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Abstract

Purpose The purpose of this work was to investigate the
prognostic value of response analysis using early 3’-de-
oxy-3’-["*F]-fluorothymidine ("*F-FLT) PET/CT in esopha-
geal squamous cancer patients and make a comparison with
['®F]-fluorodeoxyglucose (**F-FDG) PET/CT.

Patients and materials For 34 patients with esophageal
squamous cell cancer, both ®F-FLT PET/CT and "®F-FDG
PET/CT scans were performed at baseline (pre), 4 weeks af-
ter the start of radiotherapy or chemoradiotherapy (interim),
and 2 weeks after therapy completion (final). SUV _ 1,
SUV__ 2, and SUV 3 represent SUV__ (SUV: standard
uptake values) measured on the pre, interim, and final
scans, respectively. GTV_ .. and GTV . .. (GTV: gross
tumor volume) were measured on the pre and interim scans.
ASUV/AGTYV represents the fractional changes of SUV_ /
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GTV between two different time points. PET parameters
were evaluated for correlations with outcome.

Results Regarding "F-FLT PET/CT, according to receiver
operating characteristic (ROC) curve analysis, parameters
for predicting 2-year progression-free survival (PFS) and
locoregional control (LRC) showed the highest area under
curve (AUC) on interim "F-FLT PET/CT scans (ASUV12,
AUC of 0.812 for PFS, 0.775 for LRC, with a cutoff of
60%; P=0.008), compared with the parameters on pre and
final scans. Patients with a ASUV12 greater than 60 %, who
were defined as interim PET-negative group, were associ-
ated with better 2-year PFS and LRC than the interim PET-
positive group (PFS: 70.6% vs. 35.2%, P=0.025; LRC:
84.2% vs 52.9, P=0.046). In terms of "*F-FDG PET/CT,
ASUV13 on the final 18F-FDG PET/CT scan demonstrated
better prediction (AUC of 0.812 for PFS, 0.807 for LRC,
with a cutoff of 75 %; P=0.016) than the parameters on pre
and interim scans. An SUV__ decrease >75% on the final
BE-FDG PET/CT scan was associated with better clinical
outcome (PFS: 73.3% vs. 36.8%, P=0.022; LRC: 86.7%
vs 52.6, P=0.029). These correlations were most prominent
in the subgroup of patients treated with chemoradiotherapy.
Conclusion Early interim *F-FLT PET/CT is a significant
predictor of 2-year PFS and LRC, which is correlated bet-
ter with early responses and late outcomes than interim '8F-
FDG PET/CT in esophageal squamous cancer patients.

Keywords Esophageal cancer - 3’-deoxy-3’-

BE-fluorothymidine - "®F-FDG - Radiotherapy -
Chemoradiotherapy
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3’-Deoxy-3’-["*F]-Fluorothymidin-PET/CT fiir die
Vorhersage der biologischen Tumorantwort und der
Prognose des Osophagusplattenepithelkarzinoms

Vergleich mit der ['®F]-FDG-PET/CT

Zusammenfassung
Ziel Das Ziel der Arbeit war es, die Vorhersage der
biologischen = Tumorantwortmit einer frithen ["F]-

Fluorothymidin(FLT)-PET/CT bei mit Radiochemotherapie
behandelten Patienten mit einem Plattenepithelkarzinom
des Osophagus zu untersuchen und die Ergebnisse mit der
['®F]-Fluorodeoxyglukose(FDG)-PET/CT zu vergleichen.
Patienten und Methodik Bei 34 Patienten mit einem Plat-
tenepithelkarzinom des Osophagus, wurden beide ['$F]-
FLT-PET/CT- und [“¥F]-FDG-PET/CT-Untersuchungen je-
weils zu Beginn, 4 Wochen nach Beginn der Strahlen- oder
Radiochemotherapie und 2 Wochen nach Therapieabschluss
durchgeftihrt. SUV _ 1,SUV__2und SUV__3(SUV: stan-
dard uptake values) entsprechen der gemessenen SUV
vor-, zwischen- und nach der Strahlen- oder Radiochemo-
therapie. Das makroskopische Tumorvolumen (GTV: ,,gross
tumor volume*) GTV_ .. und GTV . wurde anhand
der PET/CT-Ergebnisse vor und wihrend der Strahlenthera-
pie vollzogen. ASUV/AGTYV entspricht der Anderungsrate
von SUV_/GTV zwischen den beiden unterschiedlichen
Zeitpunkten. Es wurde die Korrelation der PET/CT-Para-
meter mit dem Outcome analysiert.

