Prince Alfred Hospital, Sydney, Australia

SPECT can provide valuable diagnostic and treatment
response information in large-scale multicenter clinical trials.
However, SPECT has been limited in providing consistent
quantitative functional parametric values across the centers,
largely because of a lack of standardized procedures to
correct for attenuation and scatter. Recently, a novel software
package has been developed to reconstruct quantitative
SPECT images and assess cerebral blood flow (CBF) at rest
and after acetazolamide challenge from a single SPECT
session. This study was aimed at validating this technique at
different institutions with a variety of SPECT devices and
imaging protocols. Methods: Twelve participating institutions
obtained a series of SPECT scans on physical phantoms and
clinical patients. The phantom experiments included the as-
sessment of septal penetration for each collimator used and
of the accuracy of the reconstructed images. Clinical studies
were divided into 3 protocols, including intrainstitutional repro-
ducibility, a comparison with PET, and rest-rest study consis-
tency. The results from 46 successful studies were analyzed.
Results: Activity concentration estimation (Bg/mL) in the re-
constructed SPECT images of a uniform cylindric phantom
showed an interinstitution variation of +5.1%, with a systematic
underestimation of concentration by 12.5%. CBF values were
reproducible both at rest and after acetazolamide on the
basis of repeated studies in the same patient (mean *+ SD dif-
ference, —0.4 = 5.2 mL/min/100 g, n = 44). CBF values were
also consistent with those determined using PET (—6.1 = 5.1
mL/min/100 g, n = 6). Conclusion: This study demonstrates
that SPECT can quantitatively provide physiologic functional
images of rest and acetazolamide challenge CBF, using a
quantitative reconstruction software package.
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Current clinical practice using SPECT relies largely on
interpretation of qualitative images reflecting physiologic
function. Quantitative functional parametric images may be
obtained by applying mathematic modeling to SPECT data
corrected for attenuation and scatter. Quantitative regional
cerebral blood flow (CBF) (/-3) and cerebral vascular reac-
tivity (CVR) in response to acetazolamide challenge (4—6)
have been obtained with these techniques. One major appli-
cation of such quantitative SPECT (QSPECT) approaches is
the evaluation of ischemic status in patients with occlusion or
stenosis in their middle cerebral arteries, to provide prognostic
information of the outcome of revascularization therapies (7).
Quantitative analysis in SPECT has also been demonstrated in
the assessment of binding potential for several neuroreceptor
ligands (8,9), for the quantitative assessment of regional my-
ocardial perfusion (/0,11), and for the assessment of radio-
aerosol deposition and clearance in healthy and diseased
lungs (/2). However, providing the standardized quantitative
approach required for multicenter clinical trials has so far
received only limited attention. Challenges remain in provid-
ing consistent quantitative data across institutions using a
variety of SPECT equipment and vendor-specific reconstruc-
tion strategies (/3). This limitation is attributed to a lack of
standardized procedures in the reconstruction software of-
fered by vendors, particularly in terms of correcting at-
tenuation and scatter. Kinetic modeling for physiologic
parameter estimation is also not part of the vendors’ stand-
ard SPECT software. Although separate packages can be
purchased for this purpose, they are not integrated and are
flexible general-purpose packages, requiring considerable
skill and knowledge to effectively use. Thus, they are not
ideal for routine clinical use.

Scatter and attenuation occur in the object and are thus
object-dependent but are not dependent on the geometry of
the imaging equipment (/4). Therefore, once a software
program is developed to provide accurate image reconstruc-
tion with compensation for both attenuation and scatter, the
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program should be able to provide quantitative images that
are intrinsically independent of the geometric design of
SPECT cameras. This is an attractive feature of SPECT
for multicenter clinical studies.

From the various techniques available to correct for
attenuation (/5) and scatter (/6), one feasible approach for
clinical studies is based on a combination of attenuation
correction, incorporated into the ordered-subset expectation
maximization (OSEM) reconstruction (/7), and scatter cor-
rection by the transmission-dependent convolution subtrac-
tion (TDCS) originally proposed by Meikle et al. (/8). This
approach has been extensively investigated by our group
(11,19) for °°™Tc¢ for studies of the brain and heart
(18,20) and also in cardiac 2°'TI studies (/7,2]). A recent
study also demonstrated the accuracy of this approach in a
combined SPECT/CT system (22). By incorporating a correc-
tion for collimator septal penetration by high-energy emis-
sions, one can also make the technique applicable to 23 (19).

