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Application of 62Cu-Diacetyl-Bis
(N4-Methylthiosemicarbazone) PET Imaging to
Predict Highly Malignant Tumor Grades and
Hypoxia-Inducible Factor-1␣ Expression in
Patients with Glioma
BACKGROUND AND PURPOSE: Hypoxic tissue evaluation in glioma is important for predicting treatment

response and establishing antihypoxia therapy. In this preliminary study, 62Cu-ATSM PET was used to
determine its validity as a biomarker for distinguishing tumor grade and tissue hypoxia.
62
Cu-ATSM PET was performed in 22 patients with glioma, and the
Cu-ATSM SUVmax and T/B ratio were semiquantitatively evaluated. 62Cu-ATSM uptake distribution
was qualitatively evaluated and compared with MR imaging findings. HIF-1␣ expression, a hypoxia
marker, was compared with 62Cu-ATSM uptake values.

MATERIALS AND METHODS:
62

RESULTS: The 62Cu-ATSM SUVmax and T/B ratio were significantly higher in grade IV than in grade III
gliomas (P ⫽ .014 and .018, respectively), whereas no significant differences were found between
grade III and grade II gliomas. At a T/B ratio cutoff threshold of 1.8, 62Cu-ATSM uptake was predictive
of HIF-1␣ expression, with 92.3% sensitivity and 88.9% specificity. The mean T/B ratio was also
significantly higher in HIF-1␣-positive glioma tissue than in HIF-1␣-negative tissue (P ⫽ .001). Using
this optimal threshold of T/B ratio, 62Cu-ATSM PET showed regional uptake in 61.9% (13/21) of tumors
within the contrast-enhanced region on MR imaging, which was significantly correlated with presence
of a necrotic component (P ⫽ .002).
CONCLUSIONS: Our results demonstrated that 62Cu-ATSM uptake is relatively high in grade IV gliomas

and correlates with the MR imaging findings of necrosis. Moreover, the 62Cu-ATSM T/B ratio showed
significant correlation with HIF-1␣ expression. Thus, 62Cu-ATSM appears to be a suitable biomarker for
predicting highly malignant grades and tissue hypoxia in patients with glioma.

BRAIN

62
Cu-ATSM ⫽ 62Cu-diacetyl-bis (N4-methylthiosemicarbazone); 18F-FMISO ⫽
F-fluoromisonidazole; HIF-1␣ ⫽ hypoxia-inducible factor-1␣; pO2 ⫽ partial pressure of oxygen;
ROC ⫽ receiver operating characteristic; SUV ⫽ standard uptake value; T/B ratio ⫽ tumor/
background ratio; WHO ⫽ World Health Organization

ABBREVIATIONS:
18

liomas are common treatment-resistant primary CNS
tumors.1 The 2007 WHO classification defines diffusely
infiltrative astrocytic tumors with cytologic atypia as grade II,
those showing anaplasia and mitotic activity as grade III,
and those with microvascular proliferation and/or necrosis
as glioblastomas (grade IV).2 Although glioblastomas are
highly vascularized human tumors, their microcirculation is
functionally insufficient compared with metabolic demand,
leading to relative tissue hypoxia and necrosis.3,4 The hypoxic
microenviroment confers increased radiation therapy and
chemotherapy resistance.4
Several approaches have been attempted to detect tissue
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hypoxia in glioma. To validate the tissue hypoxia in glioma,
direct oxygen measurement is a promising technique. Direct
measurement of tumor oxygenation using polarographic electrodes revealed that the oxygen pressure in tumor was lower
than that in the surrounding tissue.5 However, this technique
is invasive and technically demanding, and only a few studies
have been performed.5,6 On the other hand, advances in noninvasive molecular imaging approaches using PET have
provided alternatives to assess tumor hypoxia. In hypoxic
PET imaging, one of the most popular radiotracers in glioblastoma has been 18F-FMISO.7,8 However, 18F-FMISO has
several limitations, such as slow clearance and low tissue
uptake, depending on the high lipophilicity and slow kinetics.9
Therefore, alternative radiotracers for hypoxic imaging such
as 62Cu-ATSM and FRP-170 1-(2-[18F]fluoro-1-[hydroxymethyl]ethoxy)methyl-2-nitroimidazole, a hydrophilic 2nitroimidazole analog, have been developed.10
Cu-ATSM has a suitable molecular size and lipophilicity
for penetrating tumor cells, and is proposed as a promising
hypoxic tracer for PET.11,12 In vivo studies have demonstrated
that tissue Cu-ATSM uptake is dependent on oxygen concentration.11,13 Recent human studies on lung, cervical, and head
and neck cancers demonstrated the utility of Cu-ATSM PET
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Table 1: Clinical characteristics of patients with glioma
Case
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Age
(years),
Sex
30, F
61, F
53, M
50, M
66, F
69, F
66, F
28, F
23, F
60, M
63, F
75, F
42, F
79, F
59, M
69, F
41, M
75, M
37, F
71, F
59, F
65, F

Histologic
Diagnosisa
AOA, grade III
GB, grade IV
DA, grade II
AA, grade III
AOD, grade III
GB, grade IV
AOD, grade III
GB, grade IV
OA, grade II
AOD, grade III
GB, grade IV
GB, grade IV
OA, grade II
GB, grade IV
GB, grade IV
DA, grade II
AOA, grade III
GB, grade IV
AOA, grade III
GB, grade IV
GB, grade IV
GB, grade IV