Ergebnisse Die Analyse der ROC-(Receiver-Operating-
Characteristic-Kurve- zeigte, dass im Vergleich zu den
Untersuchungen vor- und nach Strahlentherapie wahrend
der [®F]-FLT-PET/CT die hochste Fliache unter der Kur-
ve (,area under the curve®, AUC) fiir die Parameter zur
Vorhersage des progressionsfreien 2-Jahres-Uberlebens
(PFS) und der lokalen Kontrolle (LRC) festgestellt wurden
(ASUV12, AUC von 0,812 fiir PFS und 0,775 fiir LRC, bei
einem Grenzwert von 60 %; P=0,008) . Patienten mit einem
ASUV12 groBer als 60%, die als PET-negative Patienten
definiert wurden, hatten eine hohere LKC und ein besse-
res 2-Jahres-PFS als PET-positive Patienten (LRC: 84,2 %
vs. 52,9; P=0,046; PFS: 70,6 % vs. 35,2%; P=0,025). Die
Analyse der [®F]-FDG-PET/CT ergab, dass ASUV13 bei
der PET/CT nach Strahlentherapie eine bessere Vorhersage
der Prognose ermdglicht, als die PET/CT vor- und wéhrend
der Strahlentherapie (AUC 0,812 fiir PFS; 0,807 fiir LRC,
bei einem Grenzwert von 75 %; P=0,016). Eine Reduktion
der SUV__ von mehr als 75% warmit einem besseren kli-
nischen Outcome der Patienten assoziiert (PFS: 73,3 % vs.
36,8%; P=0,022; LRC: 86,7 % vs. 52,6; P=0,029). Fiir die
Subgruppe der Patienten, die mit einer Chemoradiotherapie
behandelt wurden, waren diese Korrelationen deutlicher.
Schlussfolgerungen Die frithe ['*F]-FLT-PET/CT wahrend
der Strahlentherapie ist ein signifikanter Pradiktor fiir das
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2-Jahres-PFS und die LRC und korreliert bei Plattenepithel-
karzinomen des Osophagus im Vergleich zur [*F]-FDG-
PET/CT besser mit einem frithem Ansprechen und einem
spaten Outcome.

Schliisselworter Osophaguskarzinom - 3’-Deoxy-3’-
[**F]-Fluorothymidine[**F]-FDG - Strahlentherapie -
Radiochemotherapie

