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“’Cu-Diacetyl-Bis (N*-Methylthiosemicarbazone) PET in
Human Gliomas: Comparative Study with
['®*F]Fluorodeoxyglucose and L-Methyl-["C]Methionine PET

K. Tateishi, U. Tateishi, S. Nakanowatari, M. Ohtake, R. Minamimoto, J. Suenaga, H. Murata, K. Kubota, T. Inoue, and N. Kawahara
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ABSTRACT

BACKGROUND AND PURPOSE: “*Cu-diacetyl-bis(N*methylthiosemicarbazone) was developed as a hypoxic radiotracer in PET. We compared
imaging features among MR imaging and “*Cu-diacetyl-bis(N*-methylthiosemicarbazone)-PET, FDG-PET, and L-methyl-["C]methionine)-PET in gliomas.

MATERIALS AND METHODS: We enrolled 23 patients who underwent *Cu-diacetyl-bis(N*-methylthiosemicarbazone)-PET and FDG-PET
and 19 (82.6%) who underwent L-methyl-["CJmethionine)-PET, with all 23 patients undergoing surgery and their diagnosis being then
confirmed by histologic examination as a glioma. Semiquantitative and volumetric analysis were used for the comparison.

RESULTS: There were 10 newly diagnosed glioblastoma multiforme and 13 nonglioblastoma multiforme (grades Il and 1ll), including 4
recurrences without any adjuvant treatment. The maximum standardized uptake value and tumor/background ratios of **Cu-diacetyl-
bis(N*-methylthiosemicarbazone), as well as L-methyl-["C]methionine, were significantly higher in glioblastoma multiforme than in non-
glioblastoma multiforme (P = .03 and P = .03, respectively); no significant differences were observed on FDG. At a tumor/background ratio
cutoff threshold of 19, ®*Cu-diacetyl-bis(N*-methylthiosemicarbazone) was most predictive of glioblastoma multiforme, with 90.0%
sensitivity and 76.9% specificity. The positive and negative predictive values, respectively, for glioblastoma multiforme were 75.0% and
85.7% on *Cu-diacetyl-bis(N*-methylthiosemicarbazone), 83.3% and 60.0% on L-methyl-["C]methionine, and 72.7% and 75.0% on MR
imaging. In glioblastoma multiforme, volumetric analysis demonstrated that $>Cu-diacetyl-bis(N*-methylthiosemicarbazone) uptake had
significant correlations with FDG (r = 0.68, P = .03) and L-methy!-["C]methionine (r = 0.87, P = .03). However, the “*Cu-diacetyl-bis(N*-
methylthiosemicarbazone)-active region was heterogeneously distributed in 50.0% (5/10) of FDG-active and 0% (0/6) of L-methyl-
["Clmethionine)-active regions.

CONCLUSIONS: ““Cu-diacetyl-bis(N*-methylthiosemicarbazone) may be a practical radiotracer in the prediction of glioblastomna multi-
forme. In addition to FDG-PET, L-methyl-["C]methionine)-PET, and MR imaging, $*Cu-diacetyl-bis(N*-methylthiosemicarbazone)-PET may
provide intratumoral hypoxic information useful in establishing targeted therapeutic strategies for patients with glioblastoma multiforme.

ABBREVIATIONS: 2Cu-ATSM = ®2Cu-diacetyl-bis(N*-methylthiosemicarbazone); GBM = glioblastoma multiforme; MET = L-methyl-["C]methionine; non-GBM
gliomas = World Health Organization grade Il and lll gliomas; SUV,,,, = maximum standardized uptake value; T/B ratio = tumor/background ratio

necrosis is essential for the diagnosis of GBM.! However, random
tissue sampling may not always lead to an accurate diagnosis be-
cause of tissue heterogeneity. Therefore, other diagnostic modal-
ities to predict highly malignant regions, such as PET imaging, can
provide complementary diagnostic and therapeutic information
and guide selective target tissue sampling or resection.
Malignant tumor cells display an increased flux of glucose me-
tabolism by increased expression of glucose transporters and
hexokinase, as well as an increased rate of amino acid uptake and
metabolism.? This increased transport and high metabolism oc-

Gliomas have heterogeneously infiltrative and proliferative
features, among which glioblastoma multiforme (GBM) is
the most common and has the worst prognosis in adults. From a
histopathologic standpoint, microvascular proliferation and/or
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cur commonly in GBM and can be detected by widely used
techniques, such as FDG-PET and L-methyl-["C]methionine
(MET)-PET.>® However, the predictive value of these PET imag-
ing techniques has not been adequate for a diagnosis of GBM
because uptake of these tracers is not specific in GBM.>* On the
other hand, tissue hypoxia and necrosis are cardinal features of
GBM that are often associated with resistance to radiation therapy
and chemotherapy.'® Thus, intratumoral hypoxic information
may be useful for an accurate diagnosis and establishment of ef-
fective therapeutic strategies for gliomas.

Some clinical investigations by use of [**F]fluoromisonida-
zole-PET have been recently undertaken to detect tissue hypoxia
noninvasively in gliomas.'*"*> On the other hand, we previously
reported the clinical usefulness of **Cu-diacetyl-bis(N*-methyl-
thiosemicarbazone) (*Cu-ATSM)-PET imaging for gliomas.'*
Our preliminary study revealed a relationship between ®*Cu-
ATSM uptake values and hypoxia-inducible factor-la expres-
sion, which is increased under hypoxia,'* suggesting that **Cu-
ATSM-PET is a practical hypoxic imaging technique in gliomas.
However, whether ®*Cu-ATSM uptake is specific in GBM was not
determined, and the correlation of “*Cu-ATSM findings with
FDG and MET remained unclear in GBM. In addition, to assess
whether **Cu-ATSM uptake is dependent on BBB breakdown
and to evaluate an additional value over MR imaging findings, we
volumetrically and qualitatively compared **Cu-ATSM-PET im-
aging with T1-weighted MR imaging with Gd-DTPA.

MATERIALS AND METHODS

Patients

This study was approved by the local ethics committee (Institu-
tional Review Board no. B1001111026) after written informed
consent was obtained from all patients. Between December 2010
and December 2012, we prospectively performed **Cu-ATSM-
PET in 68 patients with malignant brain tumors. Among them, 23
consecutive patients with pathologically confirmed gliomas (10
men and 13 women; age range, 19—81 years; mean age, 54.2 =
17.5 years) who received FDG-PET and/or MET-PET with **Cu-
ATSM-PET were retrospectively analyzed. FDG-PET and MET-
PET imaging were performed in 23 patients (100%) and 19 pa-
tients (82.6%), respectively. Of the 23 patients, 19 (82.6%) were
newly diagnosed, and the remaining 4 patients (17.4%), who pre-
viously underwent biopsy but had not received any radiation
therapy or chemotherapy, were diagnosed as having tumor recur-
rence. Histologic diagnosis and tumor grade were classified ac-
cording to the following 2007 World Health Organization
criteria: 8 (34.8%) grade II (3 diffuse astrocytomas, 3 oligoas-
trocytomas, and 2 oligodendrogliomas); 5 (21.7%) grade I1I (1
anaplastic oligoastrocytoma and 4 anaplastic oligodendroglio-
mas); and 10 (43.5%) grade IV (GBM). All 10 patients with
GBM were newly diagnosed. Thirteen grade II and III gliomas
(56.5%) were classified as non-GBM gliomas. The oligoden-
droglial component was found in 10 (76.9%) of 13 non-GBM
gliomas.

Intervals from the MR imaging investigation to **Cu-ATSM-
PET, FDG-PET, and MET-PET were 5.4 = 4.1, 4.3 * 3.2, and
5.4 * 3.4 days, respectively (mean * SD). All patients underwent
surgery the day after a repeated MR imaging study for neuronavi-

gation, and their diagnosis was confirmed on histologic examination.
On-Line Table 1 summarizes the patient characteristics.