Tumor
Diagnosis
New
New
Rec
Rec
New
New
New
New
New
Rec
Rec
New
Rec
Rec
New
New
Rec
New
New
Rec
New
Rec

Previous
RT

No
Yes

No
Yes
No
Yes

Yes

Yes
Yes

Location
Rt frontal
Rt temporal
Lt parietal
Lt thalamus
Lt thalamus
Lt parietal
Lt frontal
Rt frontal
Rt frontal
Rt parietal
Rt temporal
Rt occipital
Rt frontal
Rt frontal
Rt frontal
Lt frontal
Lt parietal
Lt temporal
Lt frontal
Lt parietal
Lt temporal
Lt frontal

Note:—AA indicates anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma; AOD,
anaplastic oligodendroglioma; DA, diffuse astrocytoma; F, female; GB, glioblastoma; Lt,
left; M, male; New, new lesion; OA, oligoastrocytoma; Rec, recurrent; Rt, right; RT,
radiation therapy.
a
Histologic diagnosis and grading according to the 2007 WHO classification.

in hypoxic imaging.14-18 In glioma, Cu-ATSM uptake is also
considered to predict tissue hypoxia in an experimental animal model.11,19,20 To our knowledge, however, no clinical
studies to assess its significance in glioma have been reported.
Therefore, we investigated 62Cu-ATSM PET to evaluate its
ability to predict tumor grade, to validate it histologically by
HIF-1␣ immunostaining as a hypoxic imaging tracer, and to
compare it with MR findings of necrosis in patients with
glioma.
Materials and Methods
Patients
Between December 2010 and October 2011, we performed preoperative 62Cu-ATSM PET and MR imaging in 22 consecutive pathologically confirmed glioma patients (6 men and 16 women aged 23–79
years; mean age, 56.4 ⫾ 16.3 years). Thirteen patients were newly
diagnosed and 9 patients had recurrence. Among recurrent cases, 6 of
the 9 patients had received radiation therapy. All recurrent lesions
were found on the operated side. Tumors were graded according to
the 2007 WHO classification as follows: 4 grade II gliomas (2 diffuse
astrocytomas and 2 oligoastrocytomas), 7 grade III gliomas (1 anaplastic astrocytoma, 3 anaplastic oligodendrogliomas, and 3 anaplastic oligoastrocytomas), and 11 grade IV gliomas (11 glioblastomas).
Table 1 summarizes patient clinical characteristics. Our institutional
review board approved the study, and written informed consent was
obtained from all patients.

by mixing 5 mL 62Cu-glycine solution with 0.2 mL ATSM solution
(0.5 mmol/L in dimethyl-sulfoxide) in a sterilized vial. Unlabeled
Cu-ATSM was used for retention time determination. Radiochemical purities of 62Cu-ATSM samples were confirmed by highperformance liquid chromatography before initial injections.

Image Acquisition
A whole-body PET/CT scanner (Aquiduo PCA-7000B; Toshiba Medical Systems, Tokyo, Japan) with a CT component having a 16-row
detector was used. An image quality phantom (NEMA NU 2–2001)
was used for cross-calibration, as such phantoms are widely used and
can estimate optimum acquisition times. For PET/CT, low-dose CT
data were acquired at 120 kVp using an auto-exposure control system,
a beam pitch of 0.875 or 1, and a 1.5- or 2-mm ⫻ 16-row mode. No
iodinated contrast material was administered. After intravenous bolus injection of approximately 740 MBq 62Cu-ATSM, patients were
placed in a supine “arm-up” position. Dynamic data acquisition was
performed between 0 and 40 minutes. PET/CT images were reconstructed for data acquired during the last 10 minutes (30 – 40 minutes) to minimize the effect of cerebral blood flow. The following
acquisition settings were used: 3D data acquisition mode; 180 seconds/bed; field of view, 500 mm; 4 iterations; 14 subsets; matrix size,
128 ⫻ 128; 8-mm Gaussian filter, full width at half maximum; reconstruction, ordered subset expectation maximization.
MR imaging was performed on a 1.5T system (Magnetom Symphony; Siemens, Erlargen, Germany). 3D T1-weighted MR imaging
with a magnetization-prepared rapid acquisition of gradient echo sequence was used in this study. Axial T1-weighted images were obtained after administration of 0.2 mL/kg gadolinium-diethylenetriamine pentaacetate using these parameters: field of view, 250 ⫻ 250
mm2; matrix size, 512 ⫻ 512; TR ⫽ 1960 ms; TE ⫽ 3.9 ms; TI ⫽ 1100
ms; and flip angle, 15°. In total, 120 contiguous 2-mm images were
obtained from each patient.

Image Analysis
PET images were analyzed visually and quantitatively by 2 independent reviewers who recorded their findings after reaching a consensus. ROIs were outlined within areas of increased tracer uptake
and measured on each section. In extensively heterogeneous lesions,
ROIs covered all lesion components. For quantitative interpretations,
SUV was determined by a standard formula, with activity ROIs recorded as Bq/mL of injected dose, before being converted to Bq/kg.
The T/B ratio was calculated relative to uptake in the contralateral
normal brain. 62Cu-ATSM uptake was determined by assessing the
maximum SUV (SUVmax), mean SUV (SUVmean), and T/B ratio.
PET images were merged with MR images using Dr View version R 2.5
for Linux (AJS, Tokyo, Japan) and visually compared with enhancement on MR imaging based on the optimal threshold of T/B ratio, as
described in the results. This optimal threshold uptake was further
compared with tumor necrosis on MR imaging, which was defined as
a zone with hypointensity surrounded by a contrast-enhanced region
on T1-weighted images. Merged PET/MR images were exported to
the neuronavigation system (StealthStation; Medtronic, Minneapolis, Minnesota) for precise tissue sampling.