Esophageal cancer is one of the most lethal human malig-
nancies and is the eighth leading cause of tumor-related
death worldwide [1]. It is associated with a high mortality
rate due to not being diagnosed until the cancer has reached
an advanced stage in the majority of cases. Of the various
local treatments, radiotherapy (RT) plays an important role
in the treatment of esophageal cancer, especially for those
who are unresectable or those with contraindications [2].
In cases without postoperative pathological finding, thera-
peutic monitoring and prognostic prediction based on AJCC
staging are not appropriate; therefore, treatment evaluation
of esophageal cancers with nonsurgical therapy mainly
relies on diagnostic imaging methods. However, traditional
anatomic imaging modalities, such as CT and endoscopic
ultrasonography, are only capable of showing the gradual
changes in volume and, therefore, have inherent limitations
in evaluating therapeutic response during and after RT [3].
Positron emission tomography (PET) imaging with ['*F]-
fluorodeoxyglucose (*¥*F-FDG), a molecular imaging tech-
nique that effectively provides information on the effect
of RT on tumor metabolism, has widely been investigated
in the management of patients during the course of radio-
therapy [4, 5]. However, the interpretation of '*F-FDG PET/
CT findings requires caution due to the uptake in nonmalig-
nant tissues caused by peritumoral inflammation and physi-
ologic changes, especially in the head and neck regions [6,
7]. Because radiation esophagitis is a common complica-
tion of radiation therapy in esophagus cancer patients,
BF-FDG-PET/CT may, thus, be limited in differentiating
inflammatory tissues from tumor residual or recurrence [8].
Therefore, exploring the role of radiopharmaceuticals other
than ¥F-FDG is warranted.
3’-Deoxy-3’-['"®F]-fluorothymidine ("¥F-FLT), being a
pyrimidine nucleoside analogue, can be phosphorylated by
thymidine kinase 1 (TK1) enzyme and changed into 'F-FLT
monophosphate after uptake by the cell. Due to the relation-
ship of ®F-FLT uptake with TK-1 activity and percentage
of cells in the S-phase, cellular proliferation reflected by
BF-FLT may be regarded as an indicator of tumor-relevant
biological behavior. ¥F-FLT accumulation was reported
in several tumor types and "®F-FLT PET has already been
validated in a variety of studies for imaging proliferation
and evaluating tumor therapeutic responses [9—11]. In these
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studies, there was negligible accumulation of F-FLT in
granulocytes; the accumulation of ®F-FLT in inflamed tis-
sues was not significantly different from that in noninflamed
tissues. Therefore, *F-FLT may be more tumor specific and
might be better suited than '*F-FDG for depicting and differ-
entiating inflammation and tumors. The primary objective
of our research was to investigate the utility of *F-FLT PET/
CT for detecting esophageal cancer, to use serial '8F-FLT
PET/CT to determine whether *F-FLT PET/CT may be used
for evaluating the prognostic value of treatment response
in esophageal cancer patients, particularly the early interim
PET/CT scan 4 weeks after the start of therapy, and to com-
pare it with '*F-FDG PET/CT.

Patients and methods
Patients

Between February 2011 and December 2012, previously
untreated patients with newly pathologically diagnosed
esophageal squamous cell cancer (SCC) were enrolled into
the study. Patients were staged II-IV according to tumor,
node, metastasis (TNM) cancer staging manual of AJCC on
the basis of multidetector CT, endoscopic ultrasonography,
and ultrasound of the neck. Subjects were excluded if they
had surgery as their primary tumor therapy, had palliative
treatment, and/or were pregnant. In accordance with cura-
tive intent, 15 patients received RT only and 19 received
concurrent chemoradiotherapy (CRT). Radiotherapy was
delivered to a total dose of 60 Gy (2 Gy/daily fraction)
in 30 fractions (5 fractions/week, 6 weeks in total), using
6 MV photons in three-dimensional conformal radiotherapy
or conventional plans (anterior—posterior technique). Cis-
platin-based chemotherapy concurrent with radiation was
performed by using one of the following three regimens:
weekly cisplatin 40 mg/m? for 7-8 weeks, cisplatin 30 mg/
m?/day on days 1-3 combined with fluorouracil 750 mg/m?/
day on days 1-5 for two or three 28-day cycles, or paclitaxel
135 mg/m*day on day 1 combined with cisplatin 30 mg/m?/
day on days 2—4 for two or three 28-day cycles. All patients
underwent whole-body ¥F-FLT PET/CT and '*F-FDG PET/
CT scans at baseline (pre), 4 weeks after the start of RT
or CRT (interim), and 2 weeks after completion of therapy
(final), respectively. "®*F-FDG PET/CT and '8F-FLT PET/CT
were conducted within 48 h of each other.

Follow-ups were conducted every 2 months during the
first year, every 3 months during the second year, and every
4 months during the third year. Each follow-up assess-
ment included a complete history and physical examina-
tion. Esophagoscopy was performed for those who were
suspected of recurrence. Repeated chest and abdominal CT
scans were performed every 3 months posttreatment. Fol-

low-up was censored on 31 March 2014. Clinical outcomes
were defined as the 2-year progression-free survival (PFS),
locoregional control (LRC), and overall survival (OS) rates.
The study protocol was discussed and agreed by the Medi-
cal Ethics Committee, and all patients were informed and
provided written consent.