PET and MR Image Acquisition

Preparation of **Cu-ATSM, FDG, and MET has been described in
previous reports.’>'® To acquire **Cu-ATSM-PET and FDG-
PET/CT images, a whole-body PET/CT scanner (Aquiduo PCA-
7000B; Toshiba, Tokyo, Japan) with a 16-row detector in the CT
component was used at the Yokohama City University Hospital
(Yokohama, Japan). MET-PET imaging was performed with
PET/CT scans (Biograph 16; Siemens, Erlangen, Germany) at the
National Center for Global Health and Medicine (Tokyo, Japan).
Animage quality phantom (NU 2~2001; National Electrical Man-
ufacturers Association) was used for cross-calibration because
such phantoms are widely used and allow estimation of optimal
acquisition times.

For **Cu-ATSM-PET/CT and FDG-PET/CT, the following
conditions were used for acquisition of low-dose CT data: 120
kVp, an auto-exposure control system, a beam pitch of 0.875 or 1,
and a 1.5- or 2-mm X 16-row mode. No iodinated contrast ma-
terial was administered. After intravenous injection of 740 MBq of
$2Cu-ATSM, the patients were placed in a supine “arm-up” posi-
tion. Dynamic data acquisition was carried out for 30—40 min-
utes, and PET/CT images were reconstructed from the data. For
studies of FDG, the patients received an intravenous injection of
370 MBq of FDG after at least 6 hours of fasting, followed by an
uptake phase of approximately 60 minutes. For MET-PET/CT,
the following conditions were used for acquisition of low-dose CT
data: 120 kVp, an auto-exposure control system, a beam pitch of
0.875, and a 3-mm X 16-row mode. After 6 hours of fasting, 370
MBq of MET was intravenously injected, followed by data acqui-
sition at 20 minutes after the injection. The following acquisition
settings were used for **Cu-ATSM-PET/CT and FDG-PET/CT:
3D data acquisition mode; 180 seconds/bed; field of view, 500
mm; 4 iterations; 14 subsets; matrix size, 128 X 128; 8-mm Gauss-
ian filter, full width at half maximum; and reconstruction, or-
dered subset expectation maximization. For MET-PET/CT, the
following acquisition settings were used: 3D data acquisition
mode; 180 seconds/bed; field of view, 300 mm; 4 iterations; 14
subsets; matrix size, 256 X 256; 4-mm Gaussian filter, full width at
half maximum; and reconstruction, ordered subset expectation
maximization. The estimated internal absorbed doses of ®*Cu-
ATSM, FDG, and MET were approximately 10, 2.5, and 1.9 mSv,
respectively.

MR imaging was performed on a 1.5T system (Magnetom
Symphony; Siemens). 3D T1-weighted MR imaging with a
MPRAGE sequence was used with the following parameters to
acquire axial T1-weighted images after administration of 0.2
mL/kg of GAd-DTPA: field of view, 250 X 250 mm?; matrix size,
512 X 512; TR, 1960 ms; TE, 3.9 ms; T1, 1100 ms; and flip angle,
15°. In total, 120 contiguous 2-mm images were obtained from
each patient.

Image Interpretation

Four board-certified nuclear medicine specialists who were un-
aware of the clinical information assessed the PET images semi-
quantitatively and volumetrically in consensus (**Cu-ATSM and
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FDG, U.T. and T.I; MET, RM. and T.I.). MR imaging findings
were also assessed by board-certified radiologists (U.T. and T.1.),
who interpreted the tumors as either GBM or non-GBM gliomas.
A volume of interest was outlined within areas of increased tracer
uptake and was measured on each section. In extensively hetero-
geneous lesions, regions of interest covered all components. For
semiquantitative interpretations, the standardized uptake
value was determined by a standard formula. The tumor/back-
ground ratio (T/B ratio) of ®>Cu-ATSM and MET was calcu-
lated relative to the uptake in the contralateral frontal cortex.
The FDG T/B ratio was calculated relative to the uptake in the
contralateral white matter. The uptake values of the ®Cu-
ATSM, FDG, and MET tracers were determined by assessment
of the maximum standardized uptake value (SUV,
and T/B ratios.

Dr. View version R 2.5 for LINUX (Infocom, Tokyo, Japan)

software was used to merge the PET images with the MR im-
4,13,14

max) values

ages, and each PET and MR image was volumetrically com-
pared. To evaluate volumetric analysis, we extracted the uptake
regions of the *Cu-ATSM images on the basis of the optimal T/B
ratio thresholds of =1.8, a cutoff value for predicting hypoxia-
inducible factor-1a expression in our previous study.'* The up-
take regions of the FDG and MET images were extracted on the
basis of the T/B ratio thresholds of =1.5 and =1.3, respectively, in
accordance with previous reports.>® These uptake regions were
rated as metabolically active volumes. For GBM, we extracted the
tumor volume by measuring a completely covered contrast-en-
hanced region with necrotic and cystic components on MR imag-
ing. The contrast-enhanced volume was also separately extracted
by measuring a contrast-enhanced region without any necrotic
and cystic components. Metabolically active regions shown by
each PET tracer were overlaid on the MR images for qualitatively
comparing metabolically active regions among the 3 tracers. Tu-
mors with **Cu-ATSM-active regions that demonstrated =50%
volumetric overlap with the active regions of FDG and MET were
rated as heterogeneous with respect to intratumoral oxygenation.
Correlations among ®*Cu-ATSM, FDG, and MET were also volu-
metrically analyzed. On the basis of the optimal cutoff value for
prediction of GBM (T/B ratio, 1.9), which was defined by receiver
operating characteristic analysis, tumors having “*Cu-ATSM T/B
ratios =1.9 were rated as GBM. The optimal cutoff threshold of
the MET T/B ratio was set by receiver operating characteristic
analysis, and tumors having MET T/B ratios =3.0 were rated as
GBM. To assess the clinical value of ®*Cu-ATSM-PET findings
relative to those of MET-PET and MR imaging findings for pre-
diction of GBMs, we evaluated the positive and negative predic-
tive values independently.

Statistical Analysis

All parameters were expressed as means * SDs.. Two-way re-
peated measures ANOVA was used to compare the mean up-
take values of each tracer. To determine the optimal radio-
tracer for prediction of GBM by semiquantitative analysis, we
performed receiver operating characteristic analysis. To eval-
uate volumetric correlations of “*Cu-ATSM with FDG and
MET, we used linear regression analysis. The Wilcoxon signed
rank test was used to compare the mean tumor volume, con-
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trast-enhanced volume, and metabolically active volumes de-
termined by the 3 PET tracers. The Fisher exact probability test
was used to compare the “*Cu-ATSM-PET with contrast-en-
hanced MR imaging and MET-PET imaging features. The level
of statistical significance was set at P < .05. JMP 10 statistical
software (SAS Institute, Cary, North Carolina) was used for
statistical analyses.

RESULTS

Semiquantitative Analysis of PET Studies According to
Tumor Classification

A summary of the uptake values for each PET tracer is presented
in On-Line Table 2. Representative images are shown in Fig 1 and
in the On-Line Figure. The average ®*Cu-ATSM SUV____ values in
GBM and non-GBM gliomas were 1.68 * 0.94 and 0.98 =+ 0.52,
respectively. The *Cu-ATSM SUV,_, was significantly higher for
GBM than for non-GBM gliomas (P = .03; Fig 2A). A significant
difference in SUV_,,, was also detected between GBM and non-
GBM gliomas for MET (5.23 * 1.11 and 3.25 = 1.66, respectively;
P = .02; Fig 2A) but not for FDG (7.31 * 3.22 and 5.72 * 2.25,
respectively; P = .18; Fig 24). '

The mean **Cu-ATSM T/B ratios in GBM and non-GBM glio-
mas were 3.10 = 2.37 and 1.47 % 0.57, respectively, which were
also significantly different (P = .03; Fig 2B). Receiver operating
characteristic analysis indicated that a *Cu-ATSM T/B ratio cut-
off threshold of 1.9 was most predictive of GBM, with 90.0%
sensitivity and 76.9% specificity (area under the curve, 0.88). Sim-
ilar to the SUV__,, results, there was a significant difference in the
T/B ratio between GBM and non-GBM gliomas for MET (3.53 =
0.70 and 2.27 =% 0.97, respectively; P = .01; Fig 2B) but not for
FDG (2.71 = 1.56 and 2.44 = 1.28, respectively; P = .65; Fig 2B).
Receiver operating characteristic analysis showed an optimal T/B
ratio of 3.0 for MET (sensitivity, 83.3%; specificity, 76.9%; area
under the curve, 0. 83, respectively), which was slightly less than
that for *Cu-ATSM.

