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Abstract

Objective—To assess the role of serial FLT-PET scans during early neoadjuvant treatment as a
prognostic marker of response to treatment and survival.

Methods—This study is a prospective cohort study which draws from a larger original study
which examined the utility of FLT-PET imaging across multiple cancers. Our cohort consisted of
patients who had biopsy-confirmed breast cancer amenable to surgical resection. These patients
underwent serial FLT-PET scans: the first scan prior to starting neoadjuvant chemotherapy (NAC),
and a second scan shortly after starting NAC. SUV yean Was derived using an isocontour ROI
drawn approximately half way between the SUVax and background on three planes for each
scan. The change in mean standardized uptake value (SUV pean) for the primary tumor between
these two scans was then calculated, and patients were stratified into “responder” and “non-
responder” groups based on a cut-off of 20% arithmetic decrease in SUV pean between the two
scans. The rates of pathologic complete response (pCR) on subsequent surgical excision, overall
survival (OS), and progression-free survival (PFS) were then compared between the two groups to
assess for significant difference between responders and non-responders.

Results—16 patients (1= 16) met criteria for inclusion and successfully underwent FLT-PET
scans in the prescribed sequence of events. Seven of these patients had a decrease of 20% or larger
between the two serial PET scans, making them “responders”. The remaining nine patients were
“non-responders” to NAC based on PET imaging. Between responders and non-responders, there
was no significant difference in median PFS (7.9 years versus 3.7 years; p = 0.425) and median OS
(7.5 years versus 5.0 years; p=0.944). In the 14 patients who underwent surgical resection (7=
14), there was no significant difference in the rate of achieving pCR (33% vs. 14%; p= 0.5846)
between responders and non-responders.

Conclusion—Further study of a larger sample size is needed to examine the potential role for
FLT-PET in predicting response to neoadjuvant treatment, particularly in correlating with long-
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term overall and progression-free survival. Our study is limited by small sample size, but does
suggest that FLT-PET has a role in the long-term prognosis of breast cancer treated with NAC and
surgical resection which is worthy of further study.
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Introduction

Patients with large and locally advanced breast cancer commonly undergo treatment with
neoadjuvant chemotherapy (NAC). The advantages of NAC include a higher probability of
breast-conserving surgery and down-staging of disease prior to surgery [1]. Many of the
benefits of NAC have been correlated with the confirmation of pathological complete
response (PCR) upon post-NAC surgical resection of the breast tumor. In breast cancer, pCR
itself has been strongly associated with longer survival and better outcomes overall, making
it a desirable and useful endpoint in the setting of NAC [2, 3]. By definition, pCR is
determined once surgical resection is performed, and thus, other modalities must be
evaluated in an effort to ascertain response to NAC prior to invasive surgery.

A variety of imaging modalities have been evaluated for determining the early response to
NAC in breast cancer treatment, though it should be noted that there is no established
standard for disease monitoring during active therapy [4]; 18F-fluorodeoxyglucose positron
emission tomography (FDG-PET) in particular has been well evaluated and documented for
its role in prognosis of breast cancer patients treated with NAC [5-9]. On the other hand,
PET studies examining novel tracers are still being refined. 3"-deoxy-3’-18F-
fluorothymidine (FLT) is a thymidine kinase substrate which has been well studied as a
measure of proliferation and possible prognostic marker in other cancers [10-12] and, more
importantly, has undergone studies for prognostic use in breast cancer [13-15]. While these
studies support the use of FLT-PET in predicting pCR to NAC, few of these studies associate
FLT-PET response early in NAC treatment to long-term outcomes, such as disease
progression or survival. Pilot studies in the other malignancies have shown promise for early
FLT-PET response as a prognostic tool for survival [16-18], however, few, if any, studies
have been performed in breast cancer. FLT-PET is a known tool for predicting pCR in breast
cancer and shows promise as an indicator of long-term outcomes in the other malignancies.

