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Abstract

OBJECTIVE—Hypoxia is a characteristic of many tumors and portends a worse prognosis in
lung, cervical, prostate, and rectal cancers. Unlike the others, lung cancers present a unique
challenge in measuring hypoxia, with invasive biopsies and higher rates of complications.
Noninvasive imaging studies detecting hypoxia using isotopes of copper-diacetyl-bis(N4-
methylthiosemicarbazone) (82Cu-ATSM) have predicted prognosis and treatment outcomes in
some small feasibility trials. These images, however, may not identify all areas of hypoxia. Hence,
we hypothesize that the addition of another PET imaging agent, copper-pyruvaldehyde-bis(N4-
methylthiosemicarbazone) (82Cu-PTSM), which can detect areas of perfusion, can augment the
information obtained in 52Cu-ATSM PET scans.

SUBJECTS AND METHODS—To characterize tumors on the basis of both perfusion and
hypoxia, 10 patients were studied using both $2Cu-ATSM and $2Cu-PTSM PET scans. In addition,
proteomic arrays looking at specific proangiogenic, survival, and proinflammatory targets were
assessed.

RESULTS—Six of 10 patients had evaluable PET scans. Our initial experience of characterizing
lung tumor hypoxia using $2Cu-ATSM and 52Cu-PTSM PET scans showed that visualization of
areas with hypoxia normalized for perfusion is feasible. All studied tumors exhibited some
hypoxia. Despite the small sample size, a positive relationship was noted between epidermal
growth factor levels and 82Cu-ATSM-detected hypoxia.

CONCLUSION—This initial series of 52Cu-ATSM and 2Cu-PTSM PET scans shows that
evaluating lung masses by visualizing hypoxia and perfusion is a feasible and novel technique to
provide more information. Further investigation is warranted to assess the potential role of 82Cu-
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ATSM and 52Cu-PTSM PET techniques combined with proteomics as alternatives to invasive
biopsy techniques in clinical care.
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Lung cancer has the highest cancer-related mortality and is the second most common
malignancy in both men and women in the United States, with more than 160,000 deaths
and 226,000 new cases in 2012 [1]. Mortality from lung cancer is high; even patients
diagnosed with stage | non—small cell lung cancer have a 5-year survival rate of less than
70%.

Hypoxia is a common characteristic of most solid tumors, including lung, head and neck,
cervical, and breast cancers [2]. The tumor microenvironment has areas of both chronic
hypoxia (low perfusion and oxygen permeation at all times) and cycling hypoxia
(intermittent low oxygen transport) [3]. Both types of hypoxia are known to induce
resistance to treatment, enhance tumor progression, and ultimately reduce patient survival
[2]. Importantly, hypoxia upregulates hypoxia-inducible factor 1 (HIF-1)-dependent
pathways that promote adaptation to low oxygen availability. HIF-1 activates more than 70
genes involved in anaerobic glycolysis, oxidative stress response, angiogenesis, and tumor
progression [4]. Recently, levels of carbonic anhydrase isoform IX, an HIF-1-dependent cell
transporter protein involved in pH regulation, have been associated with a worse prognosis
in patients with early-stage non—small cell lung cancer [5]. Many proteins, such as
plasminogen activator inhibitor-1 and vascular endothelial growth factor (VEGF), are
upregulated with HIF-1 induction in tumor hypoxia; these proteins may be useful as serum
biomarkers for detecting treatment responses as well as disease progression [4].

Fluorine-18-FDG PET scan is currently the most efficacious way to detect and monitor
malignancies, including lung tumors, during therapy. However, both malignant tumors and
benign conditions, such as granulomatous disease and infectious disorders, can show avidity
on FDG PET, so it is often difficult to distinguish malignancies from false-positive
conditions. To improve radiographic specificity for malignant tumors, hypoxia, one of the
hallmarks of malignancy, has been recognized as a potential imaging target.

Recently, novel molecular imaging techniques using copper-diacetyl-bis(N4-
methylthiosemicarbazone) (82Cu-ATSM) have been used to image tissue hypoxia [6]. These
techniques take advantage of several positron-emitting copper isotopes,

including 89Cu, %1Cu, 62Cu, and 84Cu [7-9], which vary in positron energy and half-life.
The shorter lived isotopes, 0Cu and 82Cu, with half-life periods of 23.4 and 9.7 minutes,
respectively, are typically used clinically. Copper-64 has a 12.3-hour half-life, making it
more suitable for preclinical studies [10].