Immunohistochemistry
Preparation of
62

62

Cu-ATSM
62

Cu-glycine (no-carrier-added Cu) solution was obtained from
a 62Zn/62Cu generator system supplied by the National Institute of
Radiologic Sciences (Chiba, Japan). 62Cu-ATSM tracer was prepared
2
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Tissue specimens were obtained from lesions with the highest 62CuATSM uptake. HIF-1␣ immunostaining was performed to confirm
hypoxia. In brief, resected specimens were immediately submerged
into 10% neutral-buffered formalin to decrease postresection changes

and embedded in paraffin. Before immunostaining, 5-m-thick
sections were deparaffinized, rehydrated, and heated for 20 minutes
at 95°C in Tris-ethylenediaminetetraacetic acid buffer for antigen retrieval. Endogenous peroxidase was inactivated with 0.3% H2O2 for
30 minutes at room temperature. Sections were incubated with 1:200
mouse monoclonal anti-HIF-1␣ antibody (BD Transduction Laboratories, Lexington, Kentucky) for 30 minutes at room temperature.
The signal was amplified by the Catalyzed Signal Amplification II
System (Dako, Carpinteria, California) and developed with 3,3⬘-diaminobenzidine tetrahydrochloride. Finally, sections were counterstained with hematoxylin and mounted. HIF-1␣ expression was determined by assessing positively stained tumor cells using a BZ-9000
microscope (⫻200; Keyence, Chicago, Illinois). Specimens with ⬍5%
of positive cells were rated as negative HIF-1␣ expression, whereas
those with ⱖ5% were rated as positive HIF-1␣ expression,
respectively.

Statistical Analysis
All parameters were expressed as mean ⫾ standard deviation. Overall
difference among histologic grades was determined by the KruskalWallis test; when significant, the Steel-Dwass test was used for post
hoc comparisons. To determine the 62Cu-ATSM T/B ratio for discriminating HIF-1␣-positive and HIF-1␣-negative tumors, ROC
analysis was performed by varying the 62Cu-ATSM T/B ratio cutoff
threshold over the entire range of values, and calculating the optimal
sensitivity and specificity. The correlation between HIF-1␣ expression and the 62Cu-ATSM T/B ratio was tested by the Wilcoxon signed
rank test. To compare the relationship between 62Cu-ATSM uptake
and tumor necrosis on MR findings, statistical analysis was performed
using the Fisher exact probability test. P values less than .05 were
considered significant. Statistical analyses were performed using JMP
9 statistical software (SAS Institute, Cary, North Carolina).

Table 2: Summary of tumor grades, 62Cu-ATSM uptake values, MR
findings, and HIF-1␣ expression
62

Case WHO
No. Grade SUVmax
1
III
0.51
2
IV
4.33
3
II
0.59
4
III
0.92
5
III
0.73
6
IV
1.84
7
III
1.02
8
IV
1.15
9
II
0.44
10
III
1.01
11
IV
2.04
12
IV
1.17
13
II
0.67
14
IV
1.32
15
IV
1.35
16
II
1.59
17
III
0.46
18
IV
1.62
19
III
1.46
20
IV
1.54
21
IV
1.82
22
IV
0.94

Cu-ATSM

HIF-1␣
T/B Enhancement
SUVmean
on MRI
⫾ SD
Ratio
Expressiona
0.38 ⫾ 0.07 0.7
E
Negative
1.79 ⫾ 0.58 9.7
E⫹N
Positive
0.43 ⫾ 0.10 0.7
None
Negative
0.59 ⫾ 0.14 1.8
E
Positive
0.51 ⫾ 0.09 2.3
E⫹N
Negative
1.30 ⫾ 0.21 2.5
E⫹N
Positive
0.73 ⫾ 0.24 1.6
E
Negative
0.76 ⫾ 0.14 2.0
E⫹N
Positive
0.32 ⫾ 0.07 1.0
E
Negative
0.58 ⫾ 0.16 1.5
E
Negative
1.29 ⫾ 0.17 1.9
E⫹N
Positive
0.84 ⫾ 0.10 3.0
E⫹N
Positive
0.33 ⫾ 0.09 1.3
E
Negative
0.96 ⫾ 0.09 4.3
E⫹N
Positive
0.84 ⫾ 0.19 1.9
E⫹N
Positive
0.80 ⫾ 0.14 1.8
E
Positive
0.30 ⫾ 0.05 0.4
E
Negative
0.69 ⫾ 0.17 1.5
E⫹N
Positive
0.80 ⫾ 0.13 1.3
E
Negative
0.77 ⫾ 0.09 1.9
E⫹N
Positive
0.91 ⫾ 0.15 2.6
E⫹N
Positive
0.68 ⫾ 0.17 2.3
E⫹N
Positive

Note:—E indicates contrast enhancement without necrosis; E⫹N, contrast enhancement
with necrosis; None, no enhancement; SUVmax, maximum standard uptake value; SUVmean,
mean standard uptake value.
a
Negative indicates ⬍5% HIF-1␣-positive cells; positive indicates ⱖ5% HIF-1␣-positive
cells.

