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62Cu labeled diacetyl-bis(N*-methylthiosemicarbazone) (2Cu-ATSM) has been proposed as a
generator-produced, positron-emitting tracer for hypoxic tissue imaging. From basic studies, the
retention mechanism of 2Cu-ATSM is considered to be closcly related to cytosolic/microsomal
bioreduction, a possible system for hypoxic bioreductive drug activation. In order to evaluate the
characteristics of ©2Cu-ATSM, PET studies were performed in 4 normal subjects and 6 patients with
lung cancer. $2Cu-ATSM cleared rapidly from the blood with little lung uptake (0.43 £0.09, uptake
ratio; divided by the arterial input function) in normal subjects. Intense tumor uptake of $2Cu-ATSM
was observed in all patients with lung cancer (3.00 £ 1.50). A negative correlation was observed
between blood flow and flow-normalized $2Cu-ATSM uptake in three of four patients. In contrast,
62Cu-ATSM uptake was not related to that of '8F-fluorodcoxyglucose. The negative correlation
between blood flow and flow normalized %2Cu-ATSM uptake suggests an enhancement of retention
of $2Cu-ATSM by low flow. $2Cu-ATSM is a promising PET tracer for tumor imaging, which might
bring new information for chemotherapeutic treatment as well as radiotherapy of hypoxic tumors.
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INTRODUCTION

Hvroxia in tumors may be an important factor in re-
sistance to radiotherapy as well as chemotherapy. '
Nitroimidazole compounds are of great interest becausc
they are reduced enzymatically and trapped in regions of
low oxygen tension.* Based on these considerations,
various groups have attempted to design nitroimidazole-
based drugs labeled with '8F,* 12315 or 9™TcS for imaging
hypoxia, but these drugs had low target accumulation due
to slow blood clearance and low membrane permeability.’

62Cu labeled diacetyl-bis(N*-methylthiosemicarbazone)
(52Cu-ATSM) has been proposed as a generator-pro-
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duced, positron-emitting tracer for imaging hypoxia.?
62Cu-PTSM, developed as a perfusion tracer, is easily
reduced by the electron transport system of mitochondria,
which explains its retention.® On the other hand, $2Cu-
ATSM, an analogue of 2Cu-PTSM, cannot be reduced by
normal mitochondria duc to its low redox potential. As a
result, although it has high membrane permeability, it is
nol retained in normal brain and heart tissue, but accumu-
lates in hypoxic tissue where it is more easily reduced.!©
Therefore, 2Cu-ATSM is a better candidate for a hypoxia
imaging agent than nitroimidazole-based drugs because
of its higher membrane permeability. It has been reported
that #*Cu-ATSM has been selectively trapped in vitro in
EMT®6 cells under hypoxic conditions and in vive in solid
EMT6 umors.!! To evaluate the characteristics of %>Cu-
ATSM in humans, PET studies were performed on 4
normal subjects and 6 patients with lung cancer.
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Table 1

Summary of clinical and imaging data of patients with lung cancer

ize 620y
Patient no.  Age (yr)  Sex Pathological diagnosis (S(:‘:') (mljllr%(i): /lllg(‘;,g) squ(le; /i) Uglt:nkttflri‘:
l. 72 M Squamous cell carcinoma 8.0 na 6.92 +4.08 204+ 1.17
2. 67 F Adenocarcinoma 38 11.67 £ 5.86 8.18+1.18 1.18£0.40
3. 84 M Squamous cell carcinoma 5.6 na 9.00 £ 2.66 5241310
4, 49 F Metastasis (breast cancer) 5.0 15.39+4.83 7.76+2.13 2.35+0.81
5. 87 M Squamous cell carcinoma 4.2 3512218 8.51 £3.56 2.00+0.34
6. 73 M Adenocarcinoma 11.0 3.94%2.73 555+2.26 4.56+2.39

Blood flow, SUV and Uptake ratio arec mean £ S.D., na = not available
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Fig. 1 Representative time activity curves of the left atrium
(LA) and lung obtained from serial dynamic PET scan after
62Cu-ATSM injection to a normal volunteer.
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Fig. 2 Representative time aclivity curves of the left atrium
(LA) and lung cancer (patient no. 6) obtained from serial
dynamic PET scan after *>Cu-ATSM injection.

