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This study was undertaken to demonstrate the feasibility of
whole-body 62Cu-ethylglyoxal bis(thiosemicarbazonato)copper(ll)
(82Cu-ETS) PET/CT tumor perfusion imaging in patients with meta-
static renal carcinoma and to validate $2Cu-ETS as a quantitative
marker of tumor perfusion by direct comparison with >0O-water
perfusion imaging. Methods: PET/CT imaging of 10 subjects with
stage IV renal cell cancer was performed after intravenous admin-
istration of '50-water (10-min dynamic list-mode study) with the
heart and at least 1 tumor in the PET field of view, followed 10 min later
by intravenous 62Cu-ETS (6-min list-mode study). Whole-body
82Cu imaging was then performed from 6 to 20 min at 2-3 min/bed
position. Blood flow (K4) was quantified with both agents for normal
and malignant tissues in the 21.7-cm dynamic field of view. The
required arterial input functions were derived from the left atrium
and, in the case of 2Cu-ETS, corrected for partial decomposition of
the agent by blood with data from an in vitro analysis using a sample
of each patient’s blood. This imaging protocol was repeated at an
interval of 3-4 wk after initiation of a standard clinical treatment
course of the antiangiogenic agent sunitinib. Results: All subjects
received the scheduled $2Cu-ETS doses for the dynamic and sub-
sequent whole-body PET/CT scans, but technical issues resulted in
no baseline '®0O-water data for 2 subjects. Direct comparisons of
the perfusion estimates for normal tissues and tumor metastases
were made in 18 paired baseline and treatment studies (10 subjects;
8 baseline studies, 10 repeated studies during treatment). There
was an excellent correlation between the blood flow estimates
made with 2Cu-ETS and '®O-water for normal tissues (muscle,
thyroid, myocardium) and malignant lesions (pulmonary nodules,
bone lesions); the regression line was y = 0.85x + 0.15, R? =
0.83, for the 88 regions analyzed. Conclusion: 62Cu-ETS provided
high-quality whole-body PET/CT images, and 82Cu-ETS measures
of blood flow were highly and linearly correlated with 15O-water—
derived Ky values (mL~"-min~'.g). This tracer is suitable for use as
a PET tracer of tumor perfusion in patients with metastatic renal
cell carcinoma.
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Because of the varied and distributed nature of metastatic
disease, the clinical care of cancer patients often demands diag-
nostic methods that are capable for whole-body imaging. Thus,
whole-body scanning is a clinical standard in metabolic imaging
of tumors with '3F-FDG as well as in imaging to detect skeletal
metastases based on rates of bone remodeling and in the imaging
of neuroendocrine tumors using somatostatin receptor—targeted
agents. A technique for whole-body assessment of tumor perfu-
sion would naturally complement metabolic imaging in the defi-
nition of the tumor microenvironment and could also assist in
evaluation of patient response to antiangiogenic therapies.

The growth rates of solid tumors are often limited by their
capacity to recruit vasculature for nutritive perfusion (/-3), leading
to widespread interest in tumor vascular endothelium as a target for
the action of chemotherapeutic drugs (4—6). Tumor vasculature is
morphologically abnormal (2,7), and unlike normal tissues the rates
of tumor perfusion and metabolism are often uncoupled and un-
predictably heterogeneous. The heterogeneity of tumor perfusion
affects the efficiency of drug delivery while also leading to zones
of hypoxia that may be quite resistant to treatment by radiation
therapy (8—10). A whole-body scanning technique for assessment
of tumor perfusion would potentially complement standard whole-
body '8F-FDG imaging of tumor metabolism, offering further
insights into the physiology of a patient’s tumors and their re-
sponse to treatment (/0).

150-labeled water is the gold standard for PET quantification of
regional tissue perfusion, having been validated to behave as a freely
diffusible tracer in myocardium (//-14) and to also robustly allow
quantification of cerebral blood flow (/5,16). As a freely diffusible
tracer, 'O-water is also the standard for noninvasive imaging to
quantify tumor perfusion (/7-20). The 2-min physical half-life of
130 is ideally suited to imaging at high activity levels over the
intrinsically brief time interval in which the distribution of a freely
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diffusible tracer is dominated by its perfusion rate-limited delivery
to tissue. However, for routine clinical imaging of tumor perfusion,
150-water faces significant technical and practical barriers, includ-
ing the need for an on-site cyclotron for 130 production; intrinsic
need to image !'3O-water at high counting rates to obtain good
counting statistics; imaging being constrained to a single position
of the scanner bed, precluding flow assessment using whole-body
imaging protocols of the type routinely used in clinical oncology
studies with '8F-FDG; and the need for invasive arterial blood sam-
pling after each 130-water injection, if flow is to be quantified and
the heart, or another large arterial blood pool region, falls outside
the camera’s field of view.