Results
62

Cu-ATSM Uptake in Tumors of Different Grades
Table 2 shows 62Cu-ATSM uptake values in patients. The
overall mean 62Cu-ATSM SUVmax and SUVmean in tumors
were 1.30 ⫾ 0.83 (range, 0.44 – 4.33) and 0.75 ⫾ 0.36 (range,
0.30 –1.79), respectively. The overall mean 62Cu-ATSM T/B
ratio was 2.18 ⫾ 1.88 (range, 0.4 –9.7). The mean 62Cu-ATSM
SUVmax for grades II, III, and IV were 0.82 ⫾ 0.52, 0.87 ⫾ 0.34,
and 1.74 ⫾ 0.92, respectively. The 62Cu-ATSM SUVmax was
significantly higher in grade IV than in grade III tumors (P ⫽
.014); no significant differences existed between grades III and
II tumors (P ⫽ .88; Fig 1). Similarly, the 62Cu-ATSM SUVmean
was significantly higher in grade IV than in grade III tumors
(P ⫽ .010); no significant difference was noted between grade
III and II tumors (P ⫽ .84). Furthermore, the mean 62CuATSM T/B ratios for grade II, III, and IV tumors were 1.20 ⫾
0.47, 1.37 ⫾ 0.65, and 3.05 ⫾ 2.33, respectively; the ratio was
significantly higher in grade IV than in grade III tumors (P ⫽
.018), with no significant difference between grade III and
grade II tumors (P ⫽ .92; Fig 2).
Correlation between 62Cu-ATSM T/B Ratio and HIF-1␣
Expression
Overall, positive HIF-1␣ expression was observed in 13 of 22
gliomas (59.1%), including all 11 grade IV (100%), 1 of 7

Fig 1. 62Cu-ATSM SUVmax in gliomas of different grades (2007 WHO grading) showing a
significant difference in uptake between grades IV and III tumors but not between grades
III and II tumors (P ⫽ .88, Steel-Dwass test). NS ⫽ not significant.

grade III (14.3%), and 1 of 4 grade II gliomas (25%), respectively (Table 2). At a T/B ratio cutoff threshold of 1.8, 62CuATSM uptake predicted HIF-1␣ positivity with 92.3% sensitivity and 88.9% specificity (area under the curve, 0.92; Fig
3A). The mean T/B ratio was 1.20 ⫾ 0.58 (range, 0.4 –2.3) in
HIF-1␣-negative tumors and 2.86 ⫾ 2.18 (range, 1.5–9.7) in
HIF-1␣-positive tumors (P ⫽ .001; Fig 3B).
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Fig 2. 62Cu-ATSM T/B ratio in gliomas of different grades (2007 WHO grading) showing a
significant difference between grades IV and III tumors but not between grades III and II
tumors (P ⫽ .92, Steel-Dwass test).

Distribution of 62Cu-ATSM Uptake Compared with MR
Findings
In the present study, MR images revealed contrast-enhanced
lesions in 95.5% (21/22) of tumors, among which a necrotic
component was visualized in 57.1% (12/21). Based on the
optimal T/B ratio cutoff threshold of 1.8, as described in the
previous section, 62Cu-ATSM uptake was observed in 61.9%
(13/21) of contrast-enhanced lesions on MR imaging, which
was significantly correlated with the presence of a necrotic
component (Table 3, P ⫽ .002). This optimal uptake region
was confined within contrast-enhanced lesion in all 13 cases,
whereas no uptake was found within the necrotic component
in any of the cases.
Illustrative Cases
Case 2
A 61-year-old woman presented with headache and left hemiparesis. Initial MR imaging revealed an enhanced lesion with
a necrotic component in the right temporal lobe (Fig 4A).
PET showed marked 62Cu-ATSM uptake (T/B ratio ⫽ 9.7,
SUVmax ⫽ 4.33; Fig 4B), and merged PET/MR imaging revealed 62Cu-ATSM uptake within the contrast-enhanced lesion (Fig 4C). After stereotactic biopsy for precise tissue
sampling, the patient underwent gross total resection. The
histologic diagnosis was consistent with glioblastoma. In the
region of maximum 62Cu-ATSM uptake, intense HIF-1␣
immunoreactivity was observed (Fig 4D).
Case 8
A 28-year-old woman presented with headache. MR imaging
revealed an enhanced lesion in the right frontal lobe with a
necrotic component (Fig 5A). PET showed mild 62Cu-ATSM
uptake (T/B ratio ⫽ 2.0, SUVmax ⫽ 1.15; Fig 5B), and merged
PET/MR imaging revealed partial 62Cu-ATSM uptake within
the contrast-enhanced region (Fig 5C). The patient under4
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Fig 3. A, ROC analysis indicating that 62Cu-ATSM uptake is predictive of HIF-1␣ positivity,
with a sensitivity of 92.3% and a specificity of 88.9% for a T/B ratio cutoff threshold of
1.8 (area under the curve ⫽ 0.92). B, The 62Cu-ATSM T/B ratio is significantly higher in
HIF-1␣-positive than in HIF-1␣-negative gliomas (P ⫽ .001, Wilcoxon signed rank test).
Circles above bars represent outliers (1.5⫻, the interquartile range).