Copper-pyruvaldehyde-bis(N4-methylthiosemicarbazone) (62Cu-PTSM) is reduced readily
by the mitochondria, is retained in most tissues, and, thus, can be used as a marker of tissue
perfusion [9]. $2Cu-ATSM is an analog of $2Cu-PTSM but has a lower redox potential,

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 3

allowing $2Cu-ATSM to be selectively reduced in hypoxic cells, where it is trapped and
used in cellular macromolecules [11].

PET with these radioisotopes has been studied in a variety of clinical trials. Although many
of these trials examine tumor hypoxia by using 52Cu-ATSM, they do not concurrently image
tumor perfusion. The uptake of $2Cu-ATSM has been evaluated as an imaging marker of
hypoxia and is associated with different treatment outcomes in lung and cervical cancer. In
one study, 52Cu-ATSM uptake was strong in six patients with lung cancer, compared with
very minimal lung uptake in four healthy control subjects. In addition, $2Cu-ATSM did not
have the same distribution of uptake as FDG, confirming that areas of tumor hypoxia and
low blood flow do not have high levels of metabolic activity [12]. Furthermore, an inverse
relationship has been observed between 50Cu-ATSM uptake and progression-free survival in
38 patients with locally advanced cervical cancer [13]. Indeed, in 19 other patients with lung
cancer, treatment responses were more likely to occur in patients whose tumors exhibited
less hypoxia with lower 80Cu-ATSM uptake [14]. These studies have shown the feasibility
of using 89Cu-ATSM PET scans in following up treatment responses; however, they have
not explored the dependence that this marker of hypoxia has on tumor perfusion.

To exploit the clinical potential of hypoxia as a prognostic biomarker or therapeutic target,
our group previously reported a proof-of-concept study showing the difference in 2Cu-
PTSM and 82Cu-ATSM accumulation between two patients with solitary lung nodules, one
with malignant adenocarcinoma and another with a benign granuloma [15]. We then
hypothesized that these imaging studies would be feasible for characterization of locally
advanced lung cancer according to tissue hypoxia and perfusion. The current study
investigates the feasibility and utility of the novel imaging techniques of both $2Cu-ATSM
and %2Cu-PTSM PET to characterize both tissue hypoxia and perfusion. In addition, plasma
samples were collected from patients for proteomic analysis; these proteomics results were
correlated with those obtained from hypoxia imaging studies.

Subjects and Methods
62Cu-PTSM and 82Cu-ATSM Synthesis

Patients

On the day of each scan, 2Cu isotope was obtained from a 2Zn/62Cu minigenerator (PDI,
Proportional Technologies). Then, radiolabeled $2Cu-ATSM and 2Cu-PTSM compounds
were produced using a rapid synthesis kit ((2Cu-BTS kit, Proportional Technologies). The
Duke Medical Center Radioactive Drug Research Committee approved the use of 82Cu-
ATSM and 52Cu-PTSM for human research.

Patients were recruited at Duke University Medical Center after referral to the study by their
surgeon or medical oncologist. Patients who enrolled in this study had either histologically
confirmed malignancy or a greater than 75% likelihood of malignancy by expert agreement
from a multidisciplinary team of thoracic surgeons and thoracic medical oncologists (the
principal investigator). Inclusion criteria included age greater than or equal to 18 years,
Eastern Cooperative Oncology Group performance status 0-2 (Karnofsky score, > 60%),
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normal renal (estimated glomerular filtration rate > 60 mL/min) and bone marrow (absolute
neutrophil count > 1500 cells and platelet count > 100,000) function, eligibility for surgical
resection (limited disease on imaging studies and negative mediastinoscopy), and ability to
understand the informed consent. Exclusion criteria included chemoradiotherapy within the
past year, uncontrolled diabetes mellitus, and pregnancy. The Duke University Medical
Center institutional review board approved the clinical protocol, and patients signed the
written informed consent before participating in this imaging study.

Patients initially underwent unenhanced CT of the chest with the patient in quiet end-
expiration. CT scans with parameters of 3.75-mm slice thickness, pitch of 1.375:1, table
speed of 27.5 mm per rotation, and rotation time of 0.5 second were obtained with
acquisition times of less than 10 seconds.