This study utilizes an independent cohort of female patients with breast cancer and data sets
to validate the previous findings of Kostokaglu et al. [14] and with additional correlates. Our
objective was to evaluate the role of serial FLT-PET scans in the setting of NAC as a
prognostic indicator of best pathological response, progression-free survival (PFS), and
overall survival (OS). We hypothesized that those patients with a SUVpean decrease greater
than 20% between a pretreatment scan (FLT1) and a scan after the first dose of NAC (FLT2)
will have a better pathological response to NAC as well as longer PFS and OS.
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Materials and methods

Patients and study design

The data used in this study were collected under an investigator initiated pilot clinical study,
which evaluated the utility of FLT-PET in response to therapy. The study was approved by
the Institutional Review Board and the Radioactive Drug Research Committee at Wayne
State University and started in 1999 (prior to the availability of ClinicalTrials.gov
registration). All patients were recruited from the medical oncology clinics at Karmanos
Cancer Institute, Detroit, Michigan. All patients signed written informed consent.

The present study employed in vitro measurements of tumor metabolism to predict and
evaluate response to NAC. The primary objective was to associate the percent change in
mean standardized uptake value (SUV nean) between pre-therapy (FLT1) and after one cycle
(FLT2) (%asuvmean_FLT1-FLT2) Of NAC with OS and PFS. SUVpay was also considered and
analyzed in the same context. A secondary objective was to associate change in SUV (mean
and max) between FLT1 and FLT2 with pCR as a tool for monitoring NAC response prior to
surgical resection. This was further evaluated in the context of “best pathological response”,
a combination of both complete and partial pathological response to NAC.

The eligibility criteria included histological confirmed breast cancer diagnosis, being a
candidate for NAC and surgical resection of residual primary tumor after NAC at time of
tissue diagnosis, and visible disease on CT and/or MR scans. The chemotherapy regimens
chosen for each patient were not specified by study design and all patients included in this
study were chemotherapy-naive. Post-study treatment data were collected and are reported
below (Table 1). Routine clinical treatment was provided by the treating oncologists post-
resection.

Imaging and neoadjuvant chemotherapy protocol

All patients who agreed to be placed on this protocol and who completed imaging according
to the prescribed imaging scheme were included in analysis. The prescribed imaging scheme
was as follows: patients were scheduled to undergo FLT1 between date of diagnosis and start
date of NAC. Patients were then scheduled to undergo FLT2 after starting NAC.

From the pilot study patient roster, 21 patients met criteria by having breast cancer and were
candidates for NAC and surgical resection. Of these patients, four never received a second
FLT scan and, therefore, could not be evaluated in the context of this study. One patient
received two PET scans, but did not receive NAC until after the second scan, and is, thus,
not included in analysis. The remaining 16 patients underwent FLT1, NAC, and FLT2 in the
correct sequencing and comprise the evaluable patient pool for this study.

No standardized length of time between FLT1 and starting NAC or starting NAC and FLT2
was outlined in the original study protocol. For the 16 patients included in analysis, the
median time between FLT1 and FLT2 was 28 days. 14 of 16 patients had a period of 45 days
or fewer between FLT1 and FLT2. Two patients had notably extended periods of time
between FLT1 and FLT2 (69 days and 77 days) compared to the other patients; this was
secondary to noncompliance with the scheduled follow-ups. These patients ultimately
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completed the imaging and NAC treatment in the correct sequence and are included in
analysis.

Tumor histology and immunohistochemistry

The initial diagnosis of breast cancer was performed using a core needle biopsy sample prior
to NAC. Estrogen receptor (ER), progesterone receptor (PR), and HER2/neu status were
determined using immunohistochemical staining of samples obtained during post-NAC
tumor resection. ER, PR, and HER2/neu status were each divided into negative, weakly
positive, and strongly positive based on the field-standard levels of the proportion of cells
displaying positive staining within each sample. Fluorescence in situ hybridization was
utilized for one ambiguous case. All patients were included regardless of ER, PR, or
HER2/neu status. Immunohistochemical profiles of the study population are available in
Table 1.

3’-deoxy-3’-18F-fluorothymidine positron emission tomography imaging

Patients first underwent a pretreatment evaluation, including a CT or MR radiologic
evaluation within 4 weeks of planned PET imaging showing measurable disease, physical
examination, CBC, and chemistry panel with electrolytes as part of standard care.

