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Indirect revascularization is the most widely used treatment to
induce angiogenesis in pediatric moyamoya disease (MMD). Mo-
lecular imaging methods targeted for angiogenesis have recently
been developed. We performed angiogenesis imaging in indirect
revascularization surgery for MMD to evaluate angiogenic activity
and its correlation with treatment efficacy. Methods: Twelve
patients with pediatric MMD were prospectively enrolled. Encepha-
loduroarteriosynangiosis surgery was conducted, and ®8Ga-Arg-
Gly-Asp (RGD) PET was performed 3.7 + 1.0 mo after surgery. Basal
perfusion and stress perfusion (Psy) in the middle cerebral artery
territory were evaluated by acetazolamide-stress brain perfusion
SPECT using statistical probabilistic anatomic mapping, at preop-
erative, early postoperative, and long-term follow-up states. Angio-
genic activity was assessed on the images in terms of maximal
uptake ratio, volume of increased uptake, and uptake-volume prod-
uct. Results: Basal perfusion and Pg were significantly improved
after surgery. Increased angiogenic activity was observed in the
revascularized area, mainly around the bony flap. Angiogenic activ-
ity gradually decreased with time and significantly correlated with
the postoperative time interval (P = 0.0015 for maximal uptake ratio
and 0.0069 for volume of increased uptake). It was estimated to
normalize at 6.3 mo after surgery. Uptake-volume product was in-
versely correlated with Pgy, improvement at the early postoperative
state (r = —0.5960, P = 0.0409) and also weakly correlated with Pg;,
improvement at long-term follow-up (r = -0.5010, P = 0.1165).
Conclusion: Angiogenesis PET imaging with 88Ga-RGD was suc-
cessfully used for the assessment of angiogenic activity in indirect
revascularization surgery for MMD, and angiogenic activation mea-
sured at approximately 3.7 mo after surgery was inversely corre-
lated with perfusion improvement. The assessment of angiogenic
activity using 68Ga-RGD PET is expected to be effective for evalu-
ating the mechanism or efficacy of revascularization treatment.
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Moyamoya disease (MMD) is a progressive occlusive dis-
ease of the distal internal carotid artery, and it causes secondary
stenosis of the circle of Willis and compensatory abnormal vas-
culature in the brain (/). The disease presents with cerebral ische-
mia due to the stenosis and intracerebral hemorrhage from the
rupture of abnormal vessels. The disease is relatively common in
East Asia including Korea and Japan, and it is the most common
pediatric cerebrovascular disease that requires surgical intervention
(2). The disease does not respond to any medical treatment, and
revascularization surgery is the only effective treatment.

Surgical revascularization for MMD includes direct and indirect
methods. In direct revascularization, branches of the internal
carotid artery are anastomosed with branches of the external
carotid artery. However, in pediatric patients whose vessel is small
and fragile, direct revascularization is relatively limited, and
indirect revascularization is widely performed (3). In indirect re-
vascularization, vasculature-rich tissues such as the galea, dura,
and temporal muscle, are placed on the surface of the brain and
angiogenesis of collateral vessels is induced. The indirect method
is effective and safe for children (4), although its efficacy is con-
troversial in adults (5). At present, the efficacy of indirect revascu-
larization can be evaluated by cerebral angiography, MR imaging,
and brain perfusion SPECT (6), which show final results of collat-
eral vessel formation or cerebral perfusion.

In vivo molecular imaging methods targeted for angiogenesis
have recently been developed and used in cancer or ischemic
diseases. The tripeptide Arg-Gly-Asp (RGD) has a strong affinity
for integrin a3 that is overexpressed on endothelial cells of
newly formed vessels (7). RGD peptide has been commonly used
as an angiogenesis imaging probe, and several radiolabeled RGD
peptides have been developed for SPECT or PET imaging (8—10).
We developed a %8Ga-labeled RGD peptide (°®Ga-RGD) for PET
imaging of angiogenesis (//) and effectively applied it to animal dis-
ease models and human diseases (/2—14). In indirect revascularization
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of pediatric MMD, the assessment of angiogenic activity by in
vivo molecular imaging would be beneficial for investigating the
revascularization mechanism and evaluating the efficacy of treatment.

