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Abstract

Purpose—The behavior of 84Cu-ATSM in hypoxic tumors was examined through a combination
of /in vivo dynamic PET imaging, and ex v/vo autoradiographic and histological evaluation using a
xenograft model of H&N squamous cell carcinoma.

Methods and Materials—%Cu-ATSM was administered during dynamic PET imaging, and
temporal changes in 84Cu-ATSM distribution within tumors were evaluated for at least 1 h and up
to 18 h. Animals were sacrificed at either 1 h (cohort A) or after 18 h (cohort B) post-injection of
radiotracer and autoradiography performed. Ex vivoanalysis of microenvironment sub-regions
was conducted by immunohistochemical staining for markers of hypoxia (Pimonidazole
Hydrochloride) and blood flow (Hoechst-33342).

Results—Kinetic analysis revealed rapid uptake of radiotracer by tumors. The net influx (Kj)
constant was twelve-fold that of muscle, while the distribution volume (V4) was five-fold. PET
images showed large tumor-to-muscle ratios, which continually increased over the entire 18 h
course of imaging. However, no spatial changes in $4Cu-ATSM distribution occurred in PET
imaging after 20 minutes post-injection. Microscopic intratumoral distribution of 54Cu-ATSM and
Pimonidazole were not correlated at 1 h or after 18 h post-injection, and neither was 84Cu-ATSM
and Hoechst-33342.

Conclusions—The oxygen partial pressures at which 4CuATSM and Pimonidazole are reduced
and bound in cells are theorized to be distinct and separable. However, this study demonstrated
that microscopic distributions of these tracers within tumors are independent. Nonetheless,
researchers have shown 84Cu-ATSM uptake to be specific to malignant expression, and this work
has also demonstrated clear tumor targeting by the radiotracer.
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Introduction

As early as 1987, Rasey et al. proposed PET imaging to quantify tumor hypoxia using 18F-
fluoromisonidazole (18F-FMISO), a member of the 2”-nitroimidazole family of compounds
(1). However, 18F-FMISO has inherent limitations for in vivo hypoxia imaging due noisy
images due to slow uptake and blood clearance (2). Thus for hypoxia specificity, late
imaging times post-injection are needed, which result in noisy PET images. The desire for a
radiotracer that rapidly produces high signal intensity PET images has motivated
investigations of the highly lipophilic bis(thiosemicarbazone) compounds, specifically
Copper-diacetyl-bis(N*-methylthiosemicarbazone) (Cu-ATSM) (3).

The mechanism of uptake of Cu-ASTM in tumors was believed to be hypoxia specific, as
partial dependent Cu-ATSM uptake was reported in 9L gliosarcoma preclinical models
pressure of oxygen (pO,) using hydralazine and inhaled oxygen content to manipulate
average pO, values in tumor tissue (4). Moreover, early clinical trials found SUV of Cu-
ASTM to be prognostic for radiotherapy outcome in lung (5), cervical (6), and rectal (7)
cancers. However, distinct cell-line dependency in 84Cu-ATSM uptake rates have been
shown in vitro (8, 9), and tumor model dependencies were also revealed for /n vivo PET
imaging (10). Study of R3327-AT prostate tumor models showed reverse PET distribution
of 64Cu-ATSM versus 18F-FMSIO at early times post-injection, but showed improved
agreement between the radiotracers in late images acquired 18 h post-injection of 84Cu-
ATSM. Other studies suggest that 84Cu-ATSM may not be hypoxia specific in prostate
cancer models in general (9). However, a FaDu H&N tumor model showed close visual
agreement between 18F-FMISO and 54Cu-ATSM PET images at both the early and late
time-points (10). The apparent agreement between 18F-FMISO and $4Cu-ATSM PET
images with little evolution in the macroscopic $4Cu-ATSM distribution led to the
interpretation of rapid hypoxia-specific localization of $4Cu-ATSM within these types of
cancers (10).

Interpretation of nuclear images of tumor hypoxia may be complicated by difficulties in
determining to what extent radiotracer distribution is determined by “supply” (/.e. perfusion,
vascularity) or “demand” (7.e. pO, level). Yet, the rapid cellular uptake of Cu-ATSM, as
observed in preclinical and clinical studies, has led to clinical PET protocols adopting early
imaging times of between 20 min to 50 min post-injection. However, it remains to be
determined whether early Cu-ATSM PET imaging is significantly affected by non-specific
radiotracer delivery, and whether delaying acquisition to late time-points, when vascular
clearance has completed, would provide a hypoxia specific image. In the FaDu tumor
model, the assumption of rapid and hypoxia specific 54Cu-ATSM accumulation had not
been validated. The association of Cu-ATSM PET signals with hypoxia specific
accumulation or with vascular delivery and perfusion cannot be determined without studying
the pharmacokinetics of the radiotracer. Also, the limited spatial resolution of PET did not
provide sufficient information about hypoxia specific vs. non-specific accumulation of Cu-
ATSM within the tumor microenvironment. To answer these questions, we performed
kinetic PET imaging of FaDu tumor models followed by digital autoradiography and
immunohistochemical analysis in animals sacrificed at early (1 h) and late (after 18 h) time-
points post-injection of 84Cu-ATSM.