A PET/CT scanner with a 16-MDCT unit (Discovery ST, GE Healthcare) was used for PET.
All PET examinations were corrected on the basis of CT attenuation. PET images were
acquired in the 2D mode and were reconstructed using ordered subset expectation
maximization (30 subsets and two iterations) with a 50-cm diameter FOV and 128 x 128
matrix.

Patients underwent PET with FDG using a routine clinical protocol after a 4-hour fast.
Patients were injected with FDG (mean dose, 12.8 + 2.4 mCi [473.6 = 88.8 MB(]). FDG
PET was performed 1 hour after FDG injection. Patients who had already undergone PET
were not required to undergo another FDG scan.

Patients were injected first with the radioactive tracers 52Cu-PTSM (mean dose, 10.9 + 4.4
mCi [403.3 + 162.8 MBq]) followed by 52Cu-ATSM (mean dose, 11.5 + 3.4 mCi [425.5 +
125.8 MBq]) with a minimum separation time of 50 minutes to allow radioactive decay of
the previous tracer, which was consistent with protocol algorithm. Serial PET was then
performed over a single bed position to include the pulmonary nodule. Dynamic PET
images were acquired immediately after IV injection of each radiotracer, with frames
multiplied by frame time of 12 x 10, 4 x 30, 3 x 120, and 2 x 300 seconds. Total acquisition
times were 20 minutes after each injection. The 52Cu-ATSM and $2Cu-PTSM standardized
uptake values (SUVs), obtained from the last time point when steady state values were
established, were tabulated. Because there are several kinetic analysis models in the
literature with varying mechanisms, with lack of validation of any of these models, we chose
not to use Kinetic analysis.

Normalization of $2Cu-ATSM by 62Cu-PTSM

Mechanistically, 52Cu-PTSM leaks out of the vasculature into the extravascular space and
then diffuses freely into cells, where it is irreversibly trapped by reduction and
disassociation. Copper-62-ATSM behaves in much the same way, except that reduced 52Cu-
ATSM in the cells is reoxidized in the presence of oxygen, allowing it to diffuse out of cells.
Thus, the amount of 52Cu-ATSM trapped in cells by reduction and disassociation is a
measure of the lack of oxygen. Assuming that the dynamics of $2Cu-ATSM and %2Cu-
PTSM leakage from the vasculature are similar, the amount of $2Cu-PTSM trapped in cells
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is an indirect measure of the approximate amount of $2Cu-ATSM that diffused into the cells
before being either irreversibly trapped or escaping from the cell after reoxidation. It follows
that the ratio of 52Cu-ATSM SUV to 52Cu-PTSM SUV (“normalized $2Cu-ATSM”) in a
tumor voxel is a measure of hypoxia because it reflects the fraction of 52Cu-ATSM entering
the voxel that is eventually trapped. A larger ratio implies greater hypoxia. SUV is used in
the normalization to scale activity by the total injected activity, which differs between %2Cu-
ATSM and 52Cu-PTSM. Overall tumor hypoxia is defined here as the mean over all tumor
voxels of the normalized 52Cu-ATSM SUV (similar to mean FDG SUV being used to
describe tumor glycolysis).

Surgical Resection

Patients underwent wedge resection or lobectomy at the discretion of their surgeon. All
samples were sent for routine surgical pathologic analysis, and histopathologic data were
obtained.

Serum Cytokine Arrays

Serum from patient blood samples obtained at the time of FDG PET scans was used to
assess levels of specific protein markers. Proteomic arrays using kits from Meso Scale
Discovery were performed according to the manufacturer’s protocol. Kits used were the
MULTI SPOT 96 4-Spot Human Hypoxia Triplex (erythropoietin, VEGF, and insulin
growth factor binding protein-1), the MULTI SPOT 96 4-Spot Prototype Human Single-
Plex epidermal growth factor kit, the MULTI SPOT 96 4-Spot Human Prolnflammatory-4 11
kit (interleukin [IL]-1p, IL-6, IL-8, and tissue necrosis factor-a), and the MULTI SPOT 96
4-Spot Human Growth Factor I kit (basic fibroblast growth factor, soluble FMS-like tyrosine
kinase 1, placental growth factor, and VEGF). All 96-well plates were read using the
SECTOR Imager in the Duke Proteomics Core Facility.