Patients were made comfortable in a supine position on the imaging table, and then injected
via IV catheter with FLT standardized to body weight (mean 324 MBq; range 176-379
MBq) with a specific activity of at least 3500 MBg/microM. Vital signs were monitored at
the beginning and end of scans. Periodic blood samples were taken during the imaging
period for recording of blood activity measurements for later analysis. All patients were
scanned on a calibrated Siemens EXACT/HR whole body tomography (Siemens Medical
Solutions USA, Inc.) with a series of timed images starting with 60 min of dynamic imaging
over the tumor. The dynamic image sequence consisted of 25 frames over 60 min (1 x 60 s,
4x20s,4%x40s,4x60s,4x180s,and 8 x 300 s) followed by static imaging of the rest
of the body for up to 120 min.

Image interpretation was based on semi-quantitative analysis using computer programs
developed in IDL (ITT Visual Information Solutions) along with the clinical application
programing package (CTI/Siemens). A visual inspection of the images was preformed to
detect uptake in tumors and normal tissues, and confirmed with either CT or MRI followed
by quantitation by the method of standardized uptake value in a region of interest (ROI).
SUV is defined as the activity per gram in the tissue divided by the activity per gram in the
whole body.

ROIs were drawn over the primary breast tumor in the plane with the highest SUV and the
two adjacent planes (Fig. 1). The SUV,ax Was defined as the average of the most active
pixel for the three planes. SUV pean Was drawn using an isocontour drawn approximately
half way between the SUVax and background on the three planes for each scan. The
percentage change in SUV pean and SUV nax Was calculated for the scans of each patient:
%ASUVmean_FLT1 vs FLT2 aNd %ASUVmax FiT1 vs FLT2; Fespectively [19].
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All patients received NAC on the basis of an expected subsequent surgical treatment,
lumpectomy versus modified radical mastectomy. The NAC regimens were standard
regimens chosen by the treating physician and are described in Table 1. After completion of
NAC, 14 of 16 patients underwent surgical treatment. Two patients progressed rapidly and
ultimately expired after starting NAC but before undergoing surgical treatment. All 14
surgically treated patients had concurrent axillary lymph-node dissection. Due to the
immunohistochemical heterogeneity, patients underwent various combinations of adjuvant
chemotherapy, radiation therapy, and/or hormonal therapy (Table 1).

Pathology assessment and patient outcome

Pathological complete response (pCR) was defined as no evidence of residual invasive
cancer in the resected breast tissue specimen and lymph nodes. Partial pathological response
(pPR) was defined as decreased tumor size at time of surgical resection versus size
demonstrated on staging CT scan prior to NAC. Pathological response data were taken
directly from surgical pathology reports within the patient’s electronic medical record
(EMR). Patients were followed in the EMR, public records, and by contact when necessary
to determine if they were alive and still in remission.

Statistical analysis

To analyze the association of OS or PFS with change in SUV peqn between FLT1 and FLT2,
patients were split into two groups termed “responders” and “non-responders” based on a
field standard of a decrease of > 20.0% in SUV yeqn between FLT1 and FLT2. In other
words, if the value of SUV nean decreased by more than 20% from FLT1 to FLT2, the patient
was considered a “responder” to NAC based on FLT-PET. All other patients were termed
“non-responders”, including those with an increase in the value of SUV ygan from FLT1 to
FLT2 and those with a decrease in SUV pean from FLT1 to FLT2 between 0% and 20.0%.
Nine patients were classified as responders, and the remaining seven patients as non-
responders. Of note, the nine patients classified as responders using %ASUV ean Were
found to be the same when using %ASUV . at the same cut-off of —20.0%. A separate
analysis using SUVnax is, thus, not included due to that redundancy.

Since the change in SUV could not be known until after FLT2, the landmark method was
used to delineate the start of the follow-up period. The longest period between FLT1 and
FLT2 was 77 days. Thus, a landmark time of 80 days from FLT1 was used to standardize the
start of the follow-up period for all patients at a time when change in SUV was known. OS
and PFS were calculated from each patient’s respective FLT1 date and the landmark time of
80 days was then subtracted from the final OS and PFS times. There was no loss of patients
due to the landmark analysis.