Volumetric and Qualitative Comparison among 3 Tracers

in GBM

A summary of tumor volume and contrast-enhanced volume on
MR imaging and the active volume for each PET tracer is pre-
sented in On-Line Table 3. Table 1 shows the relationships of the
metabolically active volumes in GBM: for “*Cu-ATSM (T/B ratio
=1.8), FDG (T/B ratio =1.5), and MET (T/B ratio =1.3); the
volumes were 8.2 + 14.0, 11.0 * 12.0, and 38.0 = 19.0 cm?,
respectively. The mean active volume of **Cu-ATSM in GBM was
not significantly different from that of FDG (P = .63) but was
significantly less than that of MET (P = .03). In addition, the
active volume of ®*Cu-ATSM in GBM correlated significantly
with that of FDG (r = 0.68, P = .03) and MET (r = 0.87, P = .03).
However, compared with the active regions of FDG and
MET, those of **Cu-ATSM were heterogeneously distributed
(=50% volumetric overlap with the active regions of FDG and
MET) in 50% (5/10) and 0% (0/6) of the tumors with meta-
bolically active regions, respectively. The >Cu-ATSM-active
regions were fully covered within the MET-active regions in all
cases.



FIG1 Case 2l. A 59-year-old woman with GBM in the right temporal lobe (tumor volume, 79.6 cm’). PET images of 2Cu-ATSM (A), FDG (8), and
MET (C) are shown; the >Cu-ATSM-active regions are outlined by red lines (D-F, respectively). $*Cu-ATSM-PET/MR imaging fusion image (D)
showing the intratumoral hypoxic region (1.8 cm?), which is less than that of the contrast-enhanced volume (30.9 cm?®). FDG-PET/MR imaging
fusion image (£) also indicating the intratumoral active region (4.6 cm?), which is heterogeneously distributed compared with the *Cu-ATSM—
active region. MET-PET/MR imaging fusion image (F) showing the more extensive active region (73.1 cm®), which completely covered the

62Cu-ATSM—active regions.
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FIG 2. Boxplots comparing uptake values between GBM and non-GBM gliomas. The $2Cu-ATSM and MET SUV,,,,, values show significant
differences (P = .03 and P = .02); however, FDG SUV,,.., values are not significantly different (P = 18; A). The $*Cu-ATSM and MET T/B ratios also
show significant differences (P = .03 and P = .01), but no significant difference is observed in the FDG T/B ratio (P = .65; B). *P < .05.

Volumetric Comparison with MR Imaging

The mean tumor volume and contrast-enhanced volume in
GBMs were 45.4 = 26.5 and 21.6 = 14.3 cm?®, respectively
(Table 2), which were significantly greater than those of the met-
abolically active volumes for ®*Cu-ATSM (P = .002 and P = .002,
respectively) and FDG (P = .002 and P = .006, respectively). The
mean active volume of MET was not significantly different from

the mean tumor volume (P = .56) and contrast-enhanced volume
(P = .06).

Predictive Values of ®’Cu-ATSM-PET, MET-PET, and MR
Imaging for Distinguishing GBM

In 19 newly diagnosed gliomas, tumors having **Cu-ATSM-active
regions and strongly contrast-enhanced regions on MR imaging
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Table 1: Volumetric correlation of **Cu-ATSM with FDG and MET
in GBM

Heterogeneous

 GE 10) Volume(cm®) r  PValue Metabolism (%)
$2Cu-ATSM 82+ 14.0 - - -
DG NO*120 068 .03 5/10 (50%)
MET 380190 087 .03 0/6(0%)

Note:—r indicates correlation coefficient when compared with 2Cu-ATSM.
® Heterogeneous metabolism indicates an overlap of =50% of the active volume of
$2Cu-ATSM with those of FDG and MET.

Table 2: Vol

tric comparison of radiotracers in MRI for GBM
TV CEV

M (454 £265cm®)* (216 = 143 cm’)P
62Cu-ATSM P =.002 P =.002
(82 = 14.0 cm?)
FDG (1.0 = 12.0 cm®) P =.002 P =.006
MET (38.0 £19.0 cm?) P =56 P=.06

Note:—The mean tumor volume (TV) and contrast-enhanced volume (CEV) were
compared with the active volume of >Cu-ATSM (T/B cutoff threshold =18), FDG
(T/B cutoff threshold of =1.5), and MET (T/B cutoff threshold of =13}, P values < .05
were considered to indicate statistical significance.

#TV was measured as a completely covered contrast-enhanced region with necrotic
and cystic components.

P CEV was measured as a contrast-enhanced region without necrotic and cystic
components on Tl-weighted MR} with Gd-DTPA.

were detected in 63.2% (12/19) and 57.9% (11/19), respectively. No
statistical correlation was observed between the 2 modalities (P =
.07). The positive predictive values of *Cu-ATSM and MR imaging
for distinguishing GBM were 75.0% and 72.7%, respectively. In con-
trast, the negative predictive values of >*Cu-ATSM and MR imaging
were 85.7% and 75.0%, respectively. On the other hand, when tested
by the optimal cutoff threshold on MET (T/B ratio, 3.0), the positive
and negative predictive values for a diagnosis of GBM were 83.3%
and 60.0%, respectively. We found no significant correlation be-
tween ?Cu-ATSM and MET (P = .59).

DISCUSSION

Our present PET study demonstrated that >Cu-ATSM is a pre-
dictive radiotracer for GBM. Many clinical PET studies with FDG
and MET have been conducted to discriminate among World
Health Organization grades of gliomas.*>”® Several imaging
studies have demonstrated the usefulness of FDG-PET in the dif-
ferentiation between low-grade and high-grade gliomas and even
between grade III and grade IV gliomas.>”*® Because of the asso-
ciated increased glucose uptake and high rates of glycolysis, FDG-
PET shows high FDG uptake in GBM.? However, FDG-PET has a
low signal-to-noise ratio in brain tumors, which is a result of the
high glucose metabolism in normal brain tissue.* Moreover, be-
cause FDG uptake reflects an increased glycolytic rate in rapidly
growing brain tumor cells even in grade IT and III gliomas,”? it
may not be a suitable radiotracer to predict GBM. On the other
hand, malignant gliomas demonstrate increased rates of amino
acid uptake and metabolism. MET readily crosses the intact BBB
through a neutral amino acid transporter and is incorporated into
active tumor areas, which allows tumor visualization even in low-
grade gliomas.”

In our current study, MET-PET revealed a significant differ-
ence between GBM and non-GBM despite the high frequency of
oligodendroglial tumors. However, these oligodendroglial tu-
mors are reported to show relatively high uptake of MET irrespec-
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tive of their grade on MET-PET,”* which is not yet established as
a standard imaging technique for a diagnosis of GBM. Recently,
another technique, hypoxic imaging, has been used clinically and
may be another diagnostic tool to discriminate GBM from non-
GBM gliomas because poor microcirculation with respect to met-
abolic demand induces relative tissue hypoxia and necrosis, a car-
dinal feature of GBM.'?