The %2Zn/®Cu generator system has the potential to provide
widespread routine clinical access to short-lived 42Cu (9.7-min half-
life) for PET/CT imaging without the limitations of O (21-23).
Copper(Il) bis(thiosemicarbazone) complexes, most notably
Cu-PTSM (pyruvaldehyde bis[N*-methylthiosemicarbazonato]
copper[Il]) and Cu-ETS (ethylglyoxal bis[thiosemicarbazo-
nato]copper[Il]), have shown promise for use as ®>Cu radiopharma-
ceuticals for perfusion imaging with PET (27,22,24-33). In ad-
dition to exhibiting the desired high first-pass tissue extraction
of tracer, these agents also desirably afford prolonged microsphere-
like tissue retention of the radiolabel (24,33-35) as they undergo
rapid intracellular reductive decomposition, liberating ionic
62Cu into the endogenous intracellular copper pool (36,37). For
human studies, 2Cu-ETS should be superior to %2Cu-PTSM for
perfusion assessment in high-flow tissues because it avoids
Cu-PTSM’s strong species-specific association with human serum
albumin (38,39).

The purpose of the present study was to demonstrate the
feasibility of whole-body ¢2Cu-ETS PET/CT tumor perfusion im-
aging in patients with metastatic renal carcinoma and to begin
validation of ®2Cu-ETS as a quantitative marker of tumor perfu-
sion by direct comparison to 1>O-water perfusion imaging.

MATERIALS AND METHODS

The study protocol was approved by the Indiana University
institutional review board. All patients had a diagnosis of advanced-
stage IV renal cell cancer and agreed to participate in the study after
informed consent. The primary renal cell cancer had been surgically
removed in all of our subjects.

Radiopharmaceuticals

Proportional Technologies, Inc., produced the required 9>Zn/%>Cu
generators and the lyophilized cold kits and reagents for on-demand
preparation of the 2Cu-ETS radiopharmaceutical. Details of generator
and radiopharmaceutical kit performance are reported elsewhere (23).
Patient imaging with %2Cu-ETS was performed under investigational
new drug #75,018 held by Proportional Technologies, Inc. '>O-water
was prepared to the specifications of its U.S. Pharmacopeia monograph
by the PET Radiochemistry Core of the Indiana Institute for Biomedical
Imaging Sciences.

Imaging Protocols and Procedures

All imaging studies were performed on a 64-slice Siemens True-D
Biograph PET/CT scanner. After a CT examination for attenuation
correction in a single bed position centered over the thorax (with the
field of view including at least 1 known tumor site and the heart for
image-based reconstruction of the >O-water arterial blood time—activity
curve), a 10-min dynamic list-mode acquisition was performed on in-
travenous administration of '3O-water (0.766 * 0.118 GBq [20.7 =
3.2 mCi]; n = 18). This acquisition was followed by a 10-min delay to
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allow for decay of the '>O. A dynamic list-mode acquisition was then
performed for 6 min in the same bed position after intravenous admin-
istration of 2Cu-ETS (0.64 + 0.13 GBq [17.2 = 3.5 mCi]; n = 20). An
additional CT examination of the whole body was then performed to
provide attenuation correction for the whole-body PET/CT %2Cu-ETS
examination. Whole-body %>Cu images were then acquired from 6 to
20 min after %>Cu-ETS injection (2-3 min per 21.6-cm bed position),
allowing assessment of the perfusion distribution in normal tissue and
tumor sites outside the initial, single-bed field of view. This imaging
protocol was repeated after initiation of a standard 3- to 4-wk clinical
treatment course of sunitinib.