Table 3: Comparison of 62Cu-ATSM uptake and MR findings in
gliomas
Necrosis
on MRI
Yes
No

No. Tumors with 62Cu-ATSM Uptake
Uptake
11
2

Non-Uptake
1
7

Note:—62Cu-ATSM uptake was defined as T/B cutoff threshold of ⱖ1.8. No indicates
contrast-enhanced lesion without necrotic component; Yes indicates contrast-enhanced
lesion with necrotic component;

went total tumor resection. Histologically, a glioblastoma with
HIF-1␣-positive staining was diagnosed (Fig 5D).
Case 13
A 42-year-old woman presented with tumor recurrence 3
years after initial diagnosis of oligoastrocytoma. Current MR
imaging revealed a slightly enhanced lesion in the right frontal
lobe (Fig 6A). PET imaging (Fig 6B, -C), however, did not
reveal clear 62Cu-ATSM accumulation (T/B ratio ⫽ 1.3,

Fig 4. Case 2. A 61-year-old woman with glioblastoma. A, Axial T1-weighted gadolinium-enhanced MR imaging demonstrating an enhanced lesion with necrosis in the right temporal
lobe. B, 62Cu-ATSM PET showing high uptake in the lesion. C, PET/MR imaging fusion image showing 62Cu-ATSM uptake (T/B cutoff threshold of ⱖ1.8) within contrast-enhanced lesion.
D, Photomicrographs of tissue with the highest 62Cu-ATSM uptake stained with anti-HIF-1␣ showing intense HIF-1␣ immunoreactivity. Original magnification ⫻ 200.

SUVmax ⫽ 0.67). The patient underwent gross total resection.
Histologic diagnosis was oligoastrocytoma without malignant
transformation (grade II). Very few HIF-1␣-positive cells
were observed (Fig 6D).
Discussion
Our study showed that the 62Cu-ATSM SUVmax and T/B ratio
were significantly higher in grade IV gliomas than in grade III
gliomas (P ⫽ .014 and P ⫽ .018, respectively), whereas there
were no differences between grade III and II gliomas (Figs 1
and 2). We also showed that the 62Cu-ATSM T/B ratio was
highly correlated with immunohistologic HIF-1␣ expression,
which is a marker of tissue hypoxia (Figs 3A, -B).
ATSM labeled with a positron-emitting Cu isotope was
developed as a hypoxia-selective uptake tracer for ischemic
myocardium and hypoxic tumors.21,22 Under hypoxic conditions, the bound Cu⫹⫹ in Cu-ATSM is reduced to Cu⫹, which
is instantly released from ATSM and trapped exclusively in
hypoxic tissue.21 Experimental in vivo studies have demonstrated that this process is dependent on tissue oxygen pressure, thereby validating its usefulness as a hypoxic imaging
tracer.11,13 In addition to tissue hypoxia, human cancer studies
indicate that Cu-ATSM correlates with the treatment response
and poor prognosis.14,15,18 These results suggested that CuATSM uptake might be a predictive biomarker of treatment
resistance and poor outcome in human cancer.
Many clinical PET studies have attempted to evaluate
the tumor grade of gliomas. These studies have widely used

metabolic tracers, such as 18F-fluorodeoxyglucose and 11Cmethionine, to distinguish tumor grades.23-27 These clinical
studies have demonstrated correlations with histologic grade,
but a clear discrimination between grade IV and grade III
gliomas has not been conclusively established, particularly in
the presence of oligodendroglial tumors where a relatively
high uptake has been demonstrated.23,26 In the present study,
we detected high regional uptake of 62Cu-ATSM (mean T/B
ratio ⫽ 3.05 ⫾ 2.33) in grade IV gliomas, which was significantly different from that in grade III gliomas, suggesting that
62
Cu-ATSM might be used as a predictive radiotracer for distinguishing highly malignant gliomas. Corroborating our results, similar differentiation between glioblastoma and lessmalignant gliomas has been demonstrated by hypoxic PET
imaging using 18F-FMISO.8 In this study, most of the grade II
and III gliomas were composed of oligodendroglial component (7 oligodendroglial or oligoastrocytic tumors of 9 gliomas).8 However, the present study revealed relatively high
62
Cu-ATSM uptake in 1 anaplastic astrocytoma (case 4) and
1 diffuse astrocytoma (case 16), leaving a possibility that 62CuATSM uptake might be relatively high in astrocytic tumors
compared with that in oligodendroglial tumors. Given the relatively high proportion of oligodendroglial tumors in the
present study as well as in the FMISO study,8 these results
might rather suggest that hypoxic PET imaging is a superior
radiotracer for distinguishing grade IV gliomas from grade III
oligodendroglial tumors. Because of the small number of patients in these studies, further analysis in a large number of
AJNR Am J Neuroradiol ●:● 兩 ● 2013 兩 www.ajnr.org
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Fig 5. Case 8. A 28-year-old woman with glioblastoma. A, Axial T1-weighted gadolinium-enhanced MR imaging demonstrating an enhanced lesion with necrosis in the right frontal lobe.
B, 62Cu-ATSM PET showing mild uptake in the tumor. C, PET/MR imaging fusion image demonstrating 62Cu-ATSM accumulation (T/B cutoff threshold of ⱖ1.8) within contrast-enhanced
lesion. D, Photomicrograph of a tissue sample with 62Cu-ATSM accumulation showing high HIF-1␣ expression. Original magnification ⫻ 200.

