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Abstract
Purpose—Patients with locally-advanced rectal cancer typically undergo neoadjuvant
chemoradiotherapy to decrease the postsurgical recurrence rate. However, neoadjuvant therapy is
associated with significant morbidity and not all patients benefit equally. The purpose of this pilot
study was to evaluate whether tumor uptake of 18F-labeled 3′-deoxy-3′fluorothymidine (FLT), a
proliferative radiotracer, at baseline and early during therapy, is predictive of outcome in locally-
advanced rectal cancer.

Methods and Materials—Fourteen patients with rectal cancer underwent positron emission
tomography (PET) with FLT before and approximately 2 weeks after initiation of neoadjuvant
chemoradiotherapy. All patients underwent PET/CT with 18F-fluorodeoxyglucose (FDG) as part
of clinical staging prior to institution of therapy. FLT and FDG uptake were evaluated
qualitatively and semiquantitatively by determining the maximum standardized uptake value
(SUVmax). Tumor FLT and FDG uptake were correlated with disease-free survival (DFS). Patients
were followed for a median of 20 months (range 8 to 37 months).

Results—Thirteen patients underwent surgery following neoadjuvant therapy and one patient
died prior to surgery with progressive disease. Overall, pretherapy FDG uptake in the primary
tumor was significantly greater than that of pretherapy FLT uptake (p=0.003). FDG-PET/CT was
positive for regional lymph node metastases in 5 and FLT-PET detected metastatic disease in only
one of these patients. After initiation of therapy, tumor FLT uptake decreased significantly from
baseline (p<0.0001). High pretherapy FDG uptake (SUVmax≥14.3), low during-therapy FLT
uptake (SUVmax<2.2) and high percentage change in FLT uptake (≥60%) were predictive of
improved DFS (p<0.05 for all three values). Pretherapy FLT uptake was not a significant predictor
of outcome and did not correlate with DFS (p=NS).
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Conclusion—In this pilot study, pretherapy FDG uptake, during-therapy FLT uptake and
percentage change in FLT uptake were equally predictive of DFS. In addition, FDG-PET/CT was
superior to FLT-PET in detection of metastasis, and thus, in staging rectal cancer.
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Introduction
There will be 40,290 new cases of rectal cancer diagnosed in the United States in 2012 [1].
Approximately 80% of patients with newly diagnosed rectal cancer have disease localized to
the rectum with or without involvement of regional lymph nodes, making them potential
candidates for curative treatment [2]. Patients with locally advanced rectal cancer who are
treated by surgery alone are at a high risk of developing local failure. The development of
combined-modality therapy (neoadjuvant chemoradiotherapy and surgical resection) over
the past few decades has led to improved outcomes in this subset of potentially curable
patients. Currently, neoadjuvant chemoradiotherapy is accepted as the standard of care in the
United States [3]. However, tumor response to neoadjuvant chemoradiotherapy varies
considerably and not all patients benefit equally from such therapy [4]. In high-risk patients,
combined-modality therapy has resulted in a decrease in the rate of locoregional recurrence
without significant improvement in overall survival [5]. Prospective identification of
patients most likely to benefit from preoperative chemoradiotherapy is important in
decreasing treatment morbidity and improving survival and local control in patients with
locally advanced rectal cancer. Moreover, patients who are unlikely to respond could be
identified early and offered alternative treatments. However, prediction of response to
combined-modality therapy and outcome has been a challenging problem. TNM staging is
limited in predicting which patients will respond to chemoradiotherapy. Several biomarkers
have been studied as predictors of response to chemoradiotherapy in rectal cancer, but none
is ready for routine clinical use [6].