Statistical Analysis

Results

The ratio of 82Cu-ATSM to 52Cu-PTSM was calculated as the mean of 52Cu-ATSM

to 52Cu-PTSM ratios over all tumor voxels. For the imaging portion of this study,
descriptive statistics were used to report calculated SUVs and ratios in relation to the size
and pathologic profile of each patient’s pulmonary lesion. Basic statistics were performed
for calculation of the reported correlation values in the cytokine array data.

Patient Characteristics

From April 2, 2008, until September 8, 2008, a total of 10 patients were enrolled in this
study. Results from the first two patients were reported previously [15]. Of the other eight
patients, one patient did not tolerate the procedure because of claustrophobia and therefore
did not undergo all sequences of PET. Longer acquisition sequences than initially projected
were used in analysis, and, thus, scans from only six patients were available for
comprehensive analysis. Patient characteristics (including those reported previously) are
presented in Table 1.
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Patients were all in the sixth to eighth decades of life. Eight of 10 patients were men, and
two were women. All patients had initial studies that showed high suspicion for malignancy,
with high FDG uptake on FDG PET (SUV range, 5.5-17.6), and subsequently underwent
surgical resection. On pathologic analysis, eight patients had malignancies: six patients had
adenocarcinoma of the lung, one had sarcomatoid carcinoma of the lung, and another had
metastatic head and neck squamous cell carcinoma. One patient had a benign granuloma, as
previously reported, and the final patient had pulmonary Langerhans cell histiocytosis.

62Cy-ATSM and 62Cu-PTSM PET Scans

For all six study patients, FDG PET and both 82Cu-ATSM and 82Cu-PTSM PET scans were
acquired (Table 2). The ratio between 2Cu-ATSM and 62Cu-PTSM was computed as the
sum of all the ratios for all voxels divided by the number of voxels (Table 3). Figure 1 is a
representative image of patient 3, with stage 1V lung adenocarcinoma and bilateral lung
nodules on presentation. Patient 3 also had the second highest amount of tumor hypoxia as
detected in the ratio between $2Cu-ATSM and %2Cu-PTSM.

Figure 2A shows representative images from patient 5, who had stage 111 sarcomatoid
carcinoma of the lung. In this patient’s scans, the highest ratio of 52Cu-ATSM to 62Cu-
PTSM was found, indicating the highest levels of hypoxia. Patient 6 had stage 111
adenocarcinoma of the lung in the right lower lobe and the third highest levels of hypoxia, as
depicted in Figure 3. The patient with pulmonary Langerhans cell histiocytosis had the
second lowest levels of hypoxia (Fig. 4). We did not find the same difference between
hypoxia detected in patients with malignancies and that detected in the patient with
pulmonary Langerhans cell histiocytosis as we found between adenocarcinoma and
granuloma in our initially published work.

Of the last two patients who were enrolled, both had adenocarcinoma on pathologic analysis,
stage Il and 1, respectively, with the least tumor hypoxia on 82Cu-ATSM and %2Cu-PTSM
PET scans on the former and the second-highest levels of tumor hypoxia on $2Cu-ATSM
and 92Cu-PTSM PET scans in the latter (not depicted).

Figure 5A displays 52Cu-ATSM and 52Cu-PTSM (divided by their respective injected
activities) as a function of distance from the center of the tumor, as imaged in patient 5.
Both 2Cu-ATSM and 52Cu-PTSM levels increase as distance increases from the center of
the tumor. This is as expected for 52Cu-PTSM, because greater peripheral vasculature leads
to greater extravascular diffusion. Contrary to expectations, 52Cu-ATSM also increases
toward the periphery, implying that the periphery is relatively more hypoxic than the center.
Figure 5B shows 92Cu-ATSM normalized to 52Cu-PTSM as a function of distance.
Normalized $2Cu-ATSM shows an expected decreasing trend toward the periphery, because
the periphery of the tumor is more perfused and therefore less hypoxic than the center. This
increase in hypoxia in the periphery was only seen for patient 5, because this tumor had the
largest volume of all of those scanned. The other tumors were all too small to show a trend
for increased hypoxia in the tumor periphery.
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Of the two patients whose PET scans were not analyzed because of technical difficulty in
completing the scans, one patient had stage 1V head and neck cancer, and the other patient
had stage IV adenocarcinoma of the lung.