The QSPECT reconstruction approach has estimated
CBF images at rest in a clinical setting (/7) and quantified
CVR by measuring CBF at rest and after vasodilation in a
single SPECT session. This was accomplished by using the
dual-table autoradiographic (DTARG) method and a dual
administration of '’ I-iodoamphetamine (23). In those stud-
ies, corrections for attenuation and scatter appeared to be
essential for generating quantitative CBF maps that were
consistent with those generated by 3O-water PET (/1,23).

These studies were, however, validated in a single in-
stitution using a limited range of SPECT systems, and the
general applicability of this technique for different SPECT
systems had yet to be fully established. Thus, the aim of this
study was to verify that analysis of data with a standardized
reconstruction package incorporating attenuation and scatter
correction can provide reproducible results across multiple
institutions for quantitative rest and acetazolamide challenge
CBF estimation from a single SPECT session.

MATERIALS AND METHODS

Institutions and Subjects

The 12 participating institutions were clinical centers and
generally did not have scientific staff dedicated to nuclear
medicine software or hardware development. Standard, vendor-
supplied software was used for the collection of the studies, with
unmodified scanners and collimators clinically used for brain
studies. The acquired data were reconstructed with the program
package developed for this project. Manufacturers and models of
camera systems and the number of detectors and collimators
(including fanbeam or parallel hole) used by the institution are
listed in Supplemental Table 1 (supplemental materials are
available online only at http://jnm.snmjournals.org). All institu-
tions performed experiments on physical phantoms according to
the protocol described in the “Phantom Experiment” section. Of
the 12 institutions, 9 obtained patient scans, whereas the remain-
ing 3 provided only phantom data. Clinical studies were approved
by institutions’ ethics committees or followed guidelines for clin-
ical research protocols authorized by the institution. All subjects at
each institution gave written informed consent.
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The clinical studies were divided into 3 protocols: intrainstitu-
tional, intrasubject reproducibility (reproducibility); comparison
with PET (vs. PET); and intrascan consistency of the dual-time-
point split-dose (rest-rest). Studies were excluded from the anal-
ysis if there was severe patient motion during one of the studies or
if there were changes in the condition of the patients between the
first and second studies likely to lead to changes in CBF.

Eight institutions (institutions 1, 3, 4, 6, 8, 9, 11, and 12)
participated in the reproducibility arm, in which quantitative CBF
values measured on separate days were compared. In this arm, all
patients experienced unilateral or bilateral stenosis or occlusion in
the extracranial internal carotid artery. The patients’ ages ranged
from 43 to 81 y (mean = SD, 65 = 9 y). A total of 31 studies in
this protocol were analyzed. Four patients had to be excluded from
the analysis—2 because of significant changes in their pathophy-
siologic status between the studies and 2 because of severe motion
and mispositioning in the scanner.

One institution (institution 4) performed the versus-PET
studies. CBF values obtained by the DTARG method were
compared with those by 'O-water and PET. Studies were per-
formed on 6 patients (5 men, 1 woman; age range, 71-74 y; mean
age = SD, 72 = 1 y) with stenosis or occlusion of the extracranial
internal carotid artery unilaterally (n = 3) or bilaterally (n = 3).

Two institutions (institutions 2 and 12) provided data for the
rest-rest comparison. Five patients from institution 2 had chronic
cerebral infarction, whereas 4 subjects from institution 12 had no
sign of cerebral disease. Patients’ ages ranged from 32 to 72 y
(mean * SD, 52 *= 15 y); 5 patients were men and 4 women.

Phantom Experiment

Three experiments were performed by each institution using the
SPECT camera fitted with the collimators normally used in
clinical brain studies. The first scan determined the absolute
sensitivity or the becquerel calibration factor (BCF) of the
reconstructed images. For 10 min, a 360° projection set was
acquired of a syringe filled with a 123I-iodoamphetamine solution
of known radioactivity and placed at the center of the field of view.
The syringe was supplied by Nihon-Medi Physics, and its radio-
activity was calibrated to 111 MBq at noon on the day before the
experiment, with an accuracy better than 3%, decaying to approx-
imately 30 MBq at the time of the experiment, avoiding the dead
time of the camera. The BCF was determined by dividing the
absolute radioactivity by the total counts for the syringe region
in the reconstructed image.