Pretherapy positron emission tomography (PET) with [18F]fluorodeoxyglucose (FDG) has
been shown to be useful in predicting outcome in several solid cancers. In non-small-cell
cancer; FDG uptake of the primary tumor has been shown to be the strongest prognostic
factor among patients treated by curative surgery or radiotherapy [7, 8]. Similarly in
esophageal cancer, the pretherapy FDG uptake was predictive of survival [9]. In rectal
cancer, changes in FDG uptake after completion of neoadjuvant therapy have been shown to
be accurate in predicting response to neoadjuvant therapy [10, 11]. Limited data suggest that
FDG-PET during therapy is useful for predicting response to therapy in various cancers such
as breast cancer, esophageal cancer and lung cancer [12–14]. However, FDG is not a tumor-
specific tracer and can accumulate at sites of inflammation, including that due to the effects
of radiation therapy [15].

The thymidine analogue [18F]-3′-deoxy-3′-fluorothymidine (FLT) has been developed as a
specific marker of cellular proliferation in vivo [16]. Like thymidine, FLT is phosphorylated
by thymidine kinase 1, a cytosolic enzyme that is upregulated when proliferating cells enter
the S-phase of the cell cycle [16]. Several pilot studies have used FDG-PET and FLT-PET
as methods for assessing response and predicting survival in various cancers [17, 18]. To
date, no studies have compared these two tracers as biomarkers for predicting response and
survival after neoadjuvant chemoradiation in rectal cancer. In the current pilot study, we
correlated the tumor uptake of FLT and FDG with outcome in patients with locally
advanced cancer who were treated with combined modality therapy.
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Material and Methods
Patients

We studied 14 patients (12 men, 2 women, mean age 54.1 years; range 39–75 years) with
pathologically proven rectal cancer. All patients had tumors that were 4 cm or more in size,
and located within 12 cm of the anal verge. All patients were scheduled to undergo surgical
resection following neoadjuvant chemoradiotherapy. This investigation was approved by the
institutional review board and the Radioactive Drug Research Committee of Washington
University School of Medicine. Each patient gave informed consent prior to participating in
the study.

All patients were initially evaluated with a history and physical examination, routine
laboratory studies, chest radiographs, CT of abdomen and pelvis (6 also had MRI of the
abdomen and pelvis), digital and proctoscopic examination, endorectal ultrasonography (9
patients) for local staging of the primary tumor (if ultrasonography was not possible due to
obstruction or narrowing of the rectal lumen, tumor measurements were determined by MRI
of the pelvis), and whole-body FDG-PET/CT. The FDG-PET/CT images were performed, as
previously described [19]. All patients underwent PET imaging with FLT (as described
below) prior to and approximately 2 weeks after initiation of therapy as part of the research
protocol.

Tumor staging
The primary rectal cancer was measured in 2–3 dimensions (length, width, thickness). The
tumor dimensions were obtained from proctoscopic examination, digital rectal examination,
endorectal ultrasonography, MRI, radiographs, or any combination of the above. However,
the preferred method used for assessing tumor dimensions was proctoscopy (all patients) for
tumor length and ultrasonography (9 patients) for tumor thickness. Staging was done with
CT and FDG-PET scans in all patients. The clinical tumor (T) stage of the primary tumor
was determined based on AJCC guidelines using proctoscopy, endorectal ultrasonography or
MRI.

Treatment
The patients were treated in accordance with the standard clinical regimen in use at
Washington University during the study interval (2006–2009). Briefly, all patients
underwent neoadjuvant chemoradiotherapy, which consisted of 45–50 Gy external beam
radiation therapy given in 1.8 Gy fractions to the pelvis with continuous intravenous
infusion of 5-fluorouracil (225 mg/m2/day). Radiation was delivered with an equally
weighted four-field technique in the prone position. Standard extirpative surgery was
performed by a board-certified colorectal surgeon six to eight weeks after completion of
neoadjuvant chemoradiotherapy. The surgical specimen was submitted for determination of
pathologic tumor stage according to AJCC cancer staging manual by a pathologist who was
blinded with respect to the FLT-PET results [20].