Hypoxic PET studies with [*®F]fluoromisonidazole and **Cu-
ATSM have demonstrated their usefulness separately in hypoxic
imaging. Under hypoxic conditions, “*Cu-ATSM retention is in-
duced by microsomal cytochrome reductase enzymes, which is
different from ['®F]flucromisonidazole retention by mitochon-
drial nitroreductase enzymes.'” Cu-ATSM was developed as a ra-
diotracer to detect regional hypoxia in the ischemic myocardium
and hypoxic tissues in tumors,'®*°
greater than that of ['®F]fluoromisonidazole, because Cu-ATSM
has rapid blood clearance and is retained in hypoxic tissues with a
high hypoxic/normoxic tissue-to-activity ratio.”® On the other
hand, [**F]fluoromisonidazole can detect a wider range of partial
oxygen tension values than *Cu-ATSM.'” Experimental investi-
gations with glioma models have demonstrated that *%*"Cu-
ATSM uptake correlates with tissue hypoxia.'® Our preliminary
clinical study also showed that *>Cu-ATSM uptake values corre-
lated highly with hypoxia-inducible factor-1o expression, which
is a biomarker of tissue hypoxia,'* and the optimal cutoff thresh-
old to predict hypoxia-inducible factor-1a expression (T/B ratio,
1.8) was similar to that of our present study in the prediction of
GBM (T/B ratio, 1.9). It has been well established that overexpres-
sion of hypoxia-inducible factor-1ea, a transcription factor that is
part of the stress response mechanism, is initiated in the presence
of low oxygen tensions and induces hypoxia-regulated molecules,

and its image contrast may be

such as vascular endothelial growth factor, glucose transporters,
and carbonic anhydrase IX,*! which correlate with treatment re-
sistance and are highly expressed in GBM.'® Therefore, *Cu-
ATSM-PET may be a radiotracer useful in the identification of
treatment-resistant hypoxic regions in patients with glioma. Our
present study also demonstrated that hypoxic imaging by use of
$?Cu-ATSM for discrimination of GBM from non-GBM gliomas
may be as effective as ['*F]fluoromisonidazole,'? indicating that
hypoxic imaging, including ®Cu-ATSM, would be a better choice
than FDG in the prediction of GBM.

However, to our knowledge, correlations between hypoxic re-
gions depicted by PET studies and high-uptake regions in FDG or
MET have not been precisely studied in GBM. In our present
study, we showed that ®*Cu-ATSM uptake in GBM correlates sig-
nificantly with FDG by volumetric assessments, but half of the
uptake regions were distributed heterogeneously. Under hypoxia,
glycolysis is increased by hypoxia-inducible factor-la activa-
tion,”" whereas in malignant tumor cells, aerobic glycolysis is
driven even under nonhypoxic conditions.” Therefore, FDG up-
take might indirectly and partially reflect hypoxic regions as well
as nonhypoxic regions.”

In line with these observations, several clinical studies on lung
and cervical cancers have directly compared *Cu-ATSM-PET
with FDG-PET and suggested that intratumoral distribution and
uptake values may be different, depending on the histopathologic
type of the tumor.'>? In addition, a previous study using a lung



cancer model demonstrated that **Cu-ATSM was predominantly
accumulated in hypoxic and quiescent tumor cells, a finding that
differs from the FDG distribution with features of high prolifera-
tion.”* In accordance with these findings, a hypoxic imaging study
by use of ['*F]fluoromisonidazole revealed a positive relationship
but not a precisely matched uptake to that of FDG in gliomas,!
which seems to be similar to the results of our present study. These
findings imply that the positive relationship between FDG-PET
and hypoxic-PET may indicate increased glycolysis, glucose up-
take, and hypoxia in GBM. In contrast, the parts of hypoxic re-
gions not shown on FDG-PET might indicate severe ischemia and
hypoxia where glucose delivery is also severely disturbed, an idea
that should be explored in future investigations.

In contrast, no PET study has compared $*Cu-ATSM and
MET. Our present study showed that MET had larger active vol-
umes than did **Cu-ATSM in GBM, which was fully covered
within MET-active regions. There was also a significant volumet-
ric correlation between **Cu-ATSM and MET. A volumetric cor-
relation of MET-PET-delineated regions with hypoxic PET by
[*®F]fluoromisonidazole has also been documented,*® which cor-
roborates our results. However, it is not clear why hypoxic regions
delineated by ®*Cu-ATSM not depicted by FDG-PET still show
high MET uptake. If disturbance of substrate delivery such as that
of glucose is the mechanism leading to FDG-PET—-negative hy-
poxic regions, MET delivery should also be disturbed. Multifac-
torial effects of tracer kinetics, such as a switch from a metabolic to
a catabolic state in hypoxic tumor cells,?® as well as a threshold
setting, would cause this discrepancy in complex and heteroge-
neous GBMs.

From a clinical point of view, MET-PET enables more accu-
rate delineation of glioma extension than MR imaging,®® suggest-
ing that MET is a practical radiotracer for the detection of
infiltrative regions around contrast-enhanced regions on MR im-
aging, which can provide important clinical information for treat-
ment. By combining **Cu-ATSM- and MET-PET imaging, delin-
eation of hypoxic regions within MET-PET-active regions would
provide additional value to delineate therapeutic targets as treat-
ment-resistant hypoxic regions for more intensive therapy (ie,
intensity-modulated radiation therapy and chemotherapy by use
of convection-enhanced delivery as well as biopsy targets in
GBM). However, the hypoxic mechanism is not fixed in time, and
variability in spatial uptake can occur among repeated PET
scans.”® Therefore, it is crucial for PET imaging to elucidate the
mechanism of changes in intratumoral radiotracer distribution as
a clinical application. In addition, to confirm the differences
among *>Cu-ATSM, EDG, and MET in GBM, further precise
metabolic evaluation within GBM is required.

Among these available imaging modalities, it is not clear which
is best for distinguishing GBM from non-GBM. Contrast en-
hancement on MR imaging might provide a simple index; how-
ever, it is sometimes ambiguous.?” To compare diagnostic reli-
ability, we compared positive and negative predictive values for
MR imaging, MET-PET, and **Cu-ATSM-PET and showed that
for the prediction of GBM, both were higher in *Cu-ATSM than
in MR imaging, indicating that **Cu-ATSM-PET is a better im-
aging technique for the prediction of GBM than is MR imaging. In
addition, the negative predictive value was also higher for “*Cu-

ATSM-PET (85.7%) vs MET-PET (60.0%), though the positive
values were lower. This finding would suggest that combined as-
sessment by use of “*Cu-ATSM and MET may provide a more
accurate diagnosis. However, because of the small number of pa-
tients in our present study, further clinical evaluation in a larger
group of patients is required to confirm these hypotheses.

Study Limitations

One of the limitations of our study was that it is unknown how
BBB disruption affects “*Cu-ATSM kinetics. To gain some in-
sight, we demonstrated that the $>Cu-ATSM-active volumes in
GBM were significantly less than those of the contrast-enhanced
volumes on MR imaging, which are dependent on BBB break-
down accompanying neovascularization in gliomas.® Thus, it is
suggested that *>Cu-ATSM uptake would be determined by other
factors in addition to BBB breakdown. Indeed, it has been shown
that the oxygen pressure in GBM is relatively lower than the pres-
sure in the surrounding cortex.*® Thus, ®*Cu-ATSM is likely to be
a tracer that reflects part of the hypoxic region. Further clinical
validation of the relationship between **Cu-ATSM uptake and
tissue oxygen tension is required to determine the precision of
hypoxic imaging.