patients is needed to conclude whether hypoxic PET imaging
can distinguish grade IV gliomas from grade III astrocytic
tumors.
In contrast, we found no significant difference in tracer
uptake between grade III and II gliomas. Theoretically, tissue
hypoxia is caused by an imbalance between oxygen supply
(vascularization) and its demand, the latter of which is presumably defined by mitotic activity and cell attenuation. In
this regard, grade III gliomas with moderate mitotic activity
might be generally accompanied by sufficient neovascularization, whereas grade II gliomas might not need increased oxygen supply when considering their low mitotic activity. In
other words, our results might indicate matched oxygen supply and demand in grade II and III gliomas, which is disrupted
in grade IV gliomas with higher mitotic activity. Because we
also showed that 62Cu-ATSM uptake is highly correlated with
evidence of tumor necrosis (a final form of tissue hypoxia) on
MR imaging (Table 3), grade II and III might be grouped
together to represent tumors without hypoxia and necrosis,
which is also a feature of histologic grading. Because the number of cases in these groups is also small, further study would
be required to confirm this observation.
We also demonstrated that 62Cu-ATSM imaging was
highly correlated with immunohistologic expression of HIF1␣, with 92.3% sensitivity and 88.9% specificity when using a
T/B ratio cutoff threshold of 1.8. Although the number of
patients was limited, a hypoxic PET imaging study using FRP170 also reported similar correlation with HIF-1␣ expres6
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sion.10 HIF-1 is a dimer of HIF-1␣ and HIF-1␤, and is a critical
mediator of the cellular hypoxic response. HIF-1␤ is constitutively expressed independent of oxygen levels, whereas
HIF-1␣ is rapidly degraded under normoxia.28 However, the
ubiquitin-dependent degradation of HIF-1␣ is suppressed
under hypoxia, leading to increased HIF-1␣ expression.28,29
Indeed, many experimental in vitro studies have demonstrated the increased expression of HIF-1␣ within an appropriate range of O2 tension.28,30 Recent in vitro31 and in vivo32
studies have used this as a marker of hypoxia to detect a strong
correlation between Cu-ATSM uptake and HIF-1␣ expression. Considering these observations, the HIF-1␣ expression
observed in our study probably indicates the presence of hypoxia in highly malignant gliomas, though mechanisms other
than hypoxia cannot be excluded in complex tumor tissues.
In addition to being a hypoxic marker, HIF-1␣ expression
is known to be an independent marker of high malignancy in
glioma.4,33-36 Experimental studies have shown that HIF-1␣
directly induces a microenvironment that is suitable for
tumor growth by increasing several factors, such as vascular
endothelial growth factor36 and notch37, and its selective inhibition leads to the inhibition of tumorigenesis and invasiveness.38 Clinical studies based on genome-wide expression
analysis have also shown that the HIF-1␣-dependent pathway
is a highly significant pathway when distinguishing between
grade IV and grade III gliomas.39 Moreover, the level of
HIF-1␣ has also been shown to directly correlate with treatment resistance, even among grade IV gliomas.40 Because

Fig 6. Case 13. A 42-year-old woman with oligoastrocytoma. A, Axial T1-weighted gadolinium-enhanced MR imaging demonstrating a mildly enhanced lesion in the right frontal lobe.
62
Cu-ATSM PET image (B) and PET/MR imaging fusion image (C), showing absent 62Cu-ATSM uptake in the tumor. D, Photomicrograph of a lesion tissue sample showing no HIF-1␣
immunoreactivity. Original magnification ⫻ 200.
62

Cu-ATSM imaging was shown to be highly predictive of
HIF-1␣ expression in the present study, it might also provide
a valuable noninvasive tool for detecting highly malignant and
treatment-resistant lesions in glioma.
Hypoxia is usually defined as decreased O2 availability or
pO2 below a critical threshold, which results in metabolic dysfunction.41 A tissue pO2 less than 10 mm Hg is generally associated with intracellular depletion of adenosine triphosphate
and acidosis, whereas mitochondrial oxidative phosphorylation and the electron transport system are only disturbed
when the pO2 level falls below 0.5 mm Hg.41 The reductive
retention of Cu-ATSM theoretically requires an intact electron transport system, such as NADPH-cytochrome b5 reductase,12 and thus its increased uptake suggests moderate
hypoxia.42 In fact, the direct measurement of pO2 in glioblastoma is known to be less than 2.5 mm Hg, which is an independent predictor of poor radiation therapy response.6 On the
other hand, severe hypoxic condition could not be detected by
Cu-ATSM imaging due to a disturbed electron transport system, which presumably leads to tissue necrosis. These findings
could account for our observation that 62Cu-ATSM uptake
was only confined within enhanced regions but not in the
necrotic component. Accordingly, a heterogeneous Cu-ATSM
pattern might indicate a heterogeneous oxygen microenvironment as the tumor grows rapidly. Furthermore, a “hot lesion”
detected during moderate hypoxia might be a good treatment
target, particularly for surgical removal, when we consider that
radioresistant glioma stemlike cells or tumor-initiating cells

probably induced by hypoxia could preferentially survive in
such environments by utilizing glycolytic pathways.43-45
This study has several limitations. First, we did not perform
direct measurements of tissue pO2 to validate the utility of our
method as a hypoxic tracer. Second, selection bias resulting
from a small patient sample size, and inclusion of recurrent
cases could not be ruled out. Third, the effect of blood-brain
barrier disruption on the uptake could not be completely
eliminated either, though the presence of nonuptake region
within an enhanced lesion on MR imaging suggested a minor
effect. Nonetheless, our preliminary study suggested that
62
Cu-ATSM might be a promising tracer for predicting treatment-resistant hypoxic regions within highly malignant gliomas. Although other hypoxic imaging studies are also providing similar preliminary results, as described previously, the
short half-life of 62Cu-ATSM (t1/2 ⫽ 9.7 minutes) compared
with 18F-FMISO and FRP-170 (t1/2 ⫽ 110 minutes)46 might be
an advantage in obtaining a high signal-to-noise ratio within a
shorter interval, as well as in reducing the radiation exposure
of the patients. Further research involving large-scale studies
would be warranted to validate clinical significances.
Conclusions
62
Cu-ATSM PET can help distinguish highly malignant
gliomas. In addition, the 62Cu-ATSM T/B ratio may predict
HIF-1␣ expression, suggesting that 62Cu-ATSM is a suitable
biomarker for predicting highly malignant grades and tissue
hypoxia in patients with glioma.
AJNR Am J Neuroradiol ●:● 兩 ● 2013 兩 www.ajnr.org