Response Evaluation and Follow-up
In addition to routine pathological analysis of the resected tumors, tumor regression was
scored by two pathologists (IN, CM) also without the knowledge of patient survival or PET
results using an established 5-point tumor regression grade (TRG) [21, 22] as follows:
TRG-1, complete regression; TRG-2, presence of rare residual cancer cells scattered through
fibrotic tissue; TRG-3, increased number of residual cancer cells, but fibrosis still
predominant; TRG-4, residual cancer outgrowing fibrosis; and TRG-5, no regressive
changes detectable. TRG-1, 2, and 3 were considered as indicative of responding tumors

Dehdashti et al. Page 3

Mol Imaging Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(TRG 1, complete response; TRG 2, partial response; TRG 3, mild response) and TRG 4 and
5 were considered indicative of nonresponding tumors [23, 24]

Patients were then followed for recurrence according to NCCN guidelines (median of 40
months, range 8 to 37) (http://www.nccn.org/professionals/physician_gls/pdf/rectal.pdf).
This typically entails clinical evaluation and serum carcinoembryonic antigen (CEA) assay
every 6 months for 5 years, along with chest radiographs, colonoscopy at one year and then
every 1–3 years, and annual CT for 3–5 years in patients with high risk for developing
recurrence. PET was only obtained if recurrence was highly suspected and conventional
imaging was negative. Recurrence was defined as documented tumor recurrence either
locally in the pelvis or at a distant site (liver, lung, etc.). Both time to recurrence and
survival were measured from the date of surgery for a maximum of 5 years.

Radiopharmaceutical Synthesis
FLT was produced in house at the Washington University cyclotron facility according to a
previously described procedure [25, 26]. Each batch of FLT met release standards for
radiochemical purity, apyrogenicity, and sterility.

PET Imaging
FLT-PET imaging was performed using either a CTI/Siemens ECAT HR+ scanner or a CTI/
Siemens ECAT Exact Scanner. The same scanner was used for the pre-treatment and mid-
treatment FLT scans of each patient. The FLT-PET procedure required placement of an
angiocather (typically, a 20- or 22-gauge angiocath) or a butterfly needle in a vein of the
patient’s arm. The injected dose of FLT was approximately 10 mCi (mean ±standard
deviation 9.1 ± 1.7 mCi pretherapy vs. 8.1 ± 3.1 mCi during therapy). Because FLT is
excreted via the kidney into the bladder and the area of interest was the pelvis, each patient
had a Foley catheter placed in the urinary bladder before the injection of FLT, was given
furosemide (20 mg intravenously 20 minutes after FLT injection) and was hydrated
intravenously with 500–1000 mL 0.9% saline solution. Beginning 45–60 min after
intravenous injection of FLT, a series of overlapping transmission and emission scans (2–5
min transmission and 5–10 min emission scans) was performed to image the torso (typically
5–7 bed positions). Efforts were made to keep the uptake time between each FLT-PET pair
studies as close as possible (mean 6.2 min range of 1 to 14 min). Imaging was performed
with the patient in the supine position. The emission images were corrected for measured
attenuation using a local threshold for segmented attenuation. PET images were
reconstructed using an ordered-subset estimation-maximization (OSEM) iterative algorithm.
Images were smoothed with an 8-mm post reconstruction filter. FLT-PET was performed 1–
18 days (mean 6 days) prior to the start of concurrent chemoradiotherapy as well as 14–19
days (mean 16 days) after the beginning of treatment.