The second experiment determined the collimator septal pen-
etration contribution (24) from high-energy photons into the pri-
mary 159-keV energy window for '23L. A line-spread function was
obtained from the projection data of a line source filled with
123]_jodoamphetamine. The septal penetration was determined
from the background level as described previously (/9). A projec-
tion line-spread function was also generated from this line source
placed in a water-filled cylindric phantom (diameter, 16 cm).

The third experiment used a 16-cm-diameter, 15-cm-long uni-
form cylindric phantom. The whole radioactivity used for the BCF
determination was diluted into the phantom, and projection data
were acquired for 30 min, using the clinical scan protocols
described in the “Clinical Studies” section. The radioactivity con-
centration (counting rate per unit mass) of an approximately
0.3-mL sample from the phantom was measured using the well
counters available at the various institutions. Both Nal- and plastic
scintillator—based well counters were used (Supplemental Table
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1). Average pixel counts derived from regions of interest on the
reconstructed emission images were referred to the well counter
radioactivity counting rate, to determine the cross-calibration fac-
tor between the SPECT images and well counter system. This
cross-calibration factor was subsequently used for the blood sam-
ple counts of the clinical studies. Uniformity of the reconstructed
emission images was evaluated.

Clinical Studies

All clinical SPECT studies followed the DTARG protocol, with
dual administration of iodoamphetamine (23), depicted in Figure
1. Briefly, 2 dynamic scans were acquired in quick succession,
with a 2-min interval between the scans. The first scan covered
the initial 0- to 28-min period, and the second was acquired from
30 to 58 min. At 4 min per frame, 7 frames covered each of the 2
dynamic scan periods. '?*I-iodoamphetamine (111 MBq at insti-
tutions 2—-12 or 167 MBq at institution 1) was infused twice over
1 min into the antecubital vein at 0 and 30 min. Acetazolamide
(17 mg/kg, 1,000 mg maximum) was administered intravenously
at 20 min after the first iodoamphetamine injection, corresponding
to 10 min before the second iodoamphetamine injection. Projec-
tion data were summed for the acquisition duration of the first and
second scans and reconstructed as described in the “QSPECT
Reconstruction” section. In contrast to the study of Kim et al.
(23), which used full arterial blood sampling, the individual arte-
rial input functions were derived from a population-based stand-
ardized input function scaled with the whole-blood counts from a
single arterial blood sample taken at approximately 10 min (/,25-
28). This sample was also used for arterial blood gas analysis.

In the reproducibility arm, an additional, non-DTARG CBF
study was performed on a separate day. Instead of DTARG, the
previously reported!?3I-IMP autoradiographic IMPARG) method
(1,19,25) was performed within a month of the DTARG study. The
IMPARG method is essentially equivalent to the present DTARG
method, except that the IMPARG method uses a single iodoam-
phetamine administration to assess CBF either at rest or after

i
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SPECT image
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FIGURE 1. Scanning protocol flow for DTARG procedure.
123|-jodoamphetamine was injected at 0 min, and 28-min
resting dynamic SPECT scan was commenced. Blood sam-
ple for calibration of population input function was drawn at
10 min. Acetazolamide (DMX-diamox) was administered at
20 min. CBF values are scaled by last frame (time, 24—
28 min). Second dynamic SPECT scan followed second
injection of 123|-iodoamphetamine at 30 min. IMP = iodoam-
phetamine.
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acetazolamide challenge. The same image reconstruction process
as for the DTARG protocol was used. In 12 studies, the DTARG
protocol was used instead of IMPARG—namely, the DTARG
study was performed twice to assess the CBF reproducibility at
rest and after acetazolamide.

In the versus-PET protocol, the PET study was performed
within 2 d of the DTARG SPECT study. PET scans used
intravenous '30-water both at rest and after the acetazolamide
challenge. CBF images were calculated by the '>O-water auto-
radiography technique (29), with careful corrections for delay
and dispersion (30-32). Patients were stable between the SPECT
and PET studies.

In the rest—rest protocol, the DTARG scan was obtained without
the pharmacologic challenge during the study to evaluate the con-
sistency of CBF values estimated from the 2 scans.