In Vitro Assay to Define Kinetics of 2Cu-ETS Decomposition
by Patient Blood

Because a portion of the injected ®>Cu-ETS radiopharmaceutical
will be reductively decomposed by the patient’s blood cells, in vitro
assays were performed to directly examine the rate of °2Cu-ETS de-
composition by patient blood, allowing correction of the PET-derived
arterial blood °2Cu time—activity curve to represent the fraction of
blood radioactivity expected to remain present as intact 92Cu-ETS
(27,33,40). Details of this method are presented in the supplemental
materials (available at http://jnm.snmjournals.org).

FIGURE 1. Summed images formed after rebinning dynamic list-mode
data from 0 to 3 min after injection of '0-water and 82Cu-ETS. In this
example, and in all other patients, dynamic list-mode PET data were
obtained in 21.7-cm z-axis field of view to ensure inclusion of cardiac
blood pool for determination of arterial input function used to find Ky for
both tracers. (A) Images from 150-water dynamic study, in which CT on left
shows hypodense lesion at T4 that is also seen on fused images (center,
white arrow) and PET images (right). (B) Images from 62Cu-ETS dynamic
study, in which again CT on left shows hypodense lesion at T4 that is seen
on fused images (center, white arrow) and PET images (left). Both summed
150-water and 62Cu-ETS demonstrate similar image findings in normal
tissues and metastatic T4 vertebral lesion. Elevated perfusion seen in met-
astatic bone lesion was typical of all other skeletal lesions.
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mode acquisition. The standard 2-compartment
model routinely used for the measurement of
blood flow in the brain and heart was applied
to the measurement of tumor perfusion with
150-water (11-17). Details are presented in the
accompanying supplemental materials. Briefly,
in this model the transport of the tracer from
the vasculature to the interstitial space is as-
sumed to be sufficiently rapid that the single-
pass extraction fraction of water is approxi-
mately equal to 1.0 across the range of perfusion
values. This model consists of 2 constants, K;
and k,, representing the tissue perfusion and
tracer washout rates, respectively. Both model
rate constants are related to tissue perfusion with:

K; = RBF x EF k, = RBF/V,.

During sunitinib

FIGURE 2. Anterior whole-body 62Cu-ETS images are shown on left, at baseline and during
sunitinib therapy, with 6 corresponding transverse slices of fused PET and CT images on right.
The 6 levels correspond to the following structures: level A, normal thyroid tissue; level B, hyper-
emic anterior rib lesion on right; level C, normal myocardium and dome of liver; level D, inferior
pole of remaining right kidney; level E, hyperemic metastases in L4 lumbar vertebrae; and level
F, hyperemic metastases in right distal femur. Hyperemic signals in metastatic lesions at baseline
are no longer identified on images obtained during therapy with antiangiogenesis agent, whereas
normal tissue signals are similar to baseline. Thyroid tissue signal decreased during therapy and
may relate to previously observed decreases in thyroid function in patients receiving sunitinib.

Similar changes were seen in other subjects.

PET/CT Data Analysis

Three-dimensional volumes of interest were generated using the MIM
software PET Edge tool (MIM Software, Inc.) for normal tissues (muscle,
thyroid, myocardium, ventricular blood pools) and any malignant lesions
that were identified in the 21.7-cm field of view used for dynamic list-
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FIGURE 3. Example of observed kinetics of blood clearance and tissue
uptake after intravenous administration of ®2Cu-ETS, derived from dynamic
PET data. Observed left atrial blood 62Cu concentration was corrected to
blood concentration of intact 82Cu-ETS based on independently measured
rate of 82Cu-ETS decomposition by patient’s blood at 37°C in vitro.

In these equations, RBF is regional blood flow,
EF is the tracer single-pass extraction fraction,
and Vg is the tracer volume of distribution in
tissue. For the lung metastases, if the dynamic
data showed radiotracer arriving at the tumor
before arrival in the left ventricular blood pool,
the radionuclide in the right ventricular blood
volume was used to define that lesion’s arterial
input function. For all other tissues, modeling
for flow quantification was based on an input
function derived from a region of interest for
the blood pool of the left ventricle or atrium.

For %2Cu-ETS PET, flow was quantified with a 2-compartment
model that was previously used with success in myocardial flow
quantification with ¢2Cu-PTSM (27,29). The model was fit using
an image-derived input function, analogous to the '30O-water study,
corrected to account for partial ©2Cu-ETS decomposition in the
blood (27,33,40).