In addition, our present study may have been affected by sev-
eral biases, including threshold settings and MET-PET not being
performed in all cases. Moreover, no published studies have com-
pared ®*Cu-ATSM and ['®F]fluoromisonidazole for clinical use.
Finally, *Cu-ATSM is rarely applicable for every institution be-
cause of limited radionuclide production. Nonetheless, multiple
PET imaging by use of “*Cu-ATSM, FDG, and MET may provide
complementary valuable intratumoral metabolic information, all
of which is important in the establishment of targeted therapeutic
strategies for patients with GBM.

CONCLUSIONS

The results of our study suggest that *Cu-ATSM-PET is predic-
tive of GBM. In addition to the information obtained by FDG-
PET, MET-PET, and MR imaging, “*Cu-ATSM-PET may provide
intratumoral hypoxic information useful in establishing targeted
therapeutic strategies for patients harboring GBM.
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Abstract

Objectives The aim of this study was to clarify the relation-
ship between tumor hypoxia and microscopic diffusion ca-
pacity in primary brain tumors using ®*Cu-Diacetyl-Bis
(N4-Methylthiosemicarbazone) (“*Cu-ATSM) PET/CT and
diffusion-weighted MR imaging (DWI).

Methods This study was approved by the institutional human
research committee and was HIPAA compliant, and informed
consent was obtained from all patients. *Cu-ATSM PET/CT
and DWI were performed in a total of 40 primary brain tumors
of 34 patients with low grade glioma (LGG, n=13), glioblas-
toma (GBM, n=20), and primary central nervous system
lymphoma (PCNSL, n=7). *Cu-ATSM PET/CT parameters
and apparent diffusion coefficient (ADC) obtained by DWI
were compared.

Results High intensity signals by ®?Cu-ATSM PET/CT and
DWTI in patients with GBM and PCNSL, and low intensity
signals in LGG patients were observed. An inverse correlation
was found between maximum SUV (SUV ,.x) and minimum
ADC (ADCp,) (r=-0.583, p<0.0001), and between tumor/
brain ratio (T/B,ag,) and ADC,y, for all tumors (#=—0.532,
p<0.0001). Both SUV 5« and T/B..y in GBM were higher
than LGG (»<0.0001 and p<0.0001), and those in PCNSL
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were also higher than GBM (p=0.033 and p=0.044). The
ADC;, was lower in GBM (p=0.011) and PCNSL
(p=0.01) than in LGG, while no significant difference was
found between GBM and PCNSL (p=0.90).

Conclusion Tumor hypoxia assessed by “*Cu-ATSM PET/CT
correlated with microscopic diffusion capacity obtained by
DWI in brain tumors. Both **Cu-ATSM PET/CT and DWI
were considered feasible imaging methods for grading glioma.
However, “Cu-ATSM PET/CT provided additional diagnos-
tic information to differentiate between GBM and PCNSL.

Keywords “Cu-ATSM - PET/CT - Diffusion-weighted MR
imaging - MRI - Glioma

Introduction

For the clinical treatment of brain tumors, currently, anatom-
ically based imaging techniques, such as magnetic resonance
imaging (MRI) and computerized tomography (CT), play
major roles. Recently however, because our understanding
of the molecular and cellular characteristics of tumors has
advanced dramatically, the target of anti-cancer therapy has
shifted to specific molecular abnormalities. Hypoxia is one of
the most important molecular abnormalities in brain tumors,
which seriously undermines the outcome of therapy by caus-
ing malignant progression and resistance to therapy [1-3].
Therefore, the development of new imaging procedures that
are surrogates for hypoxia to predict treatment outcomes or
prognosis of the disease is anticipated.

Diffusion-weighted imaging (DWI) is an MRI sequence
that can visualize the random thermal motion of water mole-
cules [4]. The utility of DWI to detect acute brain ischemia is

@ Springer
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well known [5, 6], and several studies have reported the
usefulness of apparent diffusion coefficient (ADC) to deter-
mine the World Health Organization (WHO) grade of glioma,
and to predict treatment outcomes of glioma and of primary
central nervous system lymphoma (PCNSL) [7-10]. To
consider the usefulness of DWI in detecting brain ischemia
and evaluating pathological properties of brain tumors, the
capability of the application of DWI to detect hypoxic lesion is
highly anticipated.

Recently, **Cu-Diacetyl-Bis (N4-Methylthiosemicarbazone)
(°>Cu-ATSM) and '®’F radiolabeled fluoromisonidazole
(**F-FMISO0), which are newly developed positron emission
tomography (PET) ligands, have been reported as sensitive
indicators of tumor hypoxia. The availability of these ligands
has previously been reported by showing correlations with
tissue pO, level [11-13] and with hypoxia-induced gene ex-
pression (HIF) [14]. Although several studies have revealed the
availability of *F-FMISO PET for use in this setting, its clinical
use is limited to specific institutions [15, 16]. “*Cu-ATSM PET,
which provides a more preferable imaging contrast similar to
BE_FMISO, is expected to be a successful surrogate diagnostic
modality for tumor hypoxia [12]. '

We assumed that *Cu-ATSM PET imaging and DWI show
similarity and correlation. Although the utility of “Cu-ATSM
in glioma has been reported in animal studies [17, 18], to date
only one human clinical study that assesses the significance of
©2Cu-ATSM PET in glioma has been reported [19]. Further-
more, no clinical studies have been reported that discuss the
correlation of ®*Cu-ATSM PET imaging and DWI. The aim of
this study is to clarify the relationship between tumor hypoxia
and microscopic diffusion capacity in primary brain tumors
using ®Cu-ATSM PET/CT and DWI.

Materials and methods
Patient eligibility

The Institutional Review Board of Yokohama City University
Hospital approved this study (No. B1001111026), and all
subjects signed a written informed consent. Thirty-four pa-
tients with primary brain tumors, who underwent both %*Cu-
ATSM PET/CT and DWI within 4 weeks (mean interval=
4.8 days) of each other between April 2009 and December
2012 were included in this study. The diagnosis of brain
tumors was proven histologically by samples from definitive
surgery. All patients underwent preoperative assessment based
on a review of their medical history, physical examinations,
and imaging studies, including ®*Cu-ATSM PET/CT and
DWI. Eligible patients were those with histologically proven
brain tumors, aged between 18 to 80 years with normal heart,
lung, liver, and kidney function. The exclusion criteria
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included pregnancy, other serious medical disorders or con-
comitant malignancies.

MRI

MRI was performed using a 1.5 Tesla system (Magnetom
Symphony; SIEMENS, Erlargen, Germany or Gyroscan
Intera Master; Philips Medical Systems, Best, the Nether-
lands). Pulse sequences comprised of T1-weighted spin echo
(SE) images (T1WI): repetition time (TR)/echo time (TE);
500—600 msec/6—10 msec, T2-weighted fast spin echo
(FSE) images (T2WI): TR/effective echo time (TEeg);
3120 msec/102.27 msec, as well as post-contrast TIWI with
fat suppression after injection of contrast material: TR/TE;
520—-645 msec/6—10 msec. Images were reconstructed in the
sagittal and transaxial planes with a slice thickness of 5 mm
with no intersection gaps. DWI was obtained by using spin-
echo echo-planar imaging sequences (2743—-3200/90-95;
number of signals acquired, one; section thickness, 6 mm,;
gap, 1.2 mm; matrix, 99x128; field of view, 22x22 cm) with
three orthogonal directional motion-probing gradients
(b=1000 s/mm?), followed by automatic generation of isotro-
pic DWI. Images without motion-probing gradients (b=0 s/
mm?) were simultaneously obtained as well. ADCs were cal-
culated using software incorporated in the MR imaging unit.

Radiopharmaceuticals

The %’Cu-glycine (no-carrier-added ®?Cu) solution was ob-
tained from a *Zn/**Cu generator system supplied by the
National Institute of Radiological Sciences (NIRS). ®*Cu-
ATSM was prepared using a simple mixture of 5 mL of
2Cu solution and 0.2 mL of ATSM solution (0.5 mM in
dimethy! sulfoxide) in a sterilized vial. Unlabeled Cu-ATSM
was used to determine the retention time. Quality control of
2Cu-ATSM included high performance liquid chromatogra-
phy (HPLC) prior to the first patient injection.