MATERIALS AND METHODS

Preparation of °Cu-ATSM
62Cu was obtained with a $2Zn/%2Cu generator system
from [6°Zn]ZnCl; solution.’? Cu-ATSM was synthesized
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according to the method of Gingas ct al.,'? and confirmed
by clemental analysis and mass spectrometry. 2Cu-ATSM
was prepared as follows®: Bricfly, four m/ of ®2Cu-glycine
(non-carrier added %2Cu) solution obtained from the gen-
erator was mixed with 0.2 m/ of ATSM solution (0.4 mM
in dimethy! sulfoxide). The radiochemical purity of $2Cu-
ATSM was conlirmed with HPLC in combination with
authentic Cu-ATSM.

Subjects

The study involved 4 normal male volunteers (ages 34-64
yrs) and 6 paticnts with lung cancer (4 males and 2
females, ages 49-87 yrs). Altogether there were 2 adeno-
carcinomas, 3 squamous cell carcinomas and 1 melastasis
from breast cancer (Table 1). All the patients were inves-
tigated with both ©2Cu-ATSM and '#F-fluorodcoxyglucose.
Four of the 6 paticnts were also evaluated by 'SO-water.
The study was approved by the Ethical Commitiee of
Fukui Medical University and written informed consent
was obtained from all the subjects before the PET study.

PET
PET was performed with a high-resolution, whole-body
PET scanner with an 18-ring detector arrangement (Ad-
vance, GE Medical Systems, Milwaukee). The physical
characteristics of this scanner have been described in
detail by DeGrado et al.'* Bricfly, the system permits the
simultaneous acquisition of 35 transaxial images with an
interslice spacing of 4.25 mm. Both axial and transaxial
resolution are 4.2 mm, allowing multidirectional recon-
struction of the images without loss of resolution. The
FOV and the pixcl size of the reconstructed images were
256 and 2 mm, respectively. A 10-min transmission scan
was acquired with a %Ge/%%Ga source for attenuation
correction, followed by intravenous injection of 370 to
740 MBq of 2Cu-ATSM over 30 sec. PET data acquisi-
tion was started at the time of 2Cu-ATSM injection and
continued for 20 minutes in 10-sec frames for the first 120
sec, 60-sec frames for the next 8 min and a final 10-min
frame. In order to evaluate the side effects of 2Cu-ATSM,
physical examinations and hematological and biochemi-
cal data analysis were performed before and after admin-
istration of 2Cu-ATSM.

To compare $*Cu-ATSM images with blood flow and
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“ig. 3 A 73-yr-old man with adenocarcinoma in the right lower lobe (patient no. 6). The blood flow
(A). FDG (B). ®*Cu-ATSM (C) and contrast-enhanced CT (D) images are shown.
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Fig. 4 The blood flow was plotted against its “?Cu-ATSM
uptake ratio for tumor segments in each patient with lung cancer.
The least square linear regression line and equation are also
shown.

glucose metabolism of tumors, “O-water and FDG PET
was performed within one week. After approximately
1110 MBq of 'O-water was injected intravenously, a
serial dynamic PET scan was performed for 120 sec in 4

of 6 patients. In all 6 patients, approximately 370 MBq of

FDG was injected intravenously after a 4-hr fast. A static
scan was performed for 20 min (40-60 min postinjection).
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Fig. 5 The FDG uptake (SUV) was plotted against its **Cu-
ATSM uptake ratio for tumor segments in each patient with lung
cancer.