In this study, we evaluated angiogenic activity using in vivo
angiogenesis PET imaging in pediatric MMD patients who un-
derwent indirect revascularization surgery. On the angiogenesis
PET images, image characteristics, time course of angiogenic
activity, and correlation between angiogenic activity and revascu-
larization efficacy were analyzed.

MATERIALS AND METHODS

Patients and Study Design

Pediatric patients with newly diagnosed MMD were prospectively
enrolled in this study. The following criteria were used for inclusion:
MMD confirmed by clinical and radiologic findings; absence of other
combined disorders suggesting moyamoya syndrome; absence of pre-
vious wide cerebral infarction; and eligibility for standard revasculari-
zation surgery and image studies including brain perfusion SPECT, MR
imaging, cerebral angiography, and angiogenesis PET. The study
design was approved by the Institutional Review Board (IRB) of Seoul
National University Hospital (IRB no. H-0908-067-292), and signatures
on written informed consent forms were obtained from all parents or
legal guardians according to the Declaration of Helsinki.

The overall management methods and surgical outcome of our
patients were reported previously (4). All patients underwent preop-
erative imaging studies including brain MR imaging, cerebral angiog-
raphy, and brain perfusion SPECT. Revascularization surgery was
performed using the unilateral encephaloduroarteriosynangiosis method
in which the superficial temporal artery and galeal flap were laid on
the surface of the exposed cortex and sutured to the incised edge of the
dura mater after dissection of the arachnoid membrane. In some patients,
the frontal or occipital area was simultaneously revascularized using the
encephalogaleosynangiosis method for the bifrontal area and the ence-
phaloduroarteriosynangiosis method for the occipital area. Angiogenesis
PET was performed more than 2 mo after surgery to minimize the effect
of postoperative acute inflammation, before the next surgical revascu-
larization for the contralateral side, if any. The patients were closely
followed up, and early postoperative brain perfusion SPECT was per-
formed 3 mo after surgery. To evaluate the long-term outcome, brain
perfusion SPECT was again performed more than 1 y after surgery.

Image Acquisition
For angiogenesis PET, %3Ga-RGD was prepared in our institution as
previously described (/7). In brief, a cyclic RGD (cRGDyK) was

combined with a derivative of 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA). This compound was added to %3Ga eluted from a %8Ge/**Ga
generator, and °8Ga-RGD was purified from the mixture using high-
performance liquid chromatography and alumina sorbent cartridges.
98Ga-RGD PET images were acquired using a whole-body PET/CT
device equipped with a 40-slice CT scanner (Biograph 40; Siemens
Healthcare), which has a PET spatial resolution of 4.2 mm. Patients
were injected with °8Ga-RGD (5.5 MBq/kg), and images were ac-
quired 20 min after the injection. A low-dose CT scan was obtained
first for attenuation correction, and PET images were acquired for
30 min using 3-dimensional mode. PET images were reconstructed
using an iterative algorithm (ordered-subset expectation maximiza-
tion; 4 iterations and 8 subsets) on 256 X 256 matrices.

Basal/acetazolamide brain perfusion SPECT was performed using
a triple-head y camera (Triad XLT 9; Trionix Research Laboratory)
equipped with low-energy ultrahigh-resolution fanbeam collimators.
Basal SPECT images were acquired 5 min after intravenous injection
of %mTc-hexamethylpropyleneamine oxime (9.25 MBg/kg). Forty
step-and-shoot images were acquired for 20-25 s per step, with inter-
vals of 3°. Ten minutes before the end of the basal SPECT, acetazol-
amide (20 mg/kg) was injected intravenously for vasodilation, and
99mTc-hexamethylpropyleneamine oxime (18.5 MBg/kg) was injected
again at the end of the basal SPECT acquisition. Five minutes later,
a second acquisition of SPECT was started without position change.
Acetazolamide-stress SPECT images were derived by decay-corrected
subtraction of the basal images from the second SPECT images. All
SPECT images were reconstructed on 128 X 128 matrices using a fil-
tered backprojection method with a Butterworth filter.

Brain MR imaging (including MR angiography and perfusion
imaging) and cerebral angiography were performed in routine clinical
practice before and after the surgery.