In addition to the modeling to obtain quantitative tumor perfusion
measurements from the dynamic %>Cu-ETS data, we also quantified
normal-tissue and tumor uptake of ®>Cu-ETS as standardized uptake
values (SUVs) using the attenuation-corrected whole-body examination
and 3-dimensional volumes of interest. SUVs were obtained for nor-
mal tissues (muscle, thyroid, myocardium, right ventricular blood
pool, lung, left atrial blood pool, liver, pancreas, and kidney) and for
any areas of increased tracer localization representing metastatic renal cell
cancer in the lungs or bone. Mean and maximum SUV measurements
were obtained and normalized to body weight and lean body mass.

RESULTS

The study enrolled 10 subjects, 2 women and 8 men. Average
age was 62.8 = 8.5 y (range, 49-77 y) and body mass 86.4 =
21 kg (range, 60.7-113.5 kg). All subjects had a diagnosis of ad-
vanced stage renal cell cancer with metastatic skeletal or metastatic
pulmonary nodular disease. The average time interval between the
baseline and repeated (during sunitinib treatment) PET/CT studies
was 32 * 9 d (range, 21-49 d).

Eighteen dynamic O-water studies were successfully performed.
Technical difficulties prevented baseline '>O-water imaging in 2 sub-
jects. All 10 subjects received the scheduled pretreatment and during-
treatment doses of ®2Cu-ETS for dynamic list-mode imaging and the
subsequent companion whole-body PET/CT acquisition. Vital signs
were monitored before, during, and after administration of the %2Cu-
ETS, and no changes were observed. No adverse events were noted.
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FIGURE 4. Correlation of perfusion rate measurements (K; values,
mL-min~'.g~") obtained with 2Cu-ETS and '5O-water for normal tissues
and metastases (n = 88 tissue regions from 18 paired dynamic PET
images).

Examples of images from dynamic list-mode acquisitions of the
2 tracers and a whole-body °2Cu-ETS acquisition are shown in
Figures 1 and 2. The %?Cu-ETS radiopharmaceutical is rapidly
cleared from the blood (Fig. 3), but the image-derived arterial
input function does need to be corrected for the partial decompo-
sition of tracer by blood cells. This correction was made on
a study-by-study basis, using the rate of 2Cu-ETS decomposition
measured with a sample of that patient’s blood at 37°C in vitro.
The decomposition of ®2Cu-ETS by blood always exhibited first-
order kinetics, but the reaction rate was quite variable (half-time of
decomposition averaging 115 * 87 s, n = 19, or 96 * 27 s with
the omission of a blood sample for which the decomposition rate
appeared anomalously slow).

Direct comparison of the '’O-water and °>Cu-ETS perfusion
estimates were made for 88 regions from the 18 paired dynamic
150-62Cu scans, representing normal tissues (myocardium, thyroid,
and muscle, n = 18, 17, and 18, respectively) plus 35 metastatic
lesions (Fig. 4). An excellent linear correlation was observed be-
tween the blood flow measurements obtained with ®>Cu-ETS and
the O-water reference standard (y = 0.85x + 0.15, R? = 0.83).
The data for the tumors increase the observed variance in this
analysis. When restricted to only the data for myocardial, thyroid,
and muscle regions of interest, the regression line becomes y =
0.97x + 0.09, R? = 0.90, whereas the tumor data alone are fit by
the line y = 0.70x + 0.27, R?> = 0.72 (Fig. 5).

Table 1 compares the K; values of both tracers in normal tissue
and for the metastatic lesions. Paired 2-tailed ¢ test values for all
tissues and lesions, with the exception of skeletal muscle (for which
the flow values are low), also indicate no significant difference be-
tween the 1>O-water and >Cu-ETS measurements of tissue perfusion.
The ©2Cu-ETS measurements of blood flow (mL~!-min~!.g) from
dynamic list-mode data are also well correlated with whole-body
62Cu-ETS SUVs (Fig. 6; y = 0.20x + 0.06, R?> = 0.73).

62Cy-ETS PET TumoRr PERFUSION IMAGING  ®

Nine of the patients had pulmonary nodules. Five of these had
solitary nodules. The average size (Response Evaluation Criteria
in Solid Tumors long diameter) of the nodules at baseline and
during the conclusion of therapy is shown in Table 2. An average
decrease in size of 29.4% was noted.