Serum Biomarkers

Candidate protein biomarkers known to be involved in tumor responses and tumor
progression were studied in serum samples from all 10 patients who were initially enrolled.
Figure 6 depicts the relationship of EGF plasma concentrations as a function of the 62Cu-
ATSM-t0-52Cu-PTSM ratio. As the $2Cu-ATSM-to-62Cu-PTSM ratio increases, as a marker
of increasing hypoxia in the tumors, plasma concentrations of EGF decrease (r = -0.87; R?
=0.76).

Figure 7A shows VEGF and soluble FMS-like tyrosine kinase 1 concentrations for these
patients; both VEGF and soluble FMS-like tyrosine kinase 1 are proteins known to be
important for hypoxia adaptation. Interestingly, although higher serum levels of VEGF
correlated to higher tumor hypoxia (r = 0.22; R? = 0.05), lower serum levels of soluble
FMS-like tyrosine kinase 1 correlated to higher tumor hypoxia (Fig. 7B) (r = —0.54; R2 =
0.29). Other potential candidate markers screened included serum proteins involved in
proinflammatory stress responses, such as IL-1p, IL-6, IL-8, and tissue necrosis factor—a, as
well as growth factors important for tumor survival (EGF, basic fibroblast growth factor,
and placental growth factor) (not shown). No trends were found between tissue hypoxia as
detected by 92Cu-ATSM and %2Cu-PTSM PET scans and these serum protein levels.

Patient Survival

We compiled survival data on the six patients who completed all of the PET scans (Table 3).
The mean duration of follow-up was 24 months. Of the two patients with stage 1V
adenocarcinoma of the lung, one survived 14 months and the other survived 15 months.
Another patient had stage 111 sarcomatoid carcinoma of the lung, the most hypoxic by 62Cu-
ATSM normalized to $2Cu-PTSM, and also survived 5 months after diagnosis. Patient 6 had
stage 111 adenocarcinoma, with the third highest hypoxia levels by 62Cu-ATSM and 52Cu-
PTSM imaging, and survived only 4 months. Of the remaining three patients, patient 8 had
benign pulmonary Langerhans cell histiocytosis and was alive at more than 2 years; he had
the second lowest hypoxia levels by imaging. In addition, patients 9 and 10 with early-stage
(stage I and I1) lung adenocarcinoma were also alive at more than 2 years. The patient with
stage Il adenocarcinoma had the lowest hypoxia levels, and the patient with stage |
adenocarcinoma had the third-lowest hypoxia levels. Taken together, it appears as though
the lower hypoxia levels by $2Cu-ATSM and %2Cu-PTSM PET correspond to a trend toward
longer survival.

Discussion

Given the difficulty and potential complications of biopsies for lung malignancies, it is
important to develop noninvasive methods for stratifying patients who have cancerous lung
lesions. Our results with 52Cu-ATSM and 52Cu-PTSM PET show the feasibility of
noninvasive imaging to detect hypoxia in pulmonary lesions with short-acting radiotracers

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 8

as markers of both tissue perfusion and hypoxia. On the basis of our preliminary study of
two patients, a benign granuloma was differentiated from lung adenocarcinoma with the
low 52Cu-ATSM uptake in the benign granuloma and high 82Cu-ATSM uptake in the lung
adenocarcinoma. Our current experience shows the feasibility of $2Cu-ATSM and %2Cu-
PTSM imaging in an additional six patients with pulmonary lesions.

To the best of our knowledge, this is the first study in which two different markers to detect
both perfusion and hypoxia have been used together in PET to assess cancer. Using the two
radiotracers together was possible because of their relatively short half-life periods. By
comparing the two scans for each patient in taking the ratio between 62Cu-ATSM and 62Cu-
PTSM uptake rates to normalize $2Cu-ATSM for 62Cu-PTSM, we were able to obtain more
information regarding hypoxic areas within the lesions than with the $2Cu-ATSM scan
alone. The 82Cu-ATSM-t0-52Cu-PTSM ratio could possibly improve characterization of
hypoxia, particularly in different areas of pulmonary lesions. New advances in MRI have
produced dynamic contrast-enhanced MRI, which images tissue perfusion [16], as well as
blood oxygen level-dependent MRI, which images changes in oxygenation [17]. Given the
practical nature of PET in both cost and time efficiency when compared with MRI, we
suggest that the 52Cu-ATSM and $2Cu-PTSM techniques provide a potentially clinically
useful tool in imaging both tissue hypoxia and perfusion.