7

Acknowledgments
We thank Tsuneo Saga, Masayuki Inubishi, Toshimitsu Fukumura, and Yasuhisa Fujibayashi of the Diagnostic Imaging and
Molecular Probe Groups, Molecular Imaging Center, National Institute of Radiologic Sciences, Chiba, Japan; Hidehiko
Okazawa of the Department of Radiology, Biomedical Imaging Research Center, Faculty of Medical Sciences, University
of Fukui, Fukui, Japan; and Hirofumi Fujii, Functional Imaging Division, Research Center for Innovative Oncology, National Cancer Center Hospital East, Chiba, Japan, for their
assistance.

References
1. Ohgaki H, Kleihues P. Population-based studies on incidence, survival rates,
and genetic alterations in astrocytic and oligodendroglial gliomas. J Neuropathol Exp Neurol 2005;64:479 – 89
2. Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classification of tumours of the central nervous system. Acta Neuropathol 2007;114:97–109
3. Jensen RL. Hypoxia in the tumorigenesis of gliomas and as a potential target
for therapeutic measures. Neurosurg Focus 2006;20:E24
4. Jensen RL. Brain tumor hypoxia: tumorigenesis, angiogenesis, imaging, pseudoprogression, and as a therapeutic target. J Neurooncol 2009;92:317–35
5. Kayama T, Yoshimoto T, Fujimoto S, et al. Intratumoral oxygen pressure in
malignant brain tumor. J Neurosurg 1991;74:55–59
6. Rampling R, Cruickshank G, Lewis AD, et al. Direct measurement of pO2 distribution and bioreductive enzymes in human malignant brain tumors. Int J
Radiat Oncol Biol Phys 1994;29:427–31
7. Swanson KR, Chakraborty G, Wang CH, et al. Complementary but distinct
roles for MRI and 18F-fluoromisonidazole PET in the assessment of human
glioblastomas. J Nucl Med 2009;50:36 – 44
8. Hirata K, Terasaka S, Shiga T, et al. (18)F-Fluoromisonidazole positron emission tomography may differentiate glioblastoma multiforme from less malignant gliomas. Eur J Nucl Med Mol Imaging 2012 Feb 4 [Epub ahead of print]
9. Sorger D, Patt M, Kumar P, et al. [18F]Fluoroazomycinarabinofuranoside
(18FAZA) and [18F]Fluoromisonidazole (18FMISO): a comparative study of
their selective uptake in hypoxic cells and PET imaging in experimental rat
tumors. Nucl Med Biol 2003;30:317–26
10. Shibahara I, Kumabe T, Kanamori M, et al. Imaging of hypoxic lesions in patients with gliomas by using positron emission tomography with 1-(2-[18F]
fluoro-1-[hydroxymethyl]ethoxy)methyl-2-nitroimidazole, a new 18F-labeled
2-nitroimidazole analog. J Neurosurg 2010;113:358 – 68
11. Lewis JS, Sharp TL, Laforest R, et al. Tumor uptake of copper-diacetylbis(N(4)-methylthiosemicarbazone): effect of changes in tissue oxygenation.
J Nucl Med 2001;42:655– 61
12. Obata A, Yoshimi E, Waki A, et al. Retention mechanism of hypoxia selective
nuclear imaging/radiotherapeutic agent cu-diacetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM) in tumor cells. Ann Nucl Med 2001;15:499 –504
13. O’Donoghue JA, Zanzonico P, Pugachev A, et al. Assessment of regional
tumor hypoxia using 18F-fluoromisonidazole and 64Cu(II)-diacetyl-bis(N4methylthiosemicarbazone) positron emission tomography: comparative study
featuring microPET imaging, Po2 probe measurement, autoradiography, and
fluorescent microscopy in the R3327-AT and FaDu rat tumor models. Int J
Radiat Oncol Biol Phys 2005;61:1493–502
14. Dehdashti F, Grigsby PW, Lewis JS, et al. Assessing tumor hypoxia in cervical
cancer by PET with 60Cu-labeled diacetyl-bis(N4-methylthiosemicarbazone). J Nucl Med 2008;49:201– 05
15. Dehdashti F, Grigsby PW, Mintun MA, et al. Assessing tumor hypoxia in cervical cancer by positron emission tomography with 60Cu-ATSM: relationship
to therapeutic response—a preliminary report. Int J Radiat Oncol Biol Phys
2003;55:1233–38
16. Lewis JS, Laforest R, Dehdashti F, et al. An imaging comparison of 64Cu-ATSM
and 60Cu-ATSM in cancer of the uterine cervix. J Nucl Med 2008;49:1177– 82
17. Lohith TG, Kudo T, Demura Y, et al. Pathophysiologic correlation between
62Cu-ATSM and 18F-FDG in lung cancer. J Nucl Med 2009;50:1948 –53
18. Minagawa Y, Shizukuishi K, Koike I, et al. Assessment of tumor hypoxia by
62Cu-ATSM PET/CT as a predictor of response in head and neck cancer: a
pilot study. Ann Nucl Med 2011;25:339 – 45
19. Dence CS, Ponde DE, Welch MJ, et al. Autoradiographic and small-animal
PET comparisons between (18)F-FMISO, (18)F-FDG, (18)F-FLT and the hypoxic selective (64)Cu-ATSM in a rodent model of cancer. Nucl Med Biol
2008;35:713–20