QSPECT Reconstruction

The program package for QSPECT uses a wrapper written in
JAVA to run several programs written in C for Microsoft Windows
systems. The package includes programs for reconstructing
SPECT images, calculating functional images, coregistering
images, and reslicing and printing summary logs.

The QSPECT package reconstructs images from the original
projection data from commercial SPECT equipment, based on
previous work by lida and his colleagues (/9-21,23,33,34). Recon-
structed SPECT images are calibrated in Bg/mL, which provides
independence from scanning parameters such as the acquisition
time, number of views, matrix size, and zoom factor. Uniformity
and center-of-rotation corrections and fanbeam-to—parallel beam
conversion (for fanbeam collimators) were performed using the
clinical routine software before reconstruction by this package.

An overall flow diagram of the correction and reconstruction
process is shown in Supplemental Figure 1. The OSEM recon-
struction technique includes attenuation correction (/7). A thresh-
old-based edge-detection algorithm generated the attenuation
p-map, assuming a uniform attenuation coefficient of 0.166 cm™!
for 2°mT¢ (0.160 cm™! for '23I) as an average over the brain and
skull (/9). The threshold was optimized via the user interface to
correctly define the brain outline. The attenuation p-map was
generated from the summed 0- to 28-min rest frame and was
coregistered to the other images (35) reconstructed with filtered
backprojection without attenuation or scatter correction. The
attenuation p-maps were forward projected to provide the trans-
mission projection data for TDCS. The emission projections were
scatter-corrected by the TDCS method, as originally proposed by
Meikle et al. (/8), and further optimized for realistic *™Tc¢, 21T,
and '23] data in the brain and thorax regions (20,21,23,33,34). An
offset compensated for the septal penetration of high-energy pho-
tons for !23[ studies, which adds fairly uniform background
counts, or direct current (DC) components, to the projections.

Scatter- and attenuation-corrected images were reconstructed
with OSEM (5 iterations, 5 subsets using geometric-mean
projections, postreconstruction gaussian filter of 7 mm in full
width at half maximum) and then realigned to the image set
obtained from the first scan. The acquisition parameters and BCF
were used to convert the reconstructed raw counts to Bg/mL.

The global CBF over the entire gray matter was estimated
from the SPECT frame covering 24-28 min, because this
timing minimizes the individual shape variations in individual
input function. The look-up table generated for estimating CBF
images from the complete dynamic study (0-28 min) was then

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 51 ¢ No. 10 ¢ October 2010



scaled to provide global cortical gray matter CBF values consis-
tent with the 24- to 28-min frame estimates. A careful detection
algorithm was used to reliably exclude extracranial accumulation
of 123]-iodoamphetamine (e.g., in the parotid region), which could
adversely affect this scaling procedure. The regional CBF was
then estimated at each pixel by means of the table look-up proce-
dure (25,28). The background image at the time of the second '231-
iodoamphetamine injection was estimated from the first-phase
CBF images, according to the compartment model assumed in
this study (23). An additional table look-up procedure was applied
to the second dynamic dataset (30-58 min) for calculating the
vasodilated (acetazolamide challenge) CBF images as described
previously (23). The data were successfully reconstructed, and
CBF was estimated at each institution. To facilitate and provide
consistent analysis, the data presented are from the reanalysis
conducted at the core lab (National Cerebral and Cardiovascular
Center).

The uniform phantom SPECT activity estimates were compared
with the known activity in the phantom. Images for the baseline
study were displayed with subsequent images using an absolute
flow value scale to visually ascertain regional and global differ-
ences in flow. Regions of interest were placed on the middle
cerebral artery territories of both hemispheres, and the average
flow values between the different methods were compared and
plotted. Bland—Altman plots and the SD of the differences eval-
uated the consistency of CBF values obtained from the reprodu-
cibility and versus-PET protocols.

All data were presented as mean * SD. Pearson correlation
analysis and linear regression analysis were used to evaluate rela-
tionships between the 2 CBF values. A P value less than 0.05 was
considered statistically significant.