Standard Kaplan—Meier analyses of PFS and OS were performed separately as described
above using responders and non-responders. Kaplan—Meier analysis of OS and PFS was also
performed for all 16 patients as a single population. The relationships between PET response
and PFS as well as PET response and OS were analyzed using log-rank testing between the
responder and non-responder groups.
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Cox proportional hazard regression model landmark analyses were performed to estimate
the degree of event risk for PET responders versus non-responders. First, discrete analyses
based on PET response status were performed. Hazard ratios with 80% confidence intervals
were calculated in four different models. SUVnean PET response was modeled against PFS
and OS in two separate analyses. SUVnax PET response was also modeled against PFS and
OS in two separate analyses.

Furthermore, the Cox regression model was also used to analyze PFS and OS as a function
of continuous ungrouped percent change in SUV. The Cox model was, thus, fit to the entire
group of 16 patients as a single-study population.

Finally, complete pathological response (pCR) and best pathological response (BPR) were
evaluated for a relationship to percent change between SUV pean Of FLT1 and FLT2.
Pathological complete response is exclusively defined by the absence of tumor cells on the
surgical specimen during post-NAC surgical excision. BPR is based on clinicopathologic
criteria, typically also using the pathology report for the surgically removed specimen post-
NAC. However, as noted below, in the face of obvious clinical evidence of disease
progression, some patients were deemed to have progressive disease without pathology
specimen. The possible results for pathological response are described as complete response,
partial response, stable disease, or progressive disease. Best pathological response is the
combined outcome of either complete or partial pathological response based on surgical
specimen pathology.

Wilson-type, two-sided 80% confidence intervals (Cls) were computed for rates, which were
compared by Fisher’s exact test. Odds ratios were generated for patients dichotomized into
groups of greater than or less than —20.0% change in SUV yean between FLT1 and FLT2. In
this manner, serial FLT-PET scans could be evaluated for possible value in predicting
pathological response to NAC based on a cut-off of —20.0% change in SUV pnean between
FLT1 and FLT2.

It is important to note that, due to the small sample size of this study, Cls at the 80%
confidence level are provided and all the results must be considered accordingly. Analyses
were performed using SAS 9.4 and Stata 15 software.

From November 1999 to December 2002, 21 patients with breast cancer confirmed by
biopsy underwent FLT-PET scanning before starting NAC. Four patients were not evaluable
in our analysis due to not receiving a second FLT-PET scan, so no change in SUV
parameters could be calculated. All 16 patients with multiple scans are included in analysis.
Table 2 provides an outline of the results, including confidence levels and intervals.

Patients were identified as candidates for NAC and subsequent surgical treatment at the time
of tissue diagnosis. Fourteen patients ultimately underwent surgical treatment; the two other
patients expired prior to undergoing surgery. Based on the post-NAC surgical resection
specimens, four of fourteen surgically treated patients reached pCR. Seven patients had a
pPR. Three patients had stable disease. Two patients did not have a documented post-NAC
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biopsy to assess pathological response; however, both of these patients suffered disease
progression on clinical grounds and were, thus, included in the “progressive disease” group.

Considering all patients in the study population (7= 16), the median PFS was 5.7 years and
median OS was 6.3 years.

Association of FLT-PET response status and PFS

As above, “response” was defined as a SUVpean Change arithmetically less than —20.0%
between FLT1 and FLT2. For responders, the median PFS was 7.9 years versus 3.7 years in
non-responders. The 1-year PFS rate was 70% for responders and 68% for non-responders
(Table 3). The 5-year PFS rate was 58% for responders and 33% for non-responders (Fig. 2)
(Table 3).

Duration of PFS did not differ significantly by FLT-PET response status (p = 0.425).

Association of FLT-PET response status and OS

Responders demonstrated a median OS of 7.5 years versus 5.0 years for non-responders. The
1-year OS rate for responders was 88% versus 70% in non-responders (Table 3). The 5-year
OS rate for responders was 59% versus 51% in non-responders (Fig. 3).