Image Analysis
Angiogenic activity was assessed on PET images in terms of °3Ga-
RGD uptake. For quantification, the contralateral temporoparietal
brain parenchyma was adopted as a reference region, in which a
spheric volume of interest (VOI; 4.04 ¢cm?) was drawn to measure
the mean and SD of uptake counts. In the revascularized temporopar-
ietal area, an isocontour VOI for increased uptake was drawn using
mean + 2.5 SDs of the reference region uptake as the margin thresh-
old value. In this VOI, volume and maximal and mean uptake counts
were measured. Angiogenic activity was quantified in terms of the
maximal uptake ratio (URy,,x), volume of increased uptake (Vyy),
and uptake-volume product (UVP), which were defined as follows:
UR1ix = (maximal count in the VOI for increased uptake)/(mean
count in the reference VOI), Viy = (size of

A B

the VOI for increased uptake in mm?), and
UVP = (Vyy) X (mean count ratio in the

VOI). UR,.x Was deemed as the maximal
angiogenic activity, Viy was deemed as the
involved area by angiogenic activation, and
UVP was deemed as the overall angiogenic
activity. The frontal or occipital area was not
included for the analysis even when the area
was revascularized during surgery.

The regional brain perfusion in the middle
cerebral artery (MCA) territory was assessed
on perfusion SPECT. Each SPECT image was
spatially normalized to the ethnically matched
standard perfusion SPECT template (/5) using
SPM2 software (University College London)
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FIGURE 1. Improvement in Pg,s and Pg;, after revascularization surgery. Pgas (A) and Pgsy (B)

were significantly improved from preoperative state (Preop) at early postoperative (Postop) and
long-term follow-up (Long-term) states. * = statistically significant changes.
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implemented in MATLAB 6.5 (The Math-
Works). The probabilistic VOIs for the MCA
territory and cerebellum were automatically
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FIGURE 2. %8Ga-RGD PET/CT images of representative case. On CT
(A), fusion (B), and PET (C) images, increased uptake was observed
around bony flap, most evidently in craniotomy margin area (arrow).
Mild uptake increase was also observed on inner surface of bony flap.

defined using a statistical probabilistic anatomic map (SPAM) (16),
and perfusion values of these VOIs were calculated. The perfusion
value of the MCA territory was normalized to the mean value of both
cerebellar lobes and expressed as a percentage. Basal perfusion (Pg,)
and acetazolamide-stress perfusion (Ps,,) were measured in each MCA
territory of basal and acetazolamide-stress SPECT images. Pg,, was
deemed as an index for cerebrovascular reserve. The postoperative
improvement in Pg,s and Pg, was assessed in terms of APy, and
APg,,, which were defined as [(postoperative measurement) — (pre-
operative measurement)] in the MCA territory.

Statistical Analysis

All results were expressed as mean = SD. Comparison of 2 group
values was performed using the Student ¢ test, and correlation between
2 parameters was evaluated using the Pearson correlation test. P values
of less than 0.05 were regarded significant.

Statistical analyses were performed using a commercial software
package (MedCalc, version 9.5.0.0; MedCalc Software).

RESULTS

Patients

Twelve patients were included in this study (9 males and 3
females; mean age *= SD, 7.9 * 3.7 y; range, 2-15 y). The patients
preoperatively presented with symptoms of transient ischemic attack
(n = 11), headache (n = 5), and seizure (n = 1). Four patients had
preoperative cerebral infarction in the frontal or occipital area.
Revascularization surgery was performed using encephaloduroar-
teriosynangiosis for the right temporoparietal area and left tem-
poroparietal area in 6 patients each. The frontal area was also
revascularized using encephalogaleosynangiosis in 7 patients,
and the occipital area was revascularized using encephaloduroar-

teriosynangiosis in 2 patients. All patients underwent a second
revascularization surgery for the contralateral side 4.0 = 1.2 mo
(range, 2.4-5.8 mo) after the first surgery. Three patients exhibited
postoperative complications of focal infarction or a small amount
of subdural hemorrhage (in the right anterior frontal lobe in 2
patients, and in the left high frontal lobe in 1 patient). In the
follow-up after revascularization surgery, no patient presented
with overt ischemic symptoms related to the operated area.