RESULTS

In the 16-cm scattering cylinder line source experiment,
the scatter-uncorrected images show background counts

Institution 1 Institution 2 Institution 3 Institution 4
T. GCA9300 T. GCA9300 T. GCA9300 S. ECAM

N2(LMEHRfan) N2(LMEHRfan' N2(LMEHRfan) SMS-fan

Institution 6 Institution 7 Institution 9
GE Millennium VG T. ECAM IRIX
LEHR SMS.fan LEGP.PAR

Institution 8
T.ECAM
N2(LMEHRfan)

IRIX

Institution 11
T. ECAM
LMEGP

Institution 12
T. ECAM
LMEGP
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LEGP.PAR

extending beyond the phantom, from septal penetration of
the high-energy photons. The scatter correction is largely
effective in correcting for scatter and septal penetration
counts. As shown in Supplemental Figure 2, the Toshiba-
ECAM low- to medium-energy general-purpose (LMEGP)
collimator, designed for reduced '23I septal penetration,
compared with the standard low-energy high-resolution
collimator (GE Healthcare), demonstrates reduced scatter
and septal penetration counts. The lower septal penetration
of the Toshiba-ECAM LMEGP collimators is also sup-
ported by a lowered scatter correction offset value (DC =
0.05, compared with DC = 0.20 for the GE low-energy
high-resolution collimator). The reduced scatter and septal
penetration result in more complete removal of scatter for
the LMEGP collimator.

Figure 2 displays reconstructed slices of the uniform phan-
tom for all 12 institutions, scaled to the same maximum
activity concentration. The estimated activity concentra-
tions from these studies, compared with the known activity
concentration, represented an accuracy of 87.5% = 5.1%
(Supplemental Table 1). The well counter—to—SPECT cross-
calibration factor, which represents the sensitivity of the well
counter system for 123I, was 0.5—1.0 for Nal systems and 0.1—
0.2 for plastic scintillation detector systems. The BCF values
were consistent for the same SPECT camera—collimator con-
figurations.

Figure 3A shows typical CBF images obtained at 4 insti-
tutions with 4 different y-camera vendors, performed as
part of the reproducibility arm of the study. Each case
shows different CBF distributions both at rest and after ace-
tazolamide challenge. The acetazolamide images obtained
using the DTARG method agree well with the images sub-
sequently obtained with the IMPARG method after acetazo-
lamide infusion.

Institution 5
T. ECAM
N2(LMEHRfan)

Institution 10

FIGURE 2. Reconstructed slices
through uniform phantom from the par-
ticipating 12 institutions. Experiment
was designed to have same phantom
activity concentration for each center’s
study. Nonuniformities and also differ-
ences in absolute activity concentration
estimates can be observed, highlighting
need for rigorous calibration, flood cor-
rection, and quality control. Legend
above each image gives institution
number (given in Supplemental Table
1), y-camera model, and collimator
used.

1627



A

CBF at rest by DTARG

CBF after aceiazolamlde by IMPARG

H

Institute 12
Toshiba ECAM

Institute 1 Institute 6
Toshiba 9300 GE Millennium

Institute 9
Shimadzu IRIX

B
60 T T T T
= I
= i ]
8 40 | .
c L 1
E »tl -0.4 +/- 5.2 mL/min/100 g
| L
g e} o 2]
o
E 0L mg%mo o npofp o ,
%) . o o0 = ]
£ 2L ]
(] + ]
[¥]
® 4o [ r=0.93(p<0.001) 1
£ r n=44 (19 rest, 25 acetazolamide)
o -60 L 1 1 1 L
0 20 40 60 80 100
CBF by IMPARG (mL/min/100 g)

FIGURE 3.

(A) Images from reproducibility study. CBF images obtained at rest and after acetazolamide with DTARG method.

Repeated scan (third row) within 1 mo using IMPARG method and acetazolamide stress (columns 1-3) and at rest (last column).
Images demonstrate that CVR can be estimated with this technique and demonstrate good reproducibility of measuring both at
rest and after acetazolamide challenge CBF. (B) Bland-Altman plot showing difference vs. IMPARG CBF values estimated from
DTARG method and repeated IMPARG studies to assess reproducibility. Little systematic bias is detected (mean difference,
—0.4 mL/100 g/min), and SD of differences is moderate (5.2 mL/100 g/min). Correlation coefficient of r = 0.93 (P < 0.001) was

found.