Data Analysis

In the normal volunteer study, circular regions of interest
(ROIs) were placed on the dynamic ®2Cu-ATSM PET
images of the lung and left atrium (22.9 ¢cm? and 1.8 cm?
respectively in area). The last frame, which was obtained
10-20 min after the injection, was used as a static image
and the lung activity of 2Cu-ATSM was normalized by
the arterial blood activity, which was derived from the
ROI placed over the left atrium of the PET image (uptake
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Fig. 6 The blood flow was plotted against its normalized **Cu-
ATSM uptake ratio for tumor segments in each patient with lung
cancer. The least square linear regression line and equation are
also shown.

ratio). The other circular ROIs were placed on the static
image of the left myocardium and liver (0.6 cm? and 22.9
cm? respectively in arca) and the uptake ratio of those
organs was obtained.

In patients with lung cancer, multiple circular ROls
(> 0.6 cm? in area) were placed over the 62Cu-ATSM PET
images of tumors, and the uptake ratio was calculated as
described above. The blood flow images were calculated
from '*O-water PET data in each subject by an autoradio-
graphic method.'3-'7 The arterial input function was de-
rived from the radioactivity in the left atrium by using the
circular 1.8 cm2-ROI in area, instead of arterial blood
sampling. The standardized uptake value (SUV) images
of FDG were calculated with the following formula:

SUV = radioactivity concentration (Bg/m/) / {injected
dose (Bq) / body weight (g))

The same ROIs as used in the $2Cu-ATSM PET images of
tumors were placed on both the blood flow and SUV
images, and the uptake ratio of 2Cu-ATSM was com-
pared with the blood flow and SUV of FDG in each
patient. In addition, the uptake ratio was normalized by its
absolute blood flow value. The flow-normalized uptlake
ratio was compared with the blood flow.

RESULTS

62Cu-ATSM rapidly cleared from the blood, reaching a
stable activity level a few minutes after the injection (Fig.
1). Little uptake was observed in the lung (uptake ratio:
0.43 £0.09). The left myocardial uptake was small (1.84
% 0.35), but the liver uptake was considerable (2.45 +
1.03). No side effects were observed in any of the four
subjects.

326  Norio Takahashi, Yasuhisa Fujibayashi, Yoshiharu Yonekura, et al

62Cu-ATSM rapidly accumulates in tumors, reaching
plateau levels within a few minutes after the injection
(Fig. 2). An abnormally intense uptake of 2Cu-ATSM
was obscrved in all patients with lung cancer (uptake
ratio: 3.00 £ 1.50), but the distribution pattern of 6°Cu-
ATSM is different from that of FDG or blood flow (Fig.
3). No correlation was observed between 92Cu-ATSM
and the blood flow pattern except in onc patient (Fig. 4).
No correlation between 92Cu-ATSM and FDG was found
(Fig. 5). In three of four paticnts, a negative correlation
was observed between blood flow and the flow-normal-
ized %2Cu-ATSM uplake ratio (Fig. 6).

DISCUSSION

62Cu-ATSM was rapidly cleared from the blood with little
lung uptake in normal subjects. As normal myocardial
uptake was small, >Cu-ATSM also can be used for the
evaluation of myocardial hypoxia in patients with is-
chemic heart disease. The intense liver uptake was ex-
pected because it was reported that 2Cu-ATSM was
cleared through the liver and kidneys and the liver uptake
was the highest among the all organs in mice after S min.!!

Intense tumor uptake of 2Cu-ATSM was observed in
all six patients with lung cancer. The 2Cu-ATSM uptake
did not correlate with that of FDG. This finding suggests
that 2Cu-ATSM uptake may represent characteristics of
tumors independent of those represented by FDG uptake.
A negative correlation between blood flow and flow-
normalized 2Cu-ATSM uplake suggests increased reten-
tion of 9>Cu-ATSM in low flow areas, but other factors
may affect the tumor retention of $2Cu-ATSM since the
slope of the correlation differed among subjects. From the
results of in vitro studics of our group with cultured tumor
cells, a reduction in $2Cu-ATSM was shown to be closcly
related to cytosolic/microsomal bioreduction and was
enhanced by hypoxia.'® This is a possible system for
hypoxic, bioreductive drug activation. Higher tumor up-
take of 42Cu-ATSM may reflect a higher sensitivity to
bioreductive drugs than that to irradiation, because the
reduction in $2Cu-ATSM is closely related to bioreductive
drug activation, which is enhanced by hypoxic condi-
tions.'® Accordingly, it may be possible to determine
more effective therapies with 2Cu-ATSM PET before
treatment.