PET/CT acquisition protocol

BF-FDG was produced in accordance with method that
described by our laboratory, using the coincidence 'SF-
FDG synthesis module (TracerLab FxFN, GE Healthcare).
The preparation of '®F-FLT was referred to the method of
Machulla et al. [12]. PET/CT acquisition (Discovery STE;
GE Medical Systems, Milwaukee, WI, USA) was started
50-60 min after injection of 340-450 MBq F-FLT or
220-330 MBq "“F-FDG. Baseline scans were performed
using the whole-body mode, and the partial-body mode
was implemented in follow-up scans from the seventh
cervical vertebra to the abdomen, with a speed of 1.5 min
per bed position. The axial field of view covered 14.5 cm,
with an axial sampling thickness of 3.75 mm per slice.
Images were reconstructed by using normalized attenuation
weighted, ordered subset-expectation maximization itera-
tive processing, and were interpreted on Xeleris Worksta-
tion (GE Healthcare) by two experienced nuclear medicine
radiologists.

PET/CT imaging analysis

After reconstructed, the lesion maximum standardized
uptake value (SUV__ ) was calculated by region of inter-
est (ROI) analysis. The SUV__ was recorded on the pre,
interim, and final scans, expressed as SUV 1, SUV_ 2,
and SUV__ 3, respectively. Gross tumor volume (GTV) con-
touring of ""F-FLT PET/CT (GTV_,,.,) and "*F-FDG PET/
CT (GTV,, ppp) Were performed by an experienced nuclear-
medicine physician who did not know the treatment out-
come. To delineate the GTV, ROIs were positioned around
the tumors slice by slice in the volume file, using an iso-
contour of 40 % of the SUV__ of the whole lesion similarly
for all slices. Lymph node metastases were also included
in the GTV for the imaging analysis. Since minimal tracer
uptake was visible on PET/CT images on the final scan,
GTV, ey and GTV . . were only calculated on the pre
and interim scans. When significant activity on the interim
scan could not be visually distinguished by the physician,
the SUV__ was calculated in the region drawn on the pre
scan. Fractional changes of SUV__/GTV (ASUV/AGTV)
between two different times of scans were calculated using
the following formula: ASUVI2=[(SUV__1-SUV __ 2)/

SUV,__11x100%.
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Statistical analysis

Statistical analysis was performed with SPSS software 13.0
(SPSS, Inc.). Differences between paired parameters were
tested by Wilcoxon signed-rank or t-testing (2 groups) and
the Friedman test (3 groups). The Mann—Whitney U test
was used to compare SUV __or ASUV between the subjects
who were detected with progression (relapse, metastasis, or
death) and those who were progress-free during follow-up.
A receiver operating characteristic curve (ROC) analysis
was performed to identify the optimal cutoff value of PET
parameter before and after treatment for predicting outcome
of esophageal SCC. The area under the curve (AUC) val-
ues of each modality were compared to identify the levels
that afforded the most precise predictions. *F-FLT PET or
BF-FDG PET positivity/negativity was defined when the
parameters were higher/lower than the calculated cutoff
value. Survival was calculated from the date of the first PET
examination until the date of death or until censoring on the
date of last follow-up. The 2-year PFS, LRC, and OS were
analyzed using Kaplan—-Meier with the log-rank test for
univariate comparison. All statistical tests were two-sided,
and P values less than 0.05 were considered statistically
significant.

Results
Patients’ characteristics and outcomes

Informed consent was obtained from 39 newly diagnosed
esophageal SCC cases during the study period. All patients
(100 %) underwent pre scans at diagnosis. Due to two false
negatives at pre ®F-FLT PET/CT and one follow-up loss,
36 interim scans (92.3%) were subsequently obtained
4 weeks after the start of RT or CRT. Two weeks after ther-
apy completion, all three paired PET/CT scans, including
final scans, were available for 34 patients (87.2 %).