Duration of OS did not differ significantly by FLT-PET response status (p= 0.944).

Cox regression analysis of PFS and OS by PET response status

The first Cox regression model examined SUV nean PET response grouping versus PFS. The
progression hazard ratio (HR) = 0.605 with an 80% CI of (0.267, 1.368).

The second Cox regression model examined SUV yax PET response and PFS. Since the
dichotomy of responders and non-responders is identical when using SUVax, these results
are identical, with an HR = 0.605 and the same 80% CI.

The third model examined SUV yeqan PET response and OS. The analysis yielded a death
hazard ratio (HR) = 0.955 with an 80% CI of (0.417, 2.191).

The fourth and final Cox regression model examined SUVax PET response and OS. As
with PFS, the OS results for SUV mean and SUVax dichotomies are identical.

Cox regression analysis of continuous ungrouped %change in SUVyean

The Cox model was fit to the entire group of 16 patients as a whole. When examining
SUV nean, this yielded a progression hazard ratio (HR) = 0.994 (with 80% CI = 0.979-1.010)
for each one unit (i.e., percentage point) increase in the % change from FLT1 to FLT2.

A similar Cox model analysis yielded a death hazard ratio (HR) = 0.992 (with 80% CI =
0.977-1.007) for each one unit (i.e., percentage point) increase in the % change from FLT1
to FLT2.
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of PET response by SUVean to pCR

Nine patients had an SUV yean decrease larger than 20% between FLT1 and FLT2, termed
“responders” as above (Table 4). Seven patients had an SUV ean decrease < 20% between
the two scans (“non-responders”). Three out of nine PET responders (33%) demonstrated
pCR yielding an 80% CI = 0.17-0.55. One out of seven non-responders (14%) had pCR,
yielding an 80% CI = 0.04-0.38. These pCR rates were not statistically significantly
different (p = 0.5846 by Fisher’s exact test). Logistic regression modeling yielded an odds
ratio of 3.00, but with a large 80% CI = 0.57-15.7.

of PET response by SUVean to best pathologic response

Best pathologic response (BPR) is defined in this analysis as the combined outcomes of pCR
and pPR (Table 4). Eight out of nine “responders” (89%) demonstrated at least pPR, yielding
an 80% CI = 0.69-0.97. Three out of seven “non-responders” (43%) reached a BPR,
yielding an 80% CI = 0.23-0.66. These BPR rates were not statistically significantly
different (p = 0.1056 by Fisher’s exact test). Logistic regression modeling yielded an odds
ratio of 10.67, but with a large 80% CI = 2.00-56.1.

Discussion

We present a prospective study examining the utility of pretreatment and early treatment
serial FLT-PET scans in assessing OS, PFS, and pCR in the setting of NAC for the treatment
of breast cancer. While our statistical significance was severely limited by small sample size,
our study does provide a cohort of breast cancer patients followed for over a decade for OS
and PFS. This provides a long-term outlook on breast cancer survival for those treated with
NAC and surgery, which, in most studies, does not extend beyond 1- or 5-year survival rates.
PFS (7.9 years versus 3.7 years) and OS (7.5 years versus 5.0 years) were both numerically
longer in FLT-PET responders versus non-responders, but not significantly so. Responders
did demonstrate higher rates of BPR compared to non-responders (OR 10.67; p= 0.1056),
which approached a 90% significance level; while this is not significant at the desired 95%
significance level, it is worth noting that there was a difference here even with the extremely
small sample size; further study is needed to better examine FLTPET in predicting
pathologic response to NAC, which has been suggested but not confirmed here. Responders
also demonstrated more than double the likelihood relative to non-responders for achieving
pCR to NAC; however, this was not significant. The above results held the same for using
both SUV mean and SUV nax to classify and evaluate patients. Further study on a larger
sample of patients is necessary to better validate these results, with our less stringent
confidence level providing suggestion that FLT-PET may have a role in this setting.