PET/CT

A phantom PET/CT study was performed to clarify the nec-
essary and sufficient conditions for data acquisition and to
ensure quality control before the clinical study. Studies were
performed with a whole-body PET/CT scanner (Aquiduo
PCA-7000B, Toshiba) with a CT component having a 16-
row detector. We performed a phantom study to obtain an
estimation of the optimum time. The radioactivity concentra-
tion of the background was set similarly to that in clinical
conditions. Acquired data, including the normalization data,
cross-calibration data, blank scan data and transmission data,
were assessed for visual inspection, phantom noise equivalent
count (NECppantom), %0 contrast (Qg;, 10mm) and % background
variability (Njomm). After a review of the data analyses, the
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optimum conditions for the PET/CT were also determined:
data acquisition, 180 s for one bed; FOV, 500 mm; iteration, 4;
subset, 14; matrix size,128x128; filter, Gaussian 8§ mm in
FWHM; reconstruction, OSEM. Patients received an
intravenous injection of 740 MBq of **Cu-ATSM. The
patients were then placed in a supine, arm-down posi-
tion. Dynamic scans for 30 min were performed after
injection, and the data acquired for 20 to 30 min was
reconstructed for PET/CT images to minimize the effect
of cerebral blood flow [19]. Time decay correction was
performed automatically. The axial field of view of the
scanner was 18 cm. For the PET/CT, low-dose CT data
was first acquired at 120-kVp using an auto exposure
control system, 0.5 s per CT rotation, with a beam pitch
of 1.0 and 2-mmx16-row mode. Data acquisition was
performed for the entire brain for each patient.

Image interpretation

MR images were evaluated by two board-certified radiologists
(with 16 and 12 years of experience, respectively). MR find-
ings from the primary tumor were assessed using a Synapse
workstation (FUJIFILM Medical Co., Ltd., Tokyo, Japan).
The patterns of signal intensity on each sequence, and post-
contrast TIWI were evaluated. To analyze ADC values, re-
gions of interest (ROIs) were manually drawn on the outline
of tumors on all continuous sections of the post-contrast
T1WIL, and subsequently copied to ADC maps. The cystic,
necrotic or hemorrhagic components within tumors were
carefully avoided by visual inspection. The minimum ADC
value (ADC,,;,) within ROIs was measured according to
previous studies [8, 10]. :

The PET and CT images in all standard planes were

reviewed on workstations (FUJIFILM Medical Co., Ltd.,

Tokyo, Japan, PETSTAT™ and AdIn Research, Inc., Tokyo,
Japan). Images were analyzed visually and quantitatively by
two nuclear medicine physicians (with 18 and 10 years of
experience, respectively), who, after reaching a consensus,
recorded their findings. For the visual analysis, abnormal
$2Cu-ATSM uptake was defined as activity substantially
greater than contralateral normal brain tissue on the
attenuation-corrected images. Only the lesion that exhibited
the most significant uptake was selected. ROIs were outlined
within areas of increased ®2Cu-ATSM uptake and measured
on each slice. PET images were overlaid directly on diffusion-
weighted images and ADC maps. If lesions were extensively
heterogeneous, the ROI was set to cover all of the components
of the lesion. Qualitative evaluation of the standardized uptake
value (SUV) was performed to evaluate tumor hypoxia. The
SUV was calculated according to the following equation:
SUV=maximal countx calibration factor (kBg/ml)/injected
activity (MBgq)/body weight (kg). To evaluate the concentra-
tion of ®?Cu-ATSM, the maximum SUV (SUV,..,) and the

Tumor/Brain ratio (T/By,g.) Were measured. The SUV ., was
measured as the maximum value of SUV within the RO The
T/Bratio Was calculated by dividing mean SUV of the tumor
with the mean SUV value of the normal contralateral lobe.

Patterns of ®*Cu-ATSM uptake, signal intensity of DWI
and enhancement on post-contrast TIWI were visually eval-
uated and classified into five patterns, according to the loca-
tion of accumulation in PET/CT and high signal intensity
in DWI: overall type (homogenous or heterogeneous
accumulation in PET/CT or high signal intensity in
DWTI in whole tumor); peripheral focal type (accumula-
tion in PET/CT or high signal intensity in DWI in part
of the tumor margin); marginal type (accumulation in
PET/CT or high signal intensity in DWI along the entire
of the tumor margin), central type (accumulation or high
signal intensity in the center of the tumor), negative
type (no accumulation in the tumor).

Reference standard

Samples from the tumor were obtained at the time of definitive
surgery. Merged *Cu-ATSM PET/CT images were exported
to a neuronavigation system (StealthStation, Medtronic
Sofamor Danek) for precise tissue sampling of the lesion
representing strong accumulation of $*Cu-ATSM. Histologi-
cal slices 4 um in thickness were cut, stained with
hematoxylin-eosin, and examined with light microscopy. Tu-
mor specimens were immunostained with Ki-67 antibody
(clone MIB-1; DakoCytomation; diluted 1:100 and
autoclaved) to determine pathologic diagnosis and the Ki-67
(MIB-1) labeling index was estimated as subsidiary measures
by calculating the percentage of Ki-67 positive cell nuclei
among 1,000 tumor cells in the region of the tumor in which
the greatest density of MIB-1 staining was observed under a
light microscope. The mean interval between the PET study
and either surgical resection or biopsy was 2.3 days
(range, 1-8 days).

Statistical analysis

All PET and ADC data were expressed as mean =+ standard
deviation (SD). Correlations between ADC,;, and SUV .y,
ADC;;, and T/By,;;, were measured by calculating the Pear-
son product-moment correlation coefficients. A Student’s ¢
test was applied to assess the difference of SUV .y, T/Buatio
and the ADC,;;, between tumor subtypes.

Agreement between reviewers within a patient group was
measured by a Cohen’s kappa (k) and McNemar’s test. Kappa
values were interpreted as suggested by Altman: < 0.20 poor
agreement; 0.21-0.40 fair agreement; 0.41-0.60 moderate
agreement; 0.61-0.80 good agreement; and 0.81—-1.00
excellent agreement.
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All p values presented were calculated via a two-sided test
and were adjusted for multiple testing using Bonferroni’s
correction. For all analyses, a P<0.05 was considered to
denote a significant difference. Statistical analyses were per-
formed with PETSTAT ™ (AdIn Research, Inc., Tokyo, Ja-
pan) and the PASW Statistics 19 software program (IBM,
Tokyo, Japan).

Table 1 Patient demographics

Results

The analyses were based on data obtained from 40 tumors in
34 patients (18 men and 16 women) (Table I). Of these, 17
patients (50.0 %) were newly diagnosed, and the remaining 17
patients (50.0 %) were diagnosed as having tumor recurrence
with histological confirmation. The mean age of patients was

Case  Age Sex Chief complaint at the time of fist Histological Tumor  Tumor Tumor location Tumor size

No. admission . diagnosis type number (cm)

1 38 M Syncope LGG new 1 It. frontal 5.0

2 73 F  Dementia LGG new 1 transparent septum 5.0

3 59 M Seizure LGG rec 1 rt. occipital 3.6

4 23 F  Consciousness disorder LGG new 1 rt. frontal 2.0

5 69 F  Seizure LGG rec 2 1t. frontal, It. frontal 33,35

6 70 F  Headache, nausea LGG rec 2 transparent septum, It. 35,22

frontal
7 19 M  Fever, seizure LGG new 1 rt. temporal 5.0
8 43 M Memory disturbance LGG new 1 1t. frontal 22
47 M Headache, syncope LGG . new 1 rt. insula 2.5