There was a steep learning curve during study implementation, which limited our ability to
perform full analyses on all 10 patients who were originally enrolled. We realized during the
study that a full analysis on hypoxia would necessitate sequences acquired over 20 minutes
for each of the 52Cu-ATSM and 82Cu-PTSM PET scans. Because of claustrophobia and
difficulty lying flat, one patient could not tolerate this extended duration of image
acquisition for the full scans. These limitations restricted our analysis to only six patients.

Cytokine arrays were used to identify candidate protein targets in serum, with the aim of
correlating serum markers with hypoxia or outcome. Several biomarkers showed large
variability between patients, highlighting their potential for future studies, because ideal
candidate biomarkers should show differences between populations to identify correlations
with outcome [18]. Although our study was too small to draw conclusions about these
biomarkers, a larger cohort may reveal trends correlating with hypoxia or survival.
Moreover, evaluating additional markers, such as plasminogen activator inhibitor-1 and
osteopontin, in conjunction with known survival signals such as VEGF may reveal a protein
signature that identifies a relationship with hypoxia or clinical outcome [19].

There was interestingly a high degree of correlation between higher levels of tumor hypoxia,
as evidenced by the $2Cu-ATSM-to-52Cu-PTSM ratios and lower EGF plasma levels. This
finding suggests that more-hypoxic tumors may be less able to produce growth factor and,
therefore, less able to signal by autocrine loops. The implication of lower EGF production,
however, is still to be determined.

Furthermore, there were relatively higher plasma mean concentrations of VEGF and lower
plasma mean concentrations of soluble FMS-like tyrosine kinase 1 to higher tumor hypoxia,
as detected by $2Cu-ATSM PET scans, although this correlation was unimpressive. VEGF
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receptor—1 (also known as Flt-1) and VEGF receptor-2 (also known as KDR/FIk-1) have
been found to be an essential regulatory system for angiogenesis; Flt-1 has been shown to
have a negative regulatory function for angiogenesis, possibly because of its strong VEGF-
trapping activity [20]. Our finding is supportive of the known inverse relationship between
VEGF and Flt-1. Unexpectedly, the patient who had the most hypoxia on 52Cu-ATSM scan
had a sarcomatoid lung carcinoma and also had the lowest VEGF and soluble FMS-like
tyrosine kinase 1 concentrations in our serum studies. This finding that high levels of tumor
hypoxia were associated with low levels of VEGF and soluble FMS-like tyrosine kinase 1 is
in contrast to previous studies in patients with non—small lung cancer that suggested that
elevated serum VEGF levels are associated with higher levels of tumor hypoxia and portend
poor prognosis [21]. Furthermore, because the overexpression of HIF-1 is known to increase
VEGEF levels, it is intriguing that we see the opposite trend with hypoxia detected by

the 52Cu-ATSM imaging technique. It is well established that hypoxia is a dynamic feature
of the tumor microenvironment, which may contribute to this unexpected result [2].
Moreover, it is possible that the systemic concentrations of VEGF do not correlate with the
concentration of VEGF seen in the tumor local environment.

Unlike the patient we reported with benign granuloma who had low 52Cu-ATSM uptake
[15], the patient with the nonmalignant inflammatory condition of pulmonary Langerhans
cell histiocytosis also had tissue hypoxia on 82Cu-ATSM and 82Cu-PTSM scans. This tissue
hypoxia was at a level similar to that shown by malignancies. Pulmonary Langerhans cell
histiocytosis is an inflammatory condition in which histiocytes accumulate and produce
local inflammation, resulting first in nodules and later organizing into fibrosis and cystic
lesions [22]. In the earlier nodular phase, the cells at the center of the inflammation and
granulomatous condition may be postulated to be more hypoxic, as seen on this series of
scans.