With this in mind, molecular imaging has been proven effective in assessing both early
response to chemotherapy as well as long-term outcomes in breast cancer patients treated
with neoadjuvant chemotherapy. Molecular imaging has not, however, been adopted as a
standard for monitoring disease during active therapy. Multiple groups have demonstrated
the utility of FDG-PET imaging in evaluating the early response of patients with breast
cancer of mixed phenotypes to neoadjuvant chemotherapy and associating this response with
long-term outcomes [5-8]. Molecular tracers alternative to FDG are being investigated for

Ann Nucl Med. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ueberroth et al.

Page 9

similar uses in the setting of neoadjuvant chemotherapy. FLT-PET imaging has shown
promise in solid organ tumors for evaluating response to treatment in the form of
pathological complete response, as well as associating with long-term outcomes such as
overall survival [16, 17]. Furthermore, in breast cancer, FLT-PET has been shown to be
useful in predicting pathologic complete response to neoadjuvant chemotherapy [13, 14].
However, there is a lack of studies examining the use of FLT-PET in evaluating long-term
outcomes for breast cancer patients treated with neoadjuvant chemotherapy.

We present a study with long-term follow-up on the order of years for breast cancer patients
treated with NAC and surgical resection, a relatively lengthy period of time for follow-up in
a study related to malignancy. Furthermore, while FDG-PET is well vetted for evaluating
treatment response in breast cancer and FLT-PET has been examined similarly in the other
cancers, we evaluate FLT-PET in the setting of breast cancer treated with NAC, for which
there are no other direct studies. This combination of long-term follow-up and possible
novel application of FLT-PET provides the value of our study.

As noted above, this study does suffer from some limitations, most notably small sample
size; the small sample size limits the overall interpretation of the results in exploring FLT-
PET as a predictor of survival in these patients. Furthermore, two patients who otherwise
met criteria for this study expired prior to undergoing a second FLT-PET scan, making them
unevaluable for this study, which depends on changes between PET scans; this could
potentially have led to attrition bias, however, again, given the lack of significant results and
small sample size to begin with, this is mentioned here for posterity. In terms of the
sequence of events, there was no specific time frame or number of chemotherapy doses
between the start of NAC (e.g. first dose) and undergoing the second FLT-PET scan; some
patients underwent this as shortly as a few days after starting NAC, while two patients did
not undergo their second PET scan until 9-10 weeks after starting NAC. These disparities in
NAC-to-FLT2 intervals could impart some effect on the uptake of the second PET scan, in
turn, affecting the results. Finally, while the original FLT-PET study from which these data
are drawn was prospective, the therapy chosen was left to the treating physicians. This led to
a mixture of applied therapies. While this may make our results more generalizable, it limits
the ability to evaluate any particular treatment.

With these limitations in mind, there is at least some suggestion, between the current
literature and our small study, that FLT-PET can be utilized during NAC treatment for breast
cancer to assess the early response as it relates to long-term outcomes, including
pathological response and survival. Further study with a larger sample size may elucidate
FLT-PET as a viable method for stopping ineffective NAC treatment, limiting unnecessary
chemotherapy toxicity, and allowing more rapid transition to a possibly effective second-line
treatment. Further research is warranted on a larger sample size.

Conclusions

Breast cancer patients treated with NAC demonstrate measurable long-term progression-free
and overall survival and this is the standard of care for many patients with locally advanced
disease. Our results suggest a possible use of pretreatment and early NAC treatment FLT-
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PET scans in predicting both progression-free and overall survival in breast cancer patients,
as well as a pathological response on subsequent surgical excision. Given the lack of
significance and limitations of very small sample size, further study is warranted on a larger
scale to evaluate the use of FLT-PET in guiding NAC treatment decisions in the setting of
breast cancer.
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Fig. 1.

18F_FLT positron emission tomography axial images depict maximum standard uptake
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values in pre- and post-therapy patients. The tumor site represents a pathological response
over threel8F-FLT-PET scans. Physiologic FLT uptake is also visible in the sternal marrow,

spine, and liver
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Progression free survival for responders versus non-responders based on pre- and early

treatment FLT-PET scans
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Overall survival for responders versus non-responders based on pre- and early treatment
FLT-PET scans
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