10 45 M  Numbness of right hand LGG new 1 It. parietal 23

11 66 F  Diplopia, disorientation LGG rec 1 it. thalamus 35

12 59 F  Memory disturbance, It. hemiplegia GBM new 1 rt. temporal 5.0

13 63 M It hemiplegia GBM new 1 rt. thalamus 34

14 77 M Dysphasia GBM new 1 It. temporal 2.5

15 61 F  It. homonymous hemianopia GBM new 1 rt. temporal 45

16 61 F  Headache GBM new 1 rt. temporal 2.6

17 75 F  Memory disturbance GBM rec 1 It. callosum 2.0

18 75 F  Difficulty in walking, consciousness ~ GBM rec 1 1t. callosum 3.0
disorder

19 59 M It hemiplegia GBM rec 1 rt. frontal 2.6

20 59 M It hemiplegia GBM rec 1 rt. frontal 2.5

21 59 F It conjugate deviation, rt. hemiplegia ~GBM rec 1 1t. parietal 1.8

22 59 F  Consciousness disorder GBM rec 3 tt. frontal, It. parietal, it. 2.0, 3.0, 2.5

frontal

23 28 F  Headache, nausea GBM new 1 rt. frontal 2.5

24 40 M Fever, headache GBM rec 1 rt. callosum 22

25 40 M  General malaise GBM rec 1 rt. occipital 2.0

26 40 M  Sensory abnormality, It. paresis GBM rec 1 rt. occipital 2.0

27 60 F  rt. homonymous hemianopia GBM new 1 1t. thalamus 4.0

28 59 M Headache GBM new 1 1t. temporal 3.7

29 65 M Dysphasia, It. paralysis GBM rec 1 1t. occipital 22

30 68 F  Dysstasia, consciousness disorder PCNSL rec 2 1t. temporal, It. parietal 1.7,2.6

31 79 F  Disorientation, rt. hemiplegia, gait PCNSL new 1 callosum 44
disturbance )

32 41 M Upper extremity weakness, facial PCNSL rec 1 1t. parietal 3.8
spasm

33 45 M  Consciousness disorder PCNSL new I It. parietal 4.0

34 65 M Dysphasia, It. paralysis PCNSL rec 2 rt. frontal, It. occipital 25,20

LGG low grade glioma; GBM glioblastoma multiforme; PCNSL primary central nervous system lymphoma; New newly diagnosed; Rec recurrent; rt.
right; It. left; frontal frontal lobe; parietal parietal lobe; occipital occipital lobe; temporal temporal lobe
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Fig. 1 Images from a 28-year-old man with GBM. a Axial post-contrast
T1WI shows a solid and cystic mass in the right frontal lobe. Strong
heterogeneous enhancement is shown within the solid component and
surrounding cystic area. b ADC map of the tumor shows reduced ADC

56.0£14.8 years. Finally, a total of 40 tumors were analyzed
and up to three tumors were included from each patient.
Tumor subtypes were as follows; 11 patients had 13 low grade
gliomas (LGG); 18 had 20 glioblastomas (GBM); and five had
seven primary central nervous system lymphomas (PCNSL).
The mean tumor diameter was 3.0£1.0 cm.

By visual analyses, Cohen’s kappa (k) values of 2Cu-
ATSM PET/CT, DWI, and post-contrast TIWI were 0.76,
0.68, and 0.71, respectively. The representative 2Cu-ATSM
PET/CT, DWI and post-contrast T1WI images are shown in
Figs. 1 and 2. For LGG, a relatively low accumulation was
observed via %*Cu-ATSM PET/CT, and DWI images also
showed low signal intensity as compared with normal brain
tissue. For GBM and PCNSL, tumors demonstrated high
accumulation on *?Cu-ATSM PET/CT and hyper signal
intensity on DWL

For all tumors, the mean SUV ,,,, of %2Cu-ATSM PET/CT
was 1.52+0.70, and the mean T/B, was 2.53+1.63. The
mean SUV ., was 0.90+0.25 in LGG, 1.68+0.68 in GBM,
and 2.17+0.39 in PCNSL. The mean SUV,, in patients with
GBM was higher than in those with LGG (p<0.0001, Fig. 3).
The mean SUV ., in patients with PCNSL was higher than in
those with LGG (»p<0.0001, Fig. 3) and those with GBM
(»p=0.033, Fig. 3). The mean T/B..;, was 1.23+0.34 in
LGG, 2.84+1.72 in GBM, and 4.03+1.04 in PCNSL. Similar

Fig. 2 Images from a 45-year-old man with PCNSL. a Axial post-

contrast T1WI shows a solid mass in the left parietal lobe, which shows
very strong contrast enhancement in the solid component. b ADC

value in part of the tumor margin (ADC,;,=840x 107° mmzls). ¢ 2Cu-
ATSM PET/CT also shows mild accumulation in part of the tumor margin
(SUV 0x=1.20, T/B50=1.70)

trends in mean SUV ., for different histologic types were also
found, similar to T/Bago. The mean T/Biy, in patients with
GBM was significantly higher than in those with LGG
(p<0.0001). The mean T/B ., in PCNSL was higher than in
LGG (p<0.0001). The mean T/Bu, Was also higher in
PCNSL than in GBM (p=0.044, Fig. 3).

For all tumor types, the mean ADC,;, was 80.8+25.6. The
mean ADCpy, was 98.4£36.4 in LGG, 68.2£12.6 in GBM,
and 67.7£7.0 in PCNSL. Significant differences were found
in the mean ADC,;, between GBM and LGG (p=0.011,
Fig. 3) and between PCNSL and LGG (p=0.01, Fig. 3).
ADC;;p, was lowest in PCNSL and highest in LGG, but there
was no significant difference in ADC,;, between GBM and
PCNSL (p=0.90, Fig. 3). For all tumors, inverse correlations
were found between both SUV,,,, and ADC;, (»=—0.583,
p<0.0001), as well as T/Bao and ADCy;, (r=—0.532,
p<0.0001, Fig. 4).

The patterns of uptake and signal intensity on **Cu-ATSM
PET/CT, DWI and post-contrast TIWI are summarized in
Table 2. For the distribution of intensity for LGG, the periph-
eral focal type was most frequent and the negative type was
followed on ?Cu-ATSM PET/CT, while the patterns of high
signal intensity in DWI and post-contrast T1WI were diverse
and no consistency was found. For the uptake and signal
intensity in these imaging modalities for GBM, the peripheral

reduction is shown overall in the tumor on the ADC map (ADC =
693x107° mmz/s). ¢ ®*Cu-ATSM PET/CT also shows a strong and
heterogeneous overall uptake in the tumor (SUV,;,0,=2.50, T/B ,4,=5.20)
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Fig. 3 a A comparison of SUV . by **Cu-ATSM PET/CT between
GBM, LGG and PCNSL. SUV ..« was significantly higher in GBM than
in LGG (p<0.0001). SUV,,,,, was also significantly higher in PCNSL
than in GBM (p=0.033). b A comparison of T/B 4, by “*Cu-ATSM PET/
CT between GBM, LGG and PCNSL. T/B,;, Was significantly higher in
GBM than in LGG (p<0.0001). T/B.., Was also significantly higher in
PCNSL than in GBM (p=0.044). ¢ A comparison of ADC,;,, by DWI
between GBM, LGG and PCNSL. ADC,,;, was significantly lower in
GBM than in LGG (p=0.011). No significant difference was found
between PCNSL and GBM (p=0.90)

focal type was most frequent, and the overall type was follow-
ed both on *>Cu-ATSM PET/CT and DWI. When comparing
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Fig. 4 a The correlation of the SUV ., by 52Cu-ATSM PET/CT and
ADC,;in by DWI. Moderate inverse correlation was exhibited for all
tumors (=—0.583, p<0.0001). b The correlation of T/Bgs, by **Cu-
ATSM PET/CT and ADC,;,, by DWI. Moderate inverse correlation was
also exhibited for all tumors (r=-0.532, p<0.0001)

post-contrast TIWI of GBM, the peripheral focal type was
slightly more frequent, and ring type and overall type were
followed. For PCNSL, the patterns of uptake and signal
intensity were similar in all three imaging modalities, and
the overall type was most frequent.