Image Analysis
A nuclear medicine physician, without knowledge of the findings of prior imaging studies,
interpreted the FLT-PET images. The pretherapy images were evaluated qualitatively for
primary tumor uptake and for the presence or absence of abnormal FLT uptake in pelvic and
para-aortic lymph nodes and other possible sites of disease. A re-reading of the FLT-PET
images was then done in combination with the conventional imaging studies including the
clinical FDG-PET/CT. Pretherapy FLT-PET images were directly compared with FDG-PET
to determine whether the lesion(s) seen on FDG-PET also were seen on FLT-PET. In
addition, both pretherapy FDG-PET and FLT-PET images were evaluated
semiquantitatively by determining the maximum standardized uptake value (SUVmax) of the
primary tumor [27]. The second FLT-PET study was evaluated qualitatively as well as
semiquantitatively and compared with pretherapy FLT-PET. The change in SUVmax for
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FLT within the primary tumor was calculated and recorded. The treating physicians were
blinded to the results of FLT-PET studies. To assess whether the pretherapy FDG or FLT
uptake, or percentage change in FLT uptake was predictive of outcome, the PET results
were correlated with the results of clinical follow-up evaluation and response to therapy.

Statistical Analysis
The time to disease recurrence was measured from the completion of treatment. StatView®,
SAS Institute Inc. Version 5.0.1 software was used for the analysis. A P < 0.05 was used as
the threshold for significance for all study outcomes. Pretreatment FLT and FDG uptake
values, as well as pre- and during-treatment FLT uptake values, were compared using paired
Student’s t-tests. The percentage change from baseline in tumor FLT uptake during
treatment in pathologic responders versus nonresponders was compared using an unpaired
Student’s t-test. To assess whether tumor uptake of FLT or FDG was predictive of disease-
free survival (DFS), the Kaplan-Meier (product-limit) method was used to derive estimates
of recurrence-free and disease- specific survival. Using logistic likelihood–ratio test to
maximize the difference in disease-free survival between groups, the best division point for
SUVmax for pretherapy FDG and posttherapy FLT uptake and percent change in FLT uptake
was determined.

Results
Demographics of patients, TNM stage, imaging data, TRG scores, and outcome data are
summarized in the Table 1. Of the 14 patients, 4 had T2 and 10 had T3 primary rectal
cancers (Table 1). One patient had progressive disease and died before surgery; the
remaining 13 patients completed neoadjuvant therapy and underwent surgery. There was a
complete pathologic response by report in one patient (no tumor tissue specimen was
available for TRG scoring); this patient died due to intercurrent disease. In the remaining 12
patients, 4 were classified as TRG-5, 1 TRG-4, 5 TRG-3 and 2 patients TRG-2 (Table 1).
One of the 5 patients with TRG 4 and 5 died from disease, 2 are alive with disease and 2
patients are alive without disease. All 5 patients with TRG-3 are alive without disease; 1
patient with TRG-2 is alive without disease and 1 is alive with disease.

All of the primary tumors were readily detectable on both the pretherapy FDG and FLT
images, but the average tumor FLT uptake (mean ± standard deviation 6.1 ± 1.9) was
significantly less than that of FDG (17.3 ± 12.7) (p = 0.003) (Figure 1). In all but one
patient, the primary rectal cancer SUVmax for FDG was greater than that for FLT. There was
a weak correlation between tumor FLT and FDG uptake prior to therapy (r2 = 0.3, p =
0.003). Based on pretherapy FDG-PET/CT, 5 patients had pelvic lymph node metastases;
FLT-PET in one of these patients also showed increased activity in a perirectal lymph node,
but FLT-PET was negative for nodal disease in the other 4 patients. As expected, there was
a significant decrease in tumor FLT uptake on the study obtained during the course of
neoadjuvant therapy in all patients (2.6 ± 1.2) (p < 0.0001).

Patients with TRG scores of 1, 2, or 3 (as well as the additional with a pathologic complete
response) were considered responders and those with TRG scores of 4 or 5 were considered
nonresponders. There was no significant difference in the percentage change in FLT uptake
during treatment in the 8 responders versus the 5 nonresponders (58.0 ± 22.9% vs. 56.1 ±
−23.3%, p = 0.40) (Figure 2).