Perfusion Change

Preoperative perfusion SPECT was performed 0.6 = 0.8 mo
(range, 0.0-2.3 mo) before revascularization surgery, and early
postoperative SPECT was performed 3.0 = 0.9 mo (range, 1.9—
4.6 mo) after surgery. Long-term follow-up SPECT was performed
31.7 = 7.2 mo (range, 14.4-40.8 mo) after surgery. In 1 patient,
long-term follow-up SPECT was not performed because of intoler-
ance to acetazolamide stress. Pg,s and Pg, in the operated MCA
territory were 94.3 £ 9.0 and 86.0 = 9.5 before revascularization
surgery, and they significantly improved to 103.2 = 8.8 and 96.5 =
9.5 at the first postoperative follow-up (P = 0.0047 and 0.0064,
respectively). At the long-term follow-up, they were 103.8 = 18.2
and 103.7 = 17.3 (P = 0.0560 and 0.0020, respectively, in com-
parison with preoperative values; Fig. 1).

Angiogenic Activity After Revascularization Surgery

68Ga-RGD PET was performed 3.7 = 1.0 mo (range, 2.1-5.3
mo) after revascularization surgery. On PET images, increased
uptake was observed in the operated area, mainly around the bony
flap. The uptake was most evident in the craniotomy margin area,
and mild uptake increase was also observed on the inner surface
(brain side) of the bony flap (Fig. 2).

68Ga-RGD uptake was time-dependent and gradually decreased
with time after revascularization surgery. UR,.x and Vyy showed
significant correlations with the postoperative time interval between
revascularization surgery and °8Ga-RGD PET (P = 0.0015 and
0.0069, respectively; Fig. 3). When the linear regression model
was applied for extrapolation of Vyy, the uptake was estimated to
normalize (reach zero) at 6.3 mo after surgery.

Correlation Between Angiogenic Activity and
Revascularization Efficacy
The interval between °8Ga-RGD PET and early postoperative
perfusion SPECT was 17 *+ 20 d (range, 0-54 d). On %¥Ga-RGD
PET, UVP was significantly correlated with APg,, and APg,
with negative correlation coefficients (r = —0.7189, P = 0.0084,
and r = —0.5960, P = 0.0409, respectively;

A B

Figs. 4A and 4B). UR,,,x and Vyy showed
a tendency of correlation with APg,, and

APg,, although the correlations were not
statistically significant (P = 0.0555 and
0.0706, respectively; Supplemental Fig. 1
[supplemental materials are available at
http://jnm.snmjournals.org]). When the pa-
tients were classified by AP, (above and
below the median value), UVP was signif-
icantly lower in the group with high APg,,
(P = 0.0390, Table 1). When the correla-
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FIGURE 3. Correlation between postoperative time interval and $8Ga-RGD uptake in terms of
URmax (A) and Vg (B). Both indices were significantly correlated with time interval.
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existed between them (r = 04294, P =
0.1637; Fig. 4C). Additionally, similar
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ized, and angiogenic activity was shown to
correlate with the efficacy of revasculariza-

tion.

In indirect revascularization surgery for
MMD, vasculature-rich tissue is placed
on the surface of the ischemic brain.
Angiogenesis is induced in association
with wound-healing and the repair process
(17), which is presumably related to the
underlying high levels of various growth
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factors (/8). Multiple cranial burr-hole sur-
gery is also performed as an effective ad-
junct using the same mechanism (/9). The
efficacy of these treatments is currently
assessed by the final outcome of perfusion
improvement or new vessel formation us-
ing perfusion SPECT, cerebral angiogra-
phy, or MR imaging (6). However, direct
evaluation of angiogenesis would be bene-
ficial for investigating the mechanism of
the revascularization process and improv-
ing the treatment methods. Recently, radio-
labeled RGD peptides were developed
for in vivo PET imaging of angiogenesis

FIGURE 4. Correlation between perfusion improvement and 8Ga-RGD uptake (A and B), and
correlation between postoperative time interval and perfusion improvement (C). UVP was in-
versely correlated with APg,s (A) and APg;, (B), with statistical significances. When patients were
classified into groups of relatively shorter (@) and longer (O) postoperative time interval, similar
correlation patterns were observed in both groups. APg;, had no significant correlation with time

interval (C).

correlation patterns were observed between %8Ga-RGD uptake
and APy, or APg,,, in both groups when the patients were grouped
by the postoperative time interval (above and below the median
value; Figs. 4A and 4B). Representative cases with high and low
%8Ga-RGD uptake are shown in Figure 5 (also in Supplemental Fig. 2).