8

Tateishi 兩 AJNR ● 兩 ● 2013 兩 www.ajnr.org

20. Sheehan JP, Popp B, Monteith S, et al. Trans sodium crocetinate: functional
neuroimaging studies in a hypoxic brain tumor. J Neurosurg 2011;115:749 –53
21. Fujibayashi Y, Taniuchi H, Yonekura Y, et al. Copper-62-ATSM: a new hypoxia
imaging agent with high membrane permeability and low redox potential.
J Nucl Med 1997;38:1155– 60
22. Lewis JS, McCarthy DW, McCarthy TJ, et al. Evaluation of 64Cu-ATSM in vitro
and in vivo in a hypoxic tumor model. J Nucl Med 1999;40:177– 83
23. Kato T, Shinoda J, Nakayama N, et al. Metabolic assessment of gliomas using
11C-methionine, [18F] fluorodeoxyglucose, and 11C-choline positron-emission tomography. AJNR Am J Neuroradiol 2008;29:1176 – 82
24. Nariai T, Tanaka Y, Wakimoto H, et al. Usefulness of L-[methyl-11C] methionine-positron emission tomography as a biological monitoring tool in the
treatment of glioma. J Neurosurg 2005;103:498 –507
25. Padma MV, Said S, Jacobs M, et al. Prediction of pathology and survival by
FDG PET in gliomas. J Neurooncol 2003;64:227–37
26. Shinozaki N, Uchino Y, Yoshikawa K, et al. Discrimination between low-grade
oligodendrogliomas and diffuse astrocytoma with the aid of 11C-methionine
positron emission tomography. J Neurosurg 2011;114:1640 – 47
27. Singhal T, Narayanan TK, Jain V, et al. 11C-L-methionine positron emission
tomography in the clinical management of cerebral gliomas. Mol Imaging Biol
2008;10:1–18
28. Huang LE, Arany Z, Livingston DM, et al. Activation of hypoxia-inducible
transcription factor depends primarily upon redox-sensitive stabilization of
its alpha subunit. J Biol Chem 1996;271:32253–59
29. Huang LE, Gu J, Schau M, et al. Regulation of hypoxia-inducible factor 1 alpha
is mediated by an O2-dependent degradation domain via the ubiquitinproteasome pathway. Proc Natl Acad Sci U S A 1998;95:7987–92
30. Jiang BH, Semenza GL, Bauer C, et al. Hypoxia-inducible factor 1 levels vary
exponentially over a physiologically relevant range of O2 tension. Am J Physiol
1996;271:C1172– 80
31. Weeks AJ, Paul RL, Marsden PK, et al. Radiobiological effects of hypoxiadependent uptake of 64Cu-ATSM: enhanced DNA damage and cytotoxicity in
hypoxic cells. Eur J Nucl Med Mol Imaging 2010;37:330 –38
32. Skovgaard D, Kjaer M, Madsen J, et al. Noninvasive 64Cu-ATSM and PET/CT
assessment of hypoxia in rat skeletal muscles and tendons during muscle contractions. J Nucl Med 2009;50:950 –58
33. Birner P, Preusser M, Gelpi E, et al. Expression of hypoxia-related tissue factors
correlates with diminished survival of adjuvantly treated patients with chromosome 1p aberrant oligodendroglial neoplasms and therapeutic implications. Clin Cancer Res 2004;10:6567–71
34. Kaur B, Khwaja FW, Severson EA, et al. Hypoxia and the hypoxia-induciblefactor pathway in glioma growth and angiogenesis. Neuro Oncol 2005;
7:134 –53
35. Korkolopoulou P, Patsouris E, Konstantinidou AE, et al. Hypoxia-inducible
factor 1 alpha/vascular endothelial growth factor axis in astrocytomas. Associations with microvessel morphometry, proliferation and prognosis. Neuropathol Appl Neurobiol 2004;30:267–78
36. Mashiko R, Takano S, Ishikawa E, et al. Hypoxia-inducible factor 1 alpha expression is a prognostic biomarker in patients with astrocytic tumors associated with necrosis on MR image. J Neurooncol 2011;102:43–50
37. Qiang L, Wu T, Zhang HW, et al. HIF-1 alpha is critical for hypoxia-mediated
maintenance of glioblastoma stem cells by activating notch signaling pathway. Cell Death Differ 2012;19:284 –94
38. Méndez O, Zavadil J, Esencay M, et al. Knock down of HIF-1alpha in glioma
cells reduces migration in vitro and invasion in vivo and impairs their ability
to form tumor spheres. Molecular Cancer 2010;9:133
39. Dreyfuss JM, Johnson MD, Park PJ. Meta-analysis of glioblastoma multiforme
versus anaplastic astrocytoma identifies robust gene markers. Molecular Cancer 2009;8:71
40. Irie N, Matsuo T, Nagata I. Protocol of radiotherapy for glioblastoma according to the expression of HIF-1. Brain Tumor Pathol 2004;21:1– 6
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