High pretherapy FDG uptake (≥ 14.3), low during-therapy FLT uptake (< 2.2) and high
percentage change in FLT uptake (≥ 60%) were predictive of improved DFS (all with p <
0.05) (Figure 3). All 7 patients with FDG uptake ≥ 14.3 SUVmax are alive without disease
and 4 of the 7 patients with SUVmax <14.3 are alive without disease. However, 4 of 5
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patients with during-therapy FLT uptake < 2.2 SUVmax (1 died of unrelated cause) and all 6
patients with percentage change in tumor FLT uptake ≥ 60% are alive without disease (vs. 2
of 8 with percentage change > 60%). Pretherapy FLT uptake did not correlate with DFS (p =
NS). Thus, pretherapy FDG-PET/CT was superior to pretherapy FLT-PET in the initial
staging of the disease and was equally predictive of outcome in this pilot study.

Discussion
Rectal cancer is the third most common cancer in both incidence and mortality in the United
States [28]. In localized rectal cancer, standard treatment is surgery followed by adjuvant
chemoradiotherapy. However in locally advanced disease, multimodality treatment with
neoadjuvant chemoradiotherapy before surgical resection has been accepted as the standard
of care (http://www.nccn.org/professionals/physician_gls/pdf/rectal.pdf). By comparison
with adjuvant radiotherapy, multimodality neoadjuvant therapy of locally advanced disease
has been shown to improve local control [3]. Up to 60% of patients treated with neoadjuvant
chemoradiotherapy achieve some degree of pathologic downstaging [6]. However,
approximately 40% of patients still die from recurrent disease following multimodality
therapy [29]. TNM staging, tumor markers, and response to neoadjuvant therapy, although
not perfect, provide prognostic information in rectal cancer. Kuremsky et al., in a review of
the literature, concluded that some biomarkers such as epidermal growth factor receptor,
thymidylate synthase, and p21 appear to be promising and should be evaluated in larger
prospective clinical trials to assess their ability in guiding preoperative therapy choices in
patients with locally advanced cancer [6].

FDG-PET has been shown to be useful in the management of patients with colorectal cancer
[30]. Virens et al. evaluated 19 studies that used FDG-PET in predicting therapy outcome in
rectal cancer and found that, while the studies were heterogeneous with regard to the
methods applied for PET quantification, evaluation interval, metabolic response criteria and
clinical endpoints (histology or survival), most of the studies showed that the pre- to
posttherapy change in FDG uptake is a significant predictor of neoadjuvant therapy outcome
in patients with rectal cancer [31, 32]. Thus, FDG-PET can be used after neoadjuvant
therapy in a preoperative setting to tailor surgical approach for individual patients [33]. In
addition, posttherapy FDG-PET can be used to guide adjuvant chemotherapy for rectal
cancer after optimal neoadjuvant and local treatments [33]. However, one should be aware
of the limitations of FDG-PET performed after therapy, which have been attributed to
radiation-associated inflammation shortly after completion of therapy (metabolic response
underestimated) or therapy-induced stunning (metabolic response overestimated) [30, 34].

There are limited data regarding the utility of posttherapy FDG-PET in predicting survival
[35–37]. Guillem et al. have shown that FDG-PET 4–5 weeks after completion of
chemoradiation was the best predictor of recurrence-free survival, while pathologic response
was not a significant predictor of either overall or recurrence-free survival in their patient
population [38]. Capirci et al. demonstrated that the combination of pathologic stage and the
findings of restaging FDG-PET was able to identify a subgroup of patients who had good
response to chemoradiotherapy and a more favorable prognosis. Thus, FDG-PET is very
useful for staging, assessing and predicting response to neoadjuvant therapy, but it has a
limited role in predicting patient outcome [37].

A test that could predict outcome prior to initiation of therapy or early during therapy that is
not affected by therapy-related inflammation would be desirable. Only a few studies have
evaluated the utility of FDG-PET during chemoradiotherapy as a predictor of response in
patients with advanced rectal cancer [35–37]. Several studies have shown that early changes
in the FDG uptake during neoadjuvant therapy predict pathologic response. However, none
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of these studies have evaluated whether FDG-PET early after initiation of therapy is
predictive of patient outcome.