Methods and Materials

Tumor models

Subcutaneous xenografts of FaDu human H&N tumors were grown in nude rats in
accordance with an Institutional Animal Care Committee (IACUC) protocol. 1x108 tumors
cells were implanted in the right hind limb of each animal, and tumors allowed to grow for 2
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to 3 weeks until their longest diameters reached 20 mm + 4 mm standard deviation, with an
average tumor volume of approximately 3 cm3. Animals were then divided into equally
sized (n7= 4) cohorts A and B; each cohort differing only in the duration of PET imaging
protocols and time of sacrifice (7.e. early or late times post-injection).

Radiotracer and histochemical marker administration

PET imaging

During /n vivo PET imaging, radiolabeled Cu(ll)-diacetyl-bis(N(4)-
methylthiosemicarbazone) (B4Cu-ATSM) was administered, as an intravenous bolus of 43.3
MBq * 8.4 MBq standard deviation. The injected volume of the radiotracer bolus was
approximately 350 L, and injections were followed by a 500 p.L saline flush. The 84Cu-
ATSM radiotracer had been synthesized at the Cyclotron-Radiochemistry core facility of the
institution with radiochemical purity of 99% as assessed by instant thin layer
chromatography. High specific activity 64Cu radioisotope was obtained from Washington
University School of Medicine, and ligand synthesis and labeling was done using published
methods (3). The longer radiological half-life of 4Cu (z = 12.6 h) allowed negligible
difference in noise between early and late emission images. For subsequent ex vivo
immunohistochemical analysis, both cohorts were intravenously administered 80 mg/kg of
Pimonidazole Hydrochloride (Pimonidazole) at 3 hours prior to sacrifice, and 15 mg/kg
Hoechst-33342 at 5 minutes prior to sacrifice.

All PET imaging was performed on the Focus 120™ (Siemens Medical Systems, USA)
preclinical microPET® system and animals were anesthetized by isoflurane inhalation.
Cohort A were scanned in a 90-minute dynamic (list mode) PET sequence, and then re-
scanned for 10-minute PET acquisitions at 6 h and 18 h after the injection of $4Cu-ATSM.
Cohort B underwent a 50-minute dynamic PET sequence only. Cohort A required additional
immobilization via a molded foam bed and skin tattooing for consistency in positioning of
the tumor between the early and late imaging sessions. PET acquisitions were initiated ~10 s
prior to administering the bolus to ensure adequate sampling of the initial venous passage of
the radiotracer. The list-mode data then were binned into time-frames designed to finely
sample the early phases of the pharmacokinetics. Ordered Subset Expectation Maximization
(OSEM) with calculated attenuation-correction was used for image reconstruction.

Pharmacokinetic analysis

Regions of interest (ROI) within the tumor and normal tissue were delineated using PET
images acquired at 40 min post-injection. Necrotic tumor tissue was excluded from
pharmacokinetic analysis by delineating only voxels = 30% of the maximum tumor signal.
The muscle ROI was identified within the left hind leg. The venous ROI was a lateral vein at
the base of the tail and delineated in PET images acquired within the first 10 s post-
injection. Time activity curves (TAC) were derived from the mean activity concentration
within each ROI at each time-frame of the dynamic PET sequence. Tissue activity
concentration functions (Cy), the TAC of tumor or muscle ROI, were then compared to
venous input functions (Cp), which was estimated as the TAC for whole blood in the venous
ROIL. Influx-constants or steady-state trapping rates (K;) were calculated by linear regression
analysis of Patlak (11) plots of Cy/C,, ratios versus normalized time integrals of C,,. The
distribution volume (V) were also calculated by Logan plots (12) of time integrals of C; and
Cp.

Ex vivo autoradiography, histology, and immunohistochemistry

Immediately after sacrifice, a 30 gauge angiocatheter was placed in a central tumor location
perpendicular to the PET imaging plane, as a fiducial marker for ex vivo image registration.
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The tumors were removed with the angiocatheter /7 situ, embedded in specimen mounting
medium, frozen, and sliced into 10-m-thick tissue sections. Two tissue sections per animal
were used for microscopic imaging, which correspond to PET image locations with the
anterior and posterior or the superior and inferior halves of the tumor.