Data on these 34 patients were used in the response anal-
ysis. The characteristics of 34 patients are summarized in
Table 1. After a median follow-up duration of 24 months
(range 7-27 months), 11 patients were confirmed of hav-
ing locoregional recurrence by taking esophageal pathology
biopsies. Upon administrating of percutaneous biopsies,
5 patients were confirmed to have distant metastases (1 with
left supraclavicular and cervical lymph node metastases, 2
with lung metastases, 1 suffered multiple hepatic metastasis,
and 1 suffered from combined lung and bone metastasis),
the other patient with systematic multiple metastasis was
diagnosed through visual interpretation in a whole-body
BF-FDG PET/CT scan. A total of 13 patients died during
the follow-up period; all of these patients died of progres-
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Table 1 Patients’ characteristic

Characteristic Number of cases (%)
Age (years)
Mean 63
Range 44-82
Sex (n=34)
Male 21 (61.8%)
Female 13 (38.2%)
Location (n=26)
Cervical 6 (17.6%)
Upper thoracic 12 (35.3%)
Middle thoracic 16 (47.1%)
AICC/UICC TNM staging (n=26)
1Ib 6 (17.6%)
IlIa 10 (29.5%)
IIb 5(14.7%)
IIc 13 (38.2%)
T staging (n=26)
T2 4 (11.7%)
T3 11 (32.3%)
T4a 10 (29.5%)
T4b 9 (26.5%)
N staging (n=26)
NO 13 (38.2%)
N1 13 (38.2%)
N2 8 (23.6%)
Treatment (n=26)
Radiotherapy alone 15 (44.1%)

Concurrent Chemoradiotherapy 19 (55.9%)

3DRT 3-dimensional conformal radiotherapy

Data are numbers of patients, with percentages in parentheses, except
for age, which is years

sive disease. Thus, the 2-year PFS, LRC, and OS rates of all
enrolled patients were 52.9, 67.6, and 61.8 %, respectively.

Changes in SUV__and GTV during and after treatment

Relative to the baseline scan, there was a significant
decrease in "F-FLT SUV__ in primary tumors on the
interim scan (P<0.001). Almost complete diminishment of
BF-FLT uptake was observed on the final scan. There were
no significant differences in '""F-FLT SUV__ between the
interim scan and final scan in primary lesions (P=0.525).
As for ®F-FDG PET/CT, in comparison with the baseline
scan, significant SUV__ reductions in primary tumors were
observed (P<0.001), but most lesions (31/34) still depicted
a relatively high tracer uptake on the interim scan (SUV-
a2 >2.5). Significant differences of SUV__ between the
interim and final scan were also demonstrated (P=0.014).
Moreover, an overall reduction in the GTV was observed
in all cases on the interim scan (GTV, .., 21.34£7.86
vs. 5.40+£3.54, P<0.001; GTV,_ ;ppp 22.86£9.17 vs.
13.33+£7.96, P <0.001) (Figs. 1 and 2 and Table 2).
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Fig. 1 Box plots of a FDG SUV-
max’ b FLT SUme’ ¢ GTVFDG—PET’
andd GTV, .. on consecutive
8F-FDG PET/CT or "*F-FLT
PET/CT scans. Bottom and top
of each box are lower and upper
quartiles. Black band near middle
of box is median. Extremes

of lower and higher whiskers ’

represent range of minimum and

maximum values. *P <0.05, i s
Wilcoxon signed-rank test
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Comparing "F-FLT PET/CT with 'SF-FDG PET/  36.8%, P=0.042) than those pre PET-positive patients. In

CT, statistical analysis demonstrated changes of 'SF-FLT
uptake displayed significant changes in both ASUV12
(64.36%+17.51% vs. 37.65%+23.72%; P <0.001)
and ASUV13 (73.76%=+15.03% vs. 68.68%+17.12%;
P=0.049) in tumor lesions. In addition, tumor SUV __ in
BE-FLT PET/CT was much lower than that in '*F-FDG
PET/CT on both the interim (SUV _ 2, 8.21+£2.69 vs.
2.28+1.12, P <0.001) and final scans (SUV__ 3,4.70+1.72
vs. 1.76+0.48, P <0.001; Fig. 1, Fig. 2 and Table 2).