CBF images of a subject with left middle cerebral artery
occlusion are shown in Supplemental Figure 3 for slices
covering the whole brain. The images demonstrate reduced
CBF after acetazolamide challenge in the left middle
cerebral artery territory. The good reproducibility is con-
firmed by the Bland—Altman plot comparison of DTARG
CBF values, with the CBF values obtained at a different
imaging session with IMPARG or DTARG (Fig. 3B). The
SD of the differences is 5.2 mL/100 g/min, with low bias
supported by the mean difference of 0.4 mL/100 g/min.
Regression analysis between DTARG and IMPARG values
yielded a significant correlation (P < 0.001), with a corre-
lation coefficient of r = 0.93.

Figure 4A shows MR and CBF images at rest and after
acetazolamine obtained with DTARG SPECT and '5O-
water PET in a 73-y-old male patient (63 kg) with right
internal carotid artery occlusion and left internal carotid
stenosis. The MR images do not show any evidence of
cerebral infarction in either hemisphere. Rest CBF was
reduced bilaterally in the frontal-to-parietal regions, and
acetazolamide increased CBF in left parietal regions but
not in the right parietal area. DTARG CBF indicated the
loss of vasoreactivity in the right internal carotid artery
stenotic area. These findings were consistent with those
from the PET evaluation. An additional example is shown
in Supplemental Figure 4 for a 74-y-old female patient (48
kg) with left internal carotid artery stenosis, for whom MR
images did not show cerebral infarction. DTARG CBF
demonstrated preserved CBF in both hemispheres but
reduced CBF reactivity in the left middle cerebral artery
territory. The findings were again consistent with those
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from PET. Figure 4B compares the flow values obtained
at rest and after acetazolamide with DTARG with the cor-
responding values obtained by !'O-water PET. The SD of
the differences is 5.1 mL/100 g/min, with the significant
underestimation by 30-water PET, compared with PET by
the DTARG method, highlighted by a mean difference of
—6.1 mL/100 g/min. The Pearson analysis showed a sig-
nificant correlation (P < 0.001), with a correlation coeffi-
cient of r = 0.88.

The results from the rest-rest protocol are summarized in
Figure 5. The differences between the measurements per-
formed with the 2 injections were small, with good agree-
ment between the 2 flow values. The mean = SD of the
differences was 0.6 = 2.9 mL/100 g/min.

DISCUSSION

The QSPECT package provided quantitative images
consistent between the participating centers, using dual- or
triple-detector SPECT scanners and collimators routinely
used for nonquantitative brain studies. All centers suc-
cessfully acquired the dynamic SPECT images, and the
data from the variety of cameras encountered were
successfully processed by the software package. Rest
CBF and CVR could be readily obtained by the partic-
ipating institutions in a single, clinically practical, 1-h
scanning session. Good reproducibility of CBF estimates
was observed in 31 pairs of studies at 8 institutions (Fig. 3),
and the CBF estimated with the !ZI-iodoamphetamine
SPECT agreed well with 130-water PET CBF at 1 institution
(Fig. 4). The CBF values after the second injection of the
DTARG were consistent with the values obtained after the
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FIGURE 4. (A) MR and CBF images at
rest and after acetazolamide stress

6.1 +/- 5.1 mL/min/100 g

assessed with corresponding measure-
ments with 1°0-water PET (vs. PET
evaluation) in patient with right internal
carotid artery occlusion and left internal
carotid stenosis. Gaussian filter was not

o
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o

(B) Bland-Altman plot. Moderate under-
estimation of CBF determined by
DTARG method, compared with PET,
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is observed (mean difference, —6.1
mL/100 g/min). Correlation coefficient
of r = 0.88 (P < 0.001) was found.

first injection when no vasodilating stress was given in 9
studies at 2 institutions (Fig. 5).

Quantitative CBF and CVR in response to acetazolamide
challenge can be of significant prognostic value for patients
considered for revascularization of cerebral arteries (5-7).
The previously validated IMPARG method requires 2 inde-
pendent scans on different days to assess the CVR (5-7),
limiting it for routine clinical studies. The DTARG protocol
to quantitatively assess CBF both at rest and after acetazo-
lamide from a single dynamic SPECT session with the dual
administration of '?3[-iodoamphetamine (23) facilitates clin-
ical use. Errors caused by ambiguity in the absolute scaling,
and possible changes in physiologic status of the subjects
between scans, can be reduced substantially with the
DTARG protocol. The quantitative reconstruction program
enabled the compartment model-based kinetic analysis to
compensate for the residual radioactivity concentration dur-
ing the second session of the dynamic scan.