Digital autoradiographs of $4Cu-ATSM microdistributions were obtained by exposing tissue
sections to a phosphor imaging screen for 12 h at —20°C. Immunofluorescence staining of
Pimonidazole and Hoechst-33342 was carried out, and the tissue sections imaged by
fluorescence microscopy. General histology was also assessed by hematoxylin and eosin
(H&E) staining. Autoradiographic and microscopic images were co-registered using image
processing software by aligning the fiducial marks and tissue boundaries. Image
registrations were evaluated to maximize the normalized mutual information criterion
between the microscopic images. Co-registered microscopic images were then resampled
down to the 50-pum pixel-size of autoradiographs, using a box filter to retain contrast and
relative pixels intensities.

Spatial analysis

Results

None of the extrinsic markers was observed to pool in necrotic regions, and co-distributions
within muscle were not relevant to this study. Therefore, analysis of spatial correlation was
selectively restricted to viable tumor as identified by H&E histology, excluding necrosis,
muscle and other non-tumor tissue. The relationships between microdistributions of 64Cu-
ATSM, Pimonidazole, and Hoechst-33342 within viable tumor regions were quantified by
Spearman rank correlation coefficients (Spearman’s p). To facilitate visualization of
scattergrams and to evaluate statistical trends, the several thousand pixel-values of each
microdistribution image were binned into deciles (13).

PET images indicated significantly higher accumulation of 64Cu-ATSM in tumors than in
muscle tissue (p < 0.01). Figure 1 shows a sequence of PET images of a typical tumor, and
spans the time-frame from 20 min to 18 h post-injection. At 20 min, tumors exhibited four-
fold higher 84Cu-ATSM uptake than muscle, and tumor-to-muscle ratios continued to
increase over time, reaching twelve-fold at 18 h. Due to hepatobiliary clearance of 54Cu-
ASTM metabolites, gut uptake became apparent in later PET images and peaked at 6 h post-
injection in figure 1.

Digital autoradiography confirmed higher accumulation of radiotracer within tumor cells as
compared to muscle. In figure 2, autoradiographs were compared to histology, and show an
example of microdistributions of 64Cu-ATSM within a tissue section. Qualitatively, 54Cu-
ASTM concentrations in viable (non-necrotic) tumor tissue were visibly higher than the
surrounding muscle. Additionally, microdistributions of radiotracer were heterogeneous
within the viable tumor region.

The mean activity within PET voxels, PET nean, Of tumor and muscle regions was used to
quantify net $4Cu-ATSM retention in the tissues. TACs in figure 3(a) was generated by
plotting the PETnean Values of dynamic PET images after correcting for radiological decay
between the imaging time-points. PET yean Values within muscle remained statistically
constant (p > 0.01) after 20 min post-injection. In contrast, PET nean in tumors rapidly
increased within the first minute, reaching a pseudo-plateau then continued to increase at a
much slower rate, indicating that net 84Cu-ATSM retention within tumors did not reach an
absolute steady state even at many hours post-injection. Despite continual increase in

PET mean, macroscopic distributions of radiotracer within the PET images remained stable,
with high spatial correlation (Pearson’s r > 0.6) between PET images of the tumors acquired
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at 18 h and at 20 min post-injection. The stable macroscopic distributions were also apparent
in figure 1.

Pharmacokinetic analysis

Patlak and Logan plots were generated for each rat, and linear regression analysis was used
to fit data points that corresponded to a time interval spanning 3 min through 50 min post-
injection. The time interval for regression analysis was selected because the sharply rising
initial segment of Patlak plots flattened after 3 min and dynamic data for cohorts B only
extended to 50 min post-injection. Examples of Patlak and Logan plots and linear regression
fits are shown in figure 3(b, c), while table 1 detailed tumor-to-muscle ratios of the
pharmacokinetic parameters.

Regression analysis of the Patlak plots often showed marginal to poor fits to a linear line.
This can be observed as divergent data points in figure 3(b) and was indicated by low r2
regression values, especially for muscle ROIls. This indicates that steady state was not
reached at 50 min post-injection and that trapping was not irreversible. As a consequence of
the poor Patlak fits, the estimate of influx rate, K;, had wide 95% confidence intervals. For
tumors, the 95% confidence intervals about the mean K; was [2.8x1072 min~1 to 3.5x1072
min~1]. For muscle the Patlak fits were slightly worse with a wider 95% confidence interval
of [3.0x1073 min~! to 5.0x10~3 min~1] about the mean K; value. In contrast, Logan plots
showed distinct linear trends, with r2 regression values well above 0.9 for both tumor and
muscle ROIs; see figure 3(c). Likewise, the pharmacokinetic parameters were better
estimated from these plots. The 95% confidence intervals about the mean volume of
distribution, Vg, was [1.9 ml-cm~3 to 2.1 ml-cm~3] for tumors, and were [0.42 ml-cm~3 to
0.44 ml-cm~3] for muscle.