With this experience of imaging tissue hypoxia and perfusion via 82Cu-ATSM and 62Cu-
PTSM PET scans, we have shown the feasibility of obtaining both measurements of
perfusion and tissue hypoxia in patients who have malignancies, as well as other hypoxic
pathologic abnormalities, in a noninvasive manner. The ability to differentiate hypoxic
tissue from normal tissue potentially may affect the predicting prognosis. Indeed, the
importance of tumor hypoxia on prognosis has been shown by others on surgical pathology
specimens, because hypoxia markers were associated with shorter survival [23].
Furthermore, this noninvasive imaging test for hypoxia could potentially become a surrogate
for measuring tumor response to treatment and would pose a much lower risk but would
provide similar valuable information that would otherwise necessitate biopsies in patients
with pulmonary lesions. Finally, combining $2Cu-ATSM and $2Cu-PTSM scans and
proteomics data may reveal a clinical signature related to hypoxia and clinical outcomes.

By understanding the distribution of tumor hypoxia in pulmonary lesions, we may find
better predictors of recurrence and therapeutic targets in hypoxia pathways. This study
highlights the need for further clinical trials of noninvasive testing to detect hypoxia in
patients with lung cancer.
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Fig. 1.

64-year-old man with adenocarcinoma (patient 3).

A and B, Representative copper-pyruvaldehyde-bis(N4-methylthiosemicarbazone) (A) and
copper-diacetyl-bis(N4-methylthiosemicarbazone) (B) images of bilateral lung nodules are
shown.

AJR Am J Roentgenol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al. Page 13

Fig. 2.
63-year-old man with sarcomatoid carcinoma of lung (patient 5).

A and B, Copper-pyruvaldehyde-bis(N4-methylthiosemicarbazone) (A) and copper-diacetyl-
bis(N4-methylthiosemicarbazone) (B) images of right lower lobe mass are shown.
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Fig. 3.
54-year-old woman with adenocarcinoma (patient 6).

A and B, Images of right middle lobe lesion using copper-pyruvaldehyde-bis(N4-
methylthiosemicarbazone) (A) and copper-diacetyl-bis(N4-methylthiosemicarbazone) (B)
are shown.
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Fig. 4.
53-year-old man with pulmonary Langerhans cell histiocytosis (patient 8).

A and B, Representative images of copper-pyruvaldehyde-bis(N4-methylthiosemicarbazone)
(A) and copper-diacetyl-bis(N4-methylthiosemicarbazone) (B) are shown.
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Fig. 5.
63-year-old man (patient 5).

A, Graph shows copper-diacetyl-bis(N4-methylthiosemicarbazone) (2Cu-ATSM) and
copper-pyruvaldehyde-bis(N4-methylthiosemicarbazone) (82Cu-PTSM) as function of

distance from center of tumor. SUV = standardized uptake value.

B, Graph shows normalized 82Cu-ATSM-to-52Cu-PTSM ratio as function of distance from

center of tumor.
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Epidermal growth factor (EGF) had highest correlation with tumor hypoxia. As tumor

hypoxia increases as measured by ratio of copper- diacetyl-bis(N4-

methylthiosemicarbazone) (82Cu-ATSM) to copper-pyruvaldehyde-bis(N4-

Page 17

methylthiosemicarbazone) (82Cu-PTSM), plasma mean concentration of EGF decreases.
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Characteristics of Six Patients Who Completed Copper-Diacetyl-Bis(N4-Methylthiosemicarbazone) (62Cu-
ATSM) and Copper-Pyruvaldehyde-Bis(N4-Methylthiosemicarbazone) (62Cu-PTSM) Imaging

Patient |

62Cu-ATSM-to-82Cu-PTSM Ratio?

Pathologic Diagnosis

Stage | Survival (mo)

© 00 o U1 W

10

0.77, left lower lobe; 0.71, right upper lobe
0.85
0.70
0.45
0.48
0.74

Adenocarcinoma

Sarcomatoid carcinoma
Adenocarcinoma

Pulmonary Langerhans cell histiocytosis
Adenocarcinoma

Adenocarcinoma

v

11

11
Unstaged
1

|

14
5
4

> 24
>24
> 24

a‘I'his ratio was taken as the sum of all the 62CU-ATSM-IO-62CU-PTSM ratios for all voxels divided by the number of voxels, as described in the
Subjects and Methods section.
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