Although we have not compared $2Cu-ATSM and '3F-
fluoromisonidazole (‘8F-FMISO) in this study, $2Cu-
ATSM has three advantages. First, $2Cu can be obtained
by a generator system from 92Zn, which has a9 hr half-life
and could be delivered long distance. The second advan-
tage is that the faster tumor uptake of %2Cu-ATSM than of
18E_FMISO allows more rapid imaging of tumors. In '8F-
FMISO PET, the difference between normal and hypoxic
tissues does not become clear until 2 hours post injection
due to slow blood clearance and the low tumor to soft
tissue ratio.” $2Cu-ATSM PET imaging can be done
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within 20 min after injcction due to its high membrane
permeability,'? so that the more efficient uptake and
washout kinetics of 92Cu-ATSM in lung tumors in com-
parison with '8F-FMISO offers the possibility of a faster
and more efficient means of evaluating of tumor hypoxia
by PET imaging. The third advantage is that the uptake of
62Cu-ATSM may be higher than that of '3F-FMISO. The
mean tumor uptake ratio of $2Cu-ATSM was 3.00 and
maximum uptake was 9.33. In contrast, the maximum
tumor/plasma '3F-FMISO ratio was reported to be from
0.9 to 1.5 among 3 patients, although one patient’s was
2.3.7 It was reported that with '®F-FMISO, binding to
EMTS cells starts at a higher oxygen concentrations than
with #Cu-ATSM and the percentage uptake of '*F-FMISO
is also much lower than that of *Cu-ATSM after a longer
incubation time."!

There are some limitations in this study. Hypoxia in the
tumor tissue was not confirmed directly in this study, but
electrode measurement of intratumoral pO2 in patients
with lung cancer is highly invasive and technically de-
manding and it is impossible to analyze hypoxia in a
number of segments of tumor, because of an increasing
risk of pneumothorax. Increased myocardial retention of
62Cu-ATSM under hypoxic conditions also has been
reported in perfused rat hearts.® It was also proved that
hypoxic retention of $2Cu-ATSM is a reversible phenom-
enon and is dependent only upon pO2 and not upon
irreversible cellular damage such as membrane disrup-
tion.3 In the in vitro study with the EMT6 carcinoma cell
line, the uptake of #*Cu-ATSM was related in a sigmoidal
fashion to the pO: of the media where retention was
greatly increased under hypoxic and anoxic conditions.'!
Enhanced retention of 2Cu-ATSM by low flow in this
study may indicate that the intense uptake of 2Cu-ATSM
reflects a hypoxic condition. Another limitation is that the
number of patients was small and the results are prelimi-
nary, but intense tumor uptake of ?Cu-ATSM was ob-
served in all six patients with lung cancer and imaging was
completed only 20 minules after injection. Higher tumor
uptake of $2Cu-ATSM may refleet higher sensitivity to
bioreductive drugs than to irradiation, because the reten-
tion mechanism of 2Cu-ATSM is closely related to the
bioreductive drug activation, which is enhanced by hy-
poxic conditions.'® Accordingly, it may be possible to
determine a more cffective therapy with 2Cu-ATSM
PET before treatment. Appropriate clinical trials are nec-
essary to clarify this question.

In conclusion, this preliminary study suggests that
62Cy-ATSM is a promising PET tracer for tumor imaging,
which may provide new information on radiotherapy as
well as chemotherapy of hypoxic tumors.
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