On comparing %8Ga-RGD uptake and long-term perfusion change,
UVP also showed a tendency of correlation with APg,s and APg,,
(Fig. 6), although the correlation was not statistically significant (r =
—0.5447, P = 0.0832, and r = —0.5010, P = 0.1165, respectively).

DISCUSSION

Angiogenesis and collateral vessel formation is the key
mechanism in indirect revascularization surgery for MMD. In
the present study, we evaluated angiogenic activity using in vivo
angiogenesis PET in revascularization treatment. With the use of
68Ga-RGD PET, the pattern of angiogenic activation was visual-

TABLE 1
68Ga-RGD Uptake According to Perfusion Improvement

Image index High APst (01 = 6) Low APsgy (0 = 6) P

APg; 19.4 + 6.8 1.7 +5.2
URmax 2.71£0.28 320+ 058  0.0897
Viu 21.9 £ 15.0 412+155  0.0530
UVP 405 + 27.1 841 £359  0.0390

Data are mean + SD.
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(8,9,11). Among them, %8Ga-labeled RGD
has good accessibility because ®Ga can
be obtained easily from a generator system,
and it has been used for evaluating angio-
genic activity in cancer (/1), ischemic heart
disease (/3), and cerebral infarction (/2).

In the present study, ®®Ga-RGD PET
was performed in indirect revascularization surgery for MMD
and exhibited increased activity mainly around the bony flap
including adjacent tissue such as galea. The bony flap that covers
the operation field is a part of the red marrow—rich skull, and it is
in the same vascular territory as that of the revascularized area.
Thus, it is speculated that angiogenic activity of the bony flap
and adjacent tissue closely correlates with angiogenic activity of
the revascularized area. In accordance with this speculation, it
has been reported that larger craniotomy is related to better
prognosis (20).

It is well known that the uptake of RGD peptides is also
enhanced by inflammation (27), because integrin «o,B; is ex-
pressed not only on endothelial cells of newly formed vessels
but also on activated immune cells such as macrophages (22). In
the present study, ®*Ga-RGD uptake possibly correlated with post-
operative inflammation, although we performed °®Ga-RGD PET
more than 2 mo after surgery to remove the effect of acute in-
flammation. The inverse linear correlation between postoperative
time interval and ®®Ga-RGD uptake may have been partially influ-
enced by possible inflammation. However, inflammation is also
one of the main processes involved in angiogenesis. In an animal
experiment, a fibrous coat enriched with immune cells such as
macrophages was the initial pathologic finding in indirect revas-
cularization surgery (/7). Also in atherosclerosis, activated mono-
cytes are intimately involved in angiogenesis (23). Thus, increased
68Ga-RGD uptake was analyzed without strict discrimination be-
tween inflammation and angiogenesis in this study.

With regard to the time course of angiogenic activity, it was
estimated to be active until approximately 6 mo from the
extrapolation of Vyy. Previous studies have reported that new
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$8Ga-RGD

were grouped by the postoperative time
interval (Fig. 4). The inverse correlation
suggests that the prolonged angiogenic
activity may be a result of functionally in-
sufficient revascularization, because %Ga-
RGD PET was performed 3.7 = 1.0 mo
after surgery. The angiogenic activity was
also weakly correlated with the long-term
Pg.s and Pg, improvement despite statisti-
cal insignificance (Fig. 6). Thus, %Ga-
RGD PET could be used as a prognostic
factor for the outcome. However, further
studies are required for the image pattern
and clinical significance of early angiogenic
activity after revascularization surgery.