Discussion

Our data show that tumor hypoxia according to metabolism by
2Cy-ATSM PET/CT correlates with microscopic diffusion
capacity by DWI in primary brain tumors. The results of
comparative analyses in our study identified that accumulation
on %Cu-ATSM PET/CT was high in GBM and PCNSL, and
low in LGG. On the other hand, high signal intensity, as
measured by DWI, was observed in GBM and PCNSL, where-
as low signal intensity was observed in LGG. When focusing
on the pronounced intensity on **Cu-ATSM PET/CT imaging
and DWI, these two imaging modalities reflect correlations
between tumor hypoxia, microscopic diffusion capacity, and
malignancy or aggressiveness in primary brain tumors.
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Table 2 The patterns of distribution of **Cu-ATSM PET/CT uptake, enhanced signal intensity of diffusion weighted image and contrast enhanced T1-

weighted image

Diagnosis $2Cu-ATSM PET/CT Number DWI Number Post contrast TIWI Number
LGG (n=13) Negative 5(38.5) Negative 4(30.8) Negative 3@23.1)
Marginal 0 Marginal 4 (30.8) Marginal 323.1)
Peripheral focal 6 (46.2) Peripheral focal 2(154) Peripheral focal 3231
Central 2(15.4) Central 1(7.7) Central 1(71.7)
Overall 0 Overall 2(15.4) Overall 330
GBM (n=20) Negative 0 Negative 0 Negative 0
Marginal 0 Marginal 0 Marginal 6 (30.0)
Peripheral focal 13 (65.0) Peripheral focal 14 (70.0) Peripheral focal 8 (40.0)
Central 1(5.0) Central 2 (10.0) Central 0
Overall 6 (30.0) Overall 4(20.0) Overall 6 (30.0)
PCNSL (n=7) Negative 0 Negative 0 Negative 0
Marginal 0 Marginal 2 (28.6) Marginal 0
Peripheral focal 0 Peripheral focal 1(14.3) Peripheral focal 0
Central 0 Central 0 Central 0
Overall 7 (100.0) Overall 4(57.1) Overall 7 (100.0)

The numbers in the parentheses are percentages. LGG low grade glioma; GBM glioblastoma multiforme; PCNSL primary central nervous system

Iymphoma; DWI diffusion-weighted image; T/ WI T1-weighted image

Both differences and similarities were pointed out when
comparing the types of distribution of high intensity in “*Cu-
ATSM PET/CT, DWI and post-contrast TIWI. When com-
paring the images of GBM, the peripheral focal type was
dominant both in DWI and *Cu-ATSM PET/CT, while all
types were shown in almost similar frequency in post-contrast
T1WI. This discrepancy may be a result of a large proportion
of irreversible necrosis in the GBM tissue [20, 21]. The low
accumulation of ®>Cu-ATSM in irreversible necrosis has pre-
viously been reported using myocardial infarction animal
experimental models [22], and it is also well known that brain
stroke has a high intensity on DWI only in the acute stage
[23]. Furthermore, some studies have already revealed that
Cu-ATSM uptake of tumor tissue is heterogeneous and com-
plex, and our data corresponds well those reports in this regard
[24, 25]. It is assumed that the hypoxic but not irreversibly
necrotic areas may be located sparsely on the margin of the
GBM tissue, while irreversible necrosis may be located in the
center of the tumor. For PCNSL, the overall type was domi-
nant in all imaging modalities. This similarity may also be a
result of high cellularity and the angiocentric growth
pattern of PCNSL [26].

When comparing the SUV .., and T/B_ ., of 52Cu-ATSM
PET/CT with ADC,;,, an inverse correlation was shown
(Fig 3). These results may confirm the feasibility of quantita-
tive assessment of similar biological characteristics in brain
tumors, though applying two different imaging techniques.
The possible explanation for this negative correlation is the
diversity of cellular attenuation of tumor tissues, which have
different malignant potentials. In rapidly proliferating and
highly cellular tumors, metabolic demand outweighs the

vascular supply of oxygen and an alteration of the energy
producing process from the TCA cycle to glycolysis occurs,
where nicotinamide adenine dinucleotide (NADH) is pro-
duced [27]. The accelerated NADH rapidly reduces Cu(Il)-
ATSM to Cu(D)-ATSM, which is then entrapped in the cells
and shows significantly high contrast images on %*Cu-ATSM
PET/CT. On the other hand, the correlation of ADC reduction
with high cellularity in brain tumors has been previously
reported [9, 10, 28]. Therefore, the tumor hypoxia represented
by $?Cu-ATSM PET/CT possibly corresponds to restricted
water diffusion represented by ADC reduction.

When evaluating the differences in SUV .y, T/Brato and
ADC;,, between tumor subtypes, significant differences were
shown between LGG and GBM, both in %*Cu-ATSM accu-
mulation and ADC value. This result indicates the feasibility
of the application of *>Cu-ATSM PET for WHO tumor grad-
ing. Our data also demonstrate that the SUV ., and T/Baso
were significantly higher in PCNSL than in GBM, while there
was no significant difference in ADC ;. Similar results have
been reported using FDG-PET and similar MRI findings
reported using ADC measurements of PCNSL and GBM
[29]. We assume that the possible reason for this discrepancy
is the difference of the proportion of irreversible necrosis
within tumor tissues between GBM and PCNSL. As men-
tioned above, GBM tissue characteristically contains bulk
necrosis, while PCNSL shows high cellularity [3, 20, 21,
26]. Presumably, the accumulation of PET ligands such as
FDG and ®>Cu-ATSM is reduced more sensitively on the
boundary between the areas with proliferating cells and irre-
versible necrosis, while the restriction of water diffusion
is sometimes similar.

‘2_] Springer



Eur J Nucl Med Mol Imaging

The recent introduction of integrated whole-body
PET/MRI systems enables us to perform more precise
metabolic—anatomic correlation in clinical practice [30,
31]. PET/MRI would be highly accurate in detecting
hypoxic lesions with ®>Cu-ATSM. By adding direct
information from microscopic diffusion capacity to
PET, diagnostic accuracy in differentiating between hyp-
oxic and non-hypoxic lesions can be improved. Howev-
er, the image quality of PET/MRI depends on many
factors and may be guaranteed by optimization of im-
aging conditions and standardization of quality controls.

This study includes several potential limitations. It
must be emphasized that our study focused on a limited
number of patients with brain tumors who underwent
both **Cu-ATSM PET and DWI, and the data cannot
simply be extrapolated to all patients. Another potential
bias may arise because the diverse treatment regimens
for disease between patients, primal and recurrent tu-
mors were not identified in this study. However, these
are common limitations because of the clinical need for
multiple treatment regimens. More importantly, the use-
fulness of **Cu-ATSM PET/CT and DWI in reducing
the number of ineffective chemotherapies in patients
without response must be revealed by further validation
in a multicenter trial to clarify the cost-effectiveness.

Conclusion

82Cu-ATSM PET/CT and DWI were performed on patients
with brain tumors. Images from ®’Cu-ATSM PET/CT and
DWI show similarity, and ®*Cu-ATSM uptake correlated
significantly with ADC reduction. Both ®?Cu-ATSM PET/
CT and DWI can be considered good diagnostic tests for
grading gliomas. For the differential diagnosis of GBM and
PCNSL, SUV measurement of “>Cu-ATSM PET/CT may
provide additional information. The feasibility of the applica-
tion of ®*Cu-ATSM PET/CT to predict tumor malignancy in
primary brain tumors is suggested.
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