DISCUSSION

The current study provides general validation of °2Cu-ETS as
a PET tracer of tumor perfusion in patients with metastatic renal
cell carcinoma, with the >Cu-ETS radiopharmaceutical delivering
flow values equivalent to those from the best available reference
standard—!30O-water. The model-derived K, values from the
sequential 130-water and ®2Cu-ETS studies were highly corre-
lated, both by linear regression and by paired 2-tailed ¢ test, for
the tumors as well as the concurrently imaged myocardium and
thyroid (Figs. 4 and 5; Table 1). Deviation of the correlation of
62Cu-ETS and '>O-water blood flow measurements from the ideal
slope of 1.0 (Figs. 4 and 5) is largely driven by the data from the
lower flow metastatic lesions in the lungs, perhaps reflecting the
need for a more refined approach to °2Cu-ETS modeling in pul-
monary lesions (e.g., better correcting for count spill-over into the
tumor from the less dense surrounding lung).

Despite the short 9.7-min half-life of %2Cu, high-quality whole-
body images were easily obtained with >Cu-ETS (Fig. 2) after
initial imaging with the heart in the field of view to define the
arterial blood time-activity curve. Blood clearance of 92Cu-ETS
was rapid, with virtually no intact radiopharmaceutical remaining
in blood at the conclusion of our initial 6-min dynamic acquisition
(Fig. 3). We believe further work will allow validation of a mod-
eling approach for conveniently extracting quantitative perfusion
values from such whole-body scans. The ability to perform
whole-body scans is particularly important in the evaluation of
patients with known or possible metastatic disease, because of the
inherently varied and distributed nature of potential lesion pre-
sentation.

Laking and Price (/0) have presented an excellent review of the
current status of physiologic PET and SPECT imaging of perfusion
and hypoxia as related to angiogenesis. In brief, they concluded
that measurement of perfusion with radionuclides is the best bio-
marker for angiogenesis and that PET functional imaging has the
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FIGURE 5. Correlation of perfusion rate measurements (K; values,
mL-min~7.g~") obtained with $2Cu-ETS and '5O-water when analyses are
restricted to tissue regions from normal tissues alone (A, n = 53) and
metastases alone (B, n = 35) in the 18 paired dynamic PET studies. For
metastatic lesion data, regression line shown was forced through origin,
illustrating that several lower flow lesions (all in lung) are largest source of
variance. Unforced regression line for 5B is y = 0.70x + 0.27; R?2 = 0.72.
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TABLE 1

t Test Statistics for Ky Values from °O-Water and 82Cu-ETS for Normal Tissues and Metastatic Lesions