Major error sources in SPECT, namely attenuation and
scatter, are only object-dependent (/4) and not y-camera—
or collimator-dependent, and thus SPECT images obtained
by this quantitative reconstruction package should be con-
sistent across systems. Septal penetration of high-energy
photons for !23[ is, however, collimator-dependent (24)
but could be compensated as part of the TDCS scatter
correction algorithm (/7), as demonstrated in Supplemental
Figure 2. The radioactivity concentration of the uniform
cylinder phantom estimated in units of Bg/mL was consis-

80 . . . : FIGURE 5. Results from
—~ 70" i rest-rest evaluation carried
> ] t at 2 institutions (2 and
S 60 382+-74 378465 ?‘21 .

e ; ] ). In this study, DTARG
€ 50: T 1| method was performed as
E aw: = | per normal protocol but
TEI 30§ — 2| without  pharmacologic
- ] stress. CBFs estimated
20 . Institute 2 1 | with first injection (left on
O 10: ¢ Institute 12 2 | graph) are in good agree-
0 ) ) ment with those estimated
Scan1 Scan2 after second injection (right
on graph).
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tent and showed variation within =5.1% (Fig. 2; Supple-
mental Table 1), though a systematic underestimation by
12.5%, which is attributed to the BCFs being derived from
a line source in air, reconstructed without scatter, attenua-
tion, and septal penetration corrections. However, this
underestimation does not affect the CBF estimation,
because it relies on the direct cross-calibration between
the ~y-counter used to count the blood sample and the
SPECT measurements.

This phantom study also highlighted the importance of
proper calibration and quality control of the y-camera to
avoid artifacts and bias in the reconstructed images. These
corrections were applied, as for other clinical studies, by the
vendors’ software rather than as part of the QSPECT system,
because these corrections are typically performed online and
on-the-fly, with only the corrected data being stored. The
nonuniformities seen on some phantom images should
improve with more rigorous quality-control procedures.

The previously validated population-based input function
requiring only a single arterial blood sample for scaling
(1,25-28) has been incorporated in the software package.
Blood from this single arterial sample is also used to meas-
ure arterial blood gases, which are relevant and of interest
clinically in these patients. The timing of the single blood
sample (~10 min after iodoamphetamine injection) was
optimized previously (/,25-28) to minimize the errors asso-
ciated with individual differences in shape of the arterial
input function. In addition, absolute global CBF was esti-
mated from SPECT images taken at an optimized mid scan
time of approximately 30 min (24-28 min), rather than
from the initial part of the study, to maximize the accuracy
of using the population-based input function (Z,25-28).

Partial-volume correction has not been implemented as part
of this processing protocol. Partial-volume effects can
potentially lead to underestimation of flow values in gray
matter regions because of the limited resolution of SPECT.
The small underestimation of 6.1 mL/100 g/min by the
DTARG method, compared with '>O-water PET (Fig. 4B), is
attributed to the partial-volume effects due to differences in
resolution between PET and SPECT. The underestimation can
also lead to variations in CBF values obtained with different-
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resolution collimators. However, consistent postreconstruction
filtering, as applied in this study, can reduce this effect.
Only the reproducibility within an institution was
assessed. Hence, the reproducibility of measurements
between institutions cannot be gleaned from these data,
particularly because patients with vascular disease were
studied. Thus, unlike estimates from healthy volunteers,
flow values and vascular reactivity are expected to vary
from patient to patient, and flow values determined at one
institution with one group of patients are therefore not
directly comparable with flow values from another group of
patients in another institution. A realistic brain phantom,
such as recently developed by our group, simulating head
contour with bone attenuation, could be used to assess the
consistency of brain images between institutions.

CONCLUSION

The developed QSPECT package allows absolute CBF
and CVR to be estimated in routine clinical studies. This
multicenter study has demonstrated the applicability of
QSPECT for a variety of clinical settings and equipment.
Results from the studies suggest that a change of approx-
imately 10% or 5 mL/min/100 g can be readily detected in
follow-up studies. The graphical user interface for easily
controlling the in-built sophisticated programs and tools
ensures that routine use does not require dedicated support
from scientific or computing staff. The package is now
successfully used in over 130 institutions in Japan, and
more than 25,000 patient studies have been analyzed with
the QSPECT package.
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