We analyzed volume-related indices of
Viu and UVP as well as the maximal up-
take of UR,,,x on 8Ga-RGD PET. In mo-

Postop
angiography

FIGURE 5. Representative cases with high and low $8Ga-RGD uptake. (A) A 6-y-old boy who
underwent encephaloduroarteriosynangiosis surgery for right side. On acetazolamide-stress
SPECT, marked improvement of Pgy, in right middle cerebral artery territory (arrow) was exhibited
(APgy, = 32.5). 88Ga-RGD uptake was relatively mild (arrowhead, UVP = 23.8). (B) Another 6-y-old
boy who underwent encephaloduroarteriosynangiosis surgery for right side. Improvement of Pg;,
in right middle cerebral artery territory (arrow) was relatively mild (APg;, = 1.9), whereas 68Ga-
RGD uptake was marked (arrowhead, UVP = 137.7). In both cases, postoperative angiography

for external carotid artery exhibited neoangiogenesis in operated area.

vessels are observed at 3—4 mo after revascularization surgery (24).
However, our results suggest that some delayed angiogenesis may
occur by 6 mo after surgery. Accordingly, Pg,s and Pg, were
slightly higher on long-term follow-up SPECT than on immediate
postoperative SPECT. The actual time course of angiogenic activ-
ity can be assessed by serial follow-up study using noninvasive
68Ga-RGD PET, and such repetitive evaluation of angiogenic ac-
tivity would be available within a tolerable range of radiation
exposure (25).

One of the intriguing results of our study is that postoperative
angiogenic activity was inversely correlated with perfusion im-
provement. It did not appear to be affected by the time course
of angiogenic activity because perfusion improvement did not
correlate with the postoperative time interval. In addition, this
correlation pattern was observed in both groups when the patients

lecular imaging methods, the overall pres-
ence, expression, or activation of the
imaging target should be quantified. How-
ever, the target region could not be specif-
ically defined and we measured the entire
volume that showed uptake above the
threshold. Additionally, UVP was calcu-
lated to consider both degree and volume
of uptake. This approach is widely used in
oncologic PET studies to quantify the overall metabolic burden of
tumors (26,27). In the present study, UVP that reflects the overall
angiogenic activity showed the most significant correlation with
Pg.s and Pg,, improvement among all the indices. Thus, UVP may
be regarded as the most sensitive index to measure angiogenic
activity on 8Ga-RGD PET.

In brain perfusion SPECT, SPAM analysis has been used as
an objective and effective method to measure regional perfusion,
with an ethnically matched brain template and regional map (/6).
It may be a limitation of our study that we applied the brain tem-
plate and probabilistic map obtained from adult brain data to
pediatric patients. However, the probabilistic brain map has been
applied to pediatric patients without significant errors (28,29).
In addition, the VOI of the MCA territory is relatively large;
thus, the results would not have been significantly affected by
possible minor missegmentation.

There are limitations that should be

considered in the present study. First, the

case number was small, although we ob-
served statistically significant results. How-
ever, multivariate analyses that could show
the specific influences of time interval and
perfusion improvement on 8Ga-RGD up-
take were unavailable in this study because
of the small case number. Second, the cer-
ebellum was used as a reference tissue for
perfusion normalization. It should be con-
sidered that the cerebellar perfusion may

r=-0.5010
P=0.1165
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be affected by crossed cerebellar diaschisis,
although the effect is deemed to be mini-
mized with acetazolamide-stress. Addition-
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FIGURE 6. Correlation of UVP with APg,s (A) and APgy, (B) at long-term follow-up. Perfusion
improvement showed tendency of inverse correlation with UVP, although correlation was statis-

tically insignificant.
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ally, ®®Ga-RGD PET was performed 1 time
at relatively variable time points after the
acute phase. These were inevitable because
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clinical conditions and radiation safety should have been considered
for pediatric patients, and serial image acquisition is limited. More
sophisticated designs are required in further studies in which angio-
genesis imaging is used in pediatric MMD patients.

CONCLUSION

In the present study, ®®Ga-RGD PET was successfully used for
the assessment of angiogenic activity in indirect revascularization
surgery for MMD. Angiogenic activity gradually decreases in
a time-dependent manner and was estimated to normalize at ap-
proximately 6 mo after surgery. Angiogenic activation measured
at approximately 3.7 mo after surgery was inversely correlated
with perfusion improvement. The assessment of angiogenic activ-
ity using ®®Ga-RGD PET is expected to be effective for evaluating
the revascularization mechanism or the efficacy of new treatment.
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