As shown in table 1, all PET values and most pharmacokinetic parameters were significantly
greater within tumor than in muscle (p < 0.01). At the 95% confidence interval, the K;
values for tumors of 64Cu-ATSM was five-were estimated to be between seven-fold to
eleven-fold that of muscle, while V4 fold greater for tumors than muscle tissue. Within the
50 min post-injection interval, PETyean Within tumors were also five-fold greater. However,
the effective washout rate of 54Cu-ATSM, y,, was indistinguishable (p = 0.02) between
tumor and muscle. Even though effective washout rates were similar, 4Cu-ATSM
concentration within tumors were observed to increase steadily over time. This was
indicated by the slope of TACs in figure 3(a), and in table 1, ratios of PET peqn Within
tumors versus muscle continually increased reaching twelve-fold at 18 h.

Spatial analysis

Scattergram analysis of autoradiographs and immunohistochemical slides showed a random
relationship between microdistribution of $4Cu-ATSM and accumulation of Pimonidazole,
within tumors. Macroscopic PET images in figure 1 were similar over time; nonetheless,
figure 4 and figure 5 illustrate that changes did occur in 84Cu-ATSM microdistributions
between early and late time-points.

In figure 4, no significant trend was found between 54Cu-ATSM and Pimonidazole at either
time-point. Across both cohorts, Spearman’s p values were not significantly greater than
zero (p > 0.05) for seven of the sixteen tumor sections analyzed. Of the nine data sets that
showed significant Spearman’s p values (p < 0.05), six showed negative correlation while
the other three showed positive correlation. Figures 4(c), 4(d) show examples of bimodal
behavior observed between Pimonidazole and 84Cu-ATSM microdistributions at early time-
points, with a positive slope at very low $4Cu-ATSM values followed by a negative slope.
Figures 4(a) and 4(b) are examples of the monotonic trends at late time-points, but note that
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both positive and negative correlations were observed. Inconsistent spatial relationships
between late $4Cu-ATSM and Pimonidazole were even evident among different tissue
sections of the same tumor. Likewise, no visual pattern can be observed between
Pimonidazole fluorescence images and 84Cu-ATSM autoradiographs at the early time-points
of figure 5(c), or the late time-points of figure 5(g). Strong anti-correlation was found
between Pimonidazole and Hoechst-33342 microdistributions (Spearman’s p > -0.9, p K
0.05), and this can also be observed in figures 5(d) and 5(h). A significant positive
relationship was found between early $4Cu-ATSM and Hoechst-33342 (Spearman’s o > 0.9,
p « 0.05); however, no correlation was found after 18 h post-injection. In figure 5,

early 54Cu-ATSM appears co-distributed with the blood flow marker.

No relationship was found between elevated 54Cu-ATSM signal within the tumor and the
hypoxic fraction measured by Pimonidazole positive staining. Corrected for necrosis, the
hypoxic fraction within the tumor sections was calculated as the fraction of the viable tumor
that was Pimonidazole positive. Positive staining was determined by visual inspection, and
corresponded to a color threshold of 1/3 of the 8-bit pixel maximum. Likewise,

elevated 84Cu-ATSM signal was defined as autoradiography signals greater than 1/3 of pixel
saturation level. The hypoxic fraction of the sixteen tumor samples was 28% and ranged
from 16% to 51%. At 1 h, the average 54Cu-ATSM signal in the tumor sections was 55%,
and at 18 h, average %4Cu-ATSM signal was 79%. There was no correlation to hypoxic
fractions at the 1 h (Spearman’s p = 0.33, p = 0.4), or 18 h (Spearman’s p = —0.24, p = 0.6)
time-points.