FLT, a thymidine analog that enters the salvage pathway of DNA synthesis, has been used to
assess tumor proliferation by PET [16]. By comparison with FDG, one of the assumed
advantages of FLT is its lack of uptake in inflammatory cells, as has been demonstrated in
animal models [39]. There are limited clinical data suggesting that a decrease in FLT uptake
shortly after initiation of therapy can predict tumor response and/or patient survival in
several solid cancers, including breast, lung and glial neoplasms [40–42]. Wieder et al.
studied 10 patients with rectal cancer who underwent FLT-PET before therapy, 2 weeks
after initiation and 3–4 weeks after completion of neoadjuvant chemoradiation therapy [43].
They found no correlation between histopathological tumor regression and the change from
baseline in FLT uptake, either at 2 weeks after initiation of treatment or after its completion
[43]. The authors concluded that the decrease in FLT uptake in nonresponders may reflect
treatment-induced growth arrest rather than cell death and suggested that this could
represent a limitation of FLT for monitoring treatment response by comparison to FDG.

Similar to Wieder et al, we found no significant correlation between change in FLT uptake
during therapy and histopathologic tumor regression. While there may be some
pathophysiologic reasons for this lack of the correlation, such as poor delivery of FLT as a
result of inadequate blood supply secondary to radiation, the small number of patients
included in our study and in the Weider et al. study limit interpretation of the results. Thus,
studies with a larger number of patients are needed to address this issue. In addition, we
have correlated FDG and FLT uptake prior to therapy as well as percentage change in FLT
uptake shortly after initiation of neoadjuvant therapy with survival in our patients. We found
that pretherapy FLT was not a significant predictor of outcome and did not correlate with
DFS. However, low FLT uptake (< 2.2) and high percentage change in FLT uptake (≥ 60%)
during therapy were predictive of improved DFS. These findings are similar to those in other
studies with FLT, demonstrating that a decrease in FLT uptake during treatment is
predictive of therapy outcome [17, 42, 44].

We also found that high pretherapy FDG uptake (≥ 14.3) was predictive of better DFS. This
is in contrast to the findings with FDG-PET in most tumor types, where higher uptake is
associated with poorer prognosis. This may be related to greater inflammatory reaction with
rectal cancers compared with other cancers or simply that the tumors with higher FDG
uptake were more responsive to neoadjuvant therapy, and thus, had better outcome.

The major limitation of this study is our small sample size. Accordingly, study of a larger
number of patients is needed to confirm whether above PET-based measures are predictive
of outcome in patients with rectal cancer.

Conclusion
In this pilot study we found that the pretherapy FDG uptake, posttherapy FLT uptake and
percentage change in FLT uptake during therapy were equally predictive of DFS in patients
with advanced rectal cancer who underwent neoadjuvant chemoradiation prior to surgery.
However, we found no significant correlation between percentage change in FLT uptake and
histopathologic tumor regression. In addition, we found that FDG-PET/CT was superior to
FLT-PET in detection of metastatic disease and, thus, in staging of rectal cancer in our
patients.
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Figure 1.
Representative pretherapy sagittal FDG-PET image registered to CT image (left), pretherapy
FLT-PET (middle) and during-therapy FLT-PET images in a patient with rectal cancer (#13)
showing increased accumulation in of FDG and FLT prior to initiation of therapy (arrows).
Decreased FLT uptake is seen in the rectal cancer and lower lumbar spine and sacrum in
mid therapy.
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Figure 2.
Percentage change in FLT uptake was not significantly different in responders and
nonresponders based on TRG score (12 patients) and the patient who had complete response
by routine pathologic examination.
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Figure 3.
Progression-free survival based on pretherapy FDG uptake (upper left), during-therapy FLT
uptake (upper right) and per cent change in FLT uptake (lower left) using Kaplan-Meier
method.
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