150 Kj vs. 82Cu K 150 K4 82Cy K; n P
All samples

Baseline and therapy 0.55 + 0.45 0.63 + 0.42 88 0.28

Baseline 0.66 + 0.49 0.71 £ 0.43 42 0.65

Treatment 0.45 + 0.36 0.55 + 0.38 46 0.25
Normal tissues

Baseline and therapy 0.46 + 0.42 0.54 + 0.43 53 0.33

Baseline 0.53 £ 0.42 0.58 + 0.42 24 0.66

Treatment 0.41 £ 0.42 0.51 £ 0.45 29 0.37
All lesions

Baseline and therapy 0.69 + 0.46 0.75 + 0.38 35 0.56

Baseline 0.84 + 0.53 0.87 + 0.40 18 0.81

Treatment 0.53 + 0.33 0.61 £ 0.32 17 0.47
Muscle

Baseline and therapy 0.05 + 0.04 0.10 £ 0.05 18 0.00011

Baseline 0.05 + 0.04 0.11 £ 0.02 8 0.0034

Treatment 0.05 + 0.04 0.10 £ 0.06 10 0.072
Thyroid

Baseline and therapy 0.46 + 0.25 0.54 + 0.22 17 0.36

Baseline 0.61 £ 0.19 0.69 + 0.24 8 0.79

Treatment 0.30 £ 0.17 0.41 £ 0.12 9 0.12
Myocardium

Baseline and therapy 0.88 £ 0.35 0.99 + 0.32 18 0.31

Baseline 0.90 + 0.32 0.97 £ 0.28 8 0.64

Treatment 0.86 + 0.39 1.00 + 0.37 10 0.39

potential to reveal much about tumor circulation and the effect
of treatment. The most successful results have been seen using
150-water. But there will always be substantial technical limita-
tions to widespread implementation of the '>O-water method, in-
cluding the requirements for an on-site cyclotron; restriction to
a single bed position by the required dynamic imaging; and the
need for invasive arterial blood sampling to obtain arterial input
function, if the heart and tumors are not in a common field of view.
Despite these limitations, '>O-water remains the reference stan-
dard for perfusion measurements in humans.

The reported results indicate that, as a short-lived microsphere-
like agent, 92Cu-ETS potentially overcomes the practical limitations
of 13O-water for quantitative clinical imaging of perfusion. The
centrally manufactured and distributed %2Zn/%?Cu generator, and
companion kits for rapid on-demand radiopharmaceutical synthesis,
can make %°Cu-ETS perfusion imaging available to virtually any
clinical PET site in the United States. Additionally, the kinetics of
62Cu-ETS enable whole-body scanning, with high-quality images
being obtained despite the short radionuclide half-life (Fig. 2).
Furthermore, the 9.7-min half-life of >Cu ideally complements com-
panion imaging with '8F-FDG for the assessment of tissue metabo-
lism, because the ®>Cu will be essentially completely decayed during
a standard '8F-FDG uptake period, if the '®F-FDG is simply admin-
istered at the conclusion of ®>Cu image acquisition.

Whole-body ©>Cu-ETS SUVs (Fig. 6) may be useful for evalu-
ating relative perfusion within a given subject; however, the assess-
ment of perfusion with ©2Cu-ETS will be most robustly modeled

using the arterial blood input function as the basis for normalizing
tissue levels of ©2Cu in the whole-body images. The use of the SUV
calculation to normalize tissue concentrations of radiotracer is
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FIGURE 6. Correlation of mean SUV measurement normalized to lean body
mass (SUVmeanbm) in attenuation-corrected whole-body $2Cu-ETS scans with
blood flow values obtained from preceding dynamic $2Cu-ETS data acquisition.
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TABLE 2
Characteristics of Pulmonary Nodules

Initial tumor Tumor diameter at
diameter repeated imaging Percentage
Statistic (cm) (cm) change
Mean 23+1.4 1.8+1.5 -29%
Range 1.14-6.29 0-5.04
Median 1.8 1.6

expected to be somewhat unsatisfactory when using a tracer that
exhibits essentially perfusion-rate-limited delivery to tissue, be-
cause the fractional distribution of cardiac output to major organs
should largely be independent of total body mass. Although more
technically demanding than a simple SUV calculation, the
microsphere-like tissue trapping of the >Cu radiolabel should allow
robust, and reasonably convenient, ©>Cu-ETS perfusion measure-
ments in the whole-body scans by applying an image-derived
arterial input function of the type acquired in the present dynamic
studies.

The lung lesions were somewhat demanding in the modeling for
flow quantification, due to the need to define whether individual
tumors derived their arterial blood flow from the pulmonary, or
brachial, artery. This is a problem that will be unique to lung
metastases, and differentiation of the perfusion source proved
readily feasible by kinetic analysis of the dynamic data acquired
for image-based definition of the blood input function based on
cardiac regions of interest.

Limitations of the present study include the limited total
number of subjects and the focus solely on metastatic renal cell
carcinoma. Because of the study design, repeatability was not
defined. The ?Cu half-life certainly allows a study design in-
volving replicate imaging to directly assess test-retest reproduc-
ibility. But in consideration of the medical condition of these
volunteers, that additional data collection was judged to be best
deferred to a subsequent study. Expansion of this validation pro-
tocol is now under way for the assessment of %2Cu-ETS perfor-
mance in a broader array of tumors.

CONCLUSION

This study demonstrates that ©2Cu-ETS can be used as an alter-
native to 1>O-water for tumor perfusion imaging in patients with
metastatic renal cell carcinoma and illustrates the feasibility of
whole-body PET/CT imaging with 62Cu, despite its short half-life,
using a radiopharmaceutical that produces tissue trapping of the
radionuclide.
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