Discussion

Using a xenograft model of H&N squamous cell carcinoma, we observed rapid tumor
uptake and retention of radiotracer. Tumor-to-muscle ratios were 4:1 within 20 min post-
injection and were still increasing at 18 hr post injection. Yet, this H&N tumor model did
not exhibit an evolution of the macroscopic radiotracer distributions in PET imaging, which
had been observed in other tumors (10). Comparative autoradiography and
immunohistochemical analysis revealed that sub-tumoral distribution of 84Cu-ATSM was
not easily interpreted. $4Cu-ATSM and nitroimidazole-based hypoxia tracers (exemplified
here by Pimonidazole) have quite different uptake dependencies. At 1 h post injection, the
early 54Cu-ATSM showed no correlation to Pimonidazole, but strong positive correlations
with Hoechst-33342, indicative of highly perfused regions. Correlation to Hoechst-33342
was not observed with the late 54Cu-ATSM after 18 h; however, there was still no clear
correlation to the Pimonidazole hypoxia tracer.

Because of the electrochemical properties of Cu-ATSM (3, 14), quantification of Cu-ATSM
PET signals is assumed to provide direct indication of pO, levels and hypoxia in tumors.
However, the precise mechanism of in Cu-ATSM accumulation remains largely unknown,
as Cu-ATSM accumulation occurs under normoxic conditions (8, 15) and is strongly
influenced by genetic characteristics that are independent of pO, status (8, 9, 16). As such,
there is a need to further investigate the pathways of Cu-ATSM transport, to determine if
active influx and efflux of Cu-ATSM and its metabolites (e.g. protein bound 84Cu) are likely
to out-compete pO, dependent retention mechanisms. Strong evidence of active influx and
efflux of Cu-ATSM by cell membrane proteins has been found in human cancer cells (17),
and the expressions of proteins involved in Cu-ATSM transport pathways are likely specific
to the cell type. /n vivo copper homeostasis results in the active transport of protein bound
Cu from plasma into tissue within 30 min or less (18), so during a typical PET scan Cu-
ATSM metabolites may enter the copper regulation cycle and be actively transported into
and out of tumor cells.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2013 November 01.
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Nonetheless, Cu-ATSM PET may provide clinical benefits for tumor demarcation due to
large tumor-to-muscle ratios at early times post-injection. Autoradiographs confirmed higher
Cu-ATSM levels in viable tumor cells versus stromal and muscle tissue. Cu-ATSM PET has
also shown prognostic strengths (5-7), which may be powered by a number of hypoxia-
independent factors. Copper homeostasis in malignant cells is often altered to maintain
significantly higher copper levels (19), which is linked to cancer progression (20). The
potential utility of Cu-ATSM as a tumor imaging agent may lie with its relationship to these
characteristics.
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Figure 1.

Dynamic PET image sequence showing an axial slice though a subcutaneous FaDu tumor.
Tumor-to-muscle ratio of $4Cu-ATSM accumulation continually increased over the 90-
minute imaging sequence; but spatial distribution within the tumor was unchanged. At 6 h
and 18 h, hepatobiliary excretion of $4Cu-ATSM metabolites can be noted within the liver
(not shown) and gut.
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Figure 2.

Histology of FaDu tumor and microdistribution of $4Cu-ATSM. Figures show H&E stained
tissue section (a), and autoradiograph of the same section (b), with the tumor delineated (c).
Arrows indicate a fiducial mark used for image registration.
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Figure 3.

Graphical pharmacokinetic analysis of the behavior of 84Cu-ATSM within tumors (o), and
normal muscle tissues (+) over time. Figures show time activity curves (a), Patlak plots (b),
and Logan plots (c) from the analysis of one representative animal.
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Figure4.

Scattergrams and correlation analysis of Pimonidazole microscopy, Pimo, vs. 4Cu-ATSM
autoradiography, Autorad, in four representative tumors. Figures (a) and (b) show Pimo vs.
early Autorad at 1 h post-injection of 84Cu-ATSM. Figures (c) and (d) show Pimo vs. late
Autorad at 18 h. The central 99% of pixel values from scattergrams (a.1), (b.1), (c.1), and (d.
1) were binned into deciles for analysis of spatial correlation between the Pimo vs. Autorad
microdistributions. This correlation analysis is shown in the plots correspondingly labeled

@2), (0.2), (c.2), and (d.2).
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Figurebs.

Microenvironmental features at early and late time-points post injection of $4Cu-ATSM.
Figures (a) and (e) are H&E stained tumor histology tissue sections of two FaDu tumors.
The viable tumor regions were contoured on H&E histology and are indicated by white lines
in the corresponding immunohistochemical and autoradiographic images. Early and

late 84Cu-ATSM autoradiographs, at 1 h and after 18 h post-injection, are shown in (b) and
(f). Spatial microdistribution of Pimonidazole [green] with the early $4Cu-ATSM [red] is
shown in figure (c) and with the late 4Cu-ATSM in figure (g). Figures (d) and (h) show
Pimonidazole [green] and Hoechst-33342 [blue] microdistributions.
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