Correlations between baseline PET parameters and clinical
outcome

Patients were divided into two groups based on whether
or not patients suffered from disease progression (relapse,
metastasis, or death). The Mann—Whitney U test was used
to compare the PET parameters between two groups dur-
ing follow-up. The purpose of this step was to select suit-
able parameters as prognostic factors for survival analysis.
In the baseline "®F-FLT PET/CT, no statistical significance
was observed in FLT SUV__ 1 between two groups, but the
GTV, g of primary tumors was statistically significant
(Table 3). ROC curve analysis was performed to calculate
the most distinguishing cutoff value of these PET param-
eters in the prediction of 2-year PFS, LRC, and OS.

In the whole group, patients with a GTV_ .. less than
22.5 cm?®, who were defined as the pre PET-negative group,

were associated with better 2-year PFS rates (73.3% vs.

patients receiving CRT, those who had a GTV_ .. less
than 22.5 cm?® also showed better 2-year LRC and signifi-
cantly better PFS rates (69.2 % vs. 33.3 %, p=0.042). How-
ever, in patients treated with only RT, baseline GTV ...
dichotomized at the optimal cut-off was not significantly
predictive for outcome (Table 4).

In baseline ®F-FDG PET/CT, similar to '*F-FLT PET/
CT, a significant difference in the GTV ., of primary
tumors was demonstrated between the two groups, whereas
FDG SUV__ 1 was not significant (Table 3). Smaller tumors
on FDG PET (<20.8 cm?) showed significantly better 2-year
PFS rates (66.7% vs 37.5%, P=0.046). Regarding the
CRT-treated group, patients with a GTV ... <20.8 cm’
had better 2-year PFS and OS, although this difference was
not statistically significant. As for the subgroup of RT, a
baseline GTV less than 20.8 cm? did not predict sig-

FDG-PET

nificantly better 2-year PFS, LRC, or OS (Table 4).

Correlations between follow-up PET parameters and
clinical outcome

For all patients, interim *F-FLT PET/CT showed a reduc-
tion of FLT SUV__ in primary tumors, delineating signifi-
cant differences between progression and progression-free
patients (P=0.008); there was also a decrease in the GTV .
ppr (P=0.033). Meanwhile, the final scan showed a border-
line significant difference in ASUV13 between the two

groups, whereas not in ASUV23 (Table 3). The most dis-
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Fig. 2 ""F-FLT PET/CT and "*F-
FDG PET/CT on the pre, interim,
and final scans. The pre "*F-FLT
PET shows moderate tracer
uptake in primary tumors (arrow,
SUV__ =6.5) and corresponding
8F-FDG PET depicts relatively
higher uptake in primary tumors
(arrow, SUV__ =19.7). The in-
terim '8F-FDG PET depicts high
“long-line tracer uptake” along
the esophagus (arrow, SUV-

= 7-7), while the corresponding
8F-FLT PET/CT reveals greatly
reduced tracer uptake in the same
region (SUV _=2.1) and irradi-
ated vertebrae. The final '*F-FLT
PET/CT images depict nearly
complete absence of tracer uptake
in the primary tumor, while

the irradiated vertebrae delin-
eated higher uptake in contrast

to interim scan. Corresponding
F-FDG PET/CT reveals greatly
reduced tracer uptake in primary
lesions (arrow, SUV__=3.5)

#8F-FLT PET/CT

¥F-FDG PET/CT

¥F-FLT PET/CT |

'*F-FDG PET/CT §

®F-FLT PET/CT |

*F-FDG PET/CT

criminative cutoff values of these parameters were sought
using ROC methodology optimizing specificity and sen-
sitivity to obtain the highest accuracy. A SUV__ decrease
above 60% between the pre and interim scan was signifi-
cantly associated with better 2-year PFS and LRC rates
than did a SUV__ decrease below 60 %, although the dif-
ference in 2-year LRC did not reach statistical significance
in patients receiving only RT (Table 4). The association
was most prominent in the group of patients receiving CRT

(PFS: 75.0% vs 28.6%, P=0.027; LRC: 91.7% vs 42.9 %,
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P=0.017; Fig. 3). On the final scan, SUV__ 3 in all patients
had reduced to such an extent that ASUV 13 greater than the
cutoff no longer discriminated between outcomes. In addi-
tion, a GTV_ ... decline >78% between pre and interim
scan was associated with significantly better 2-year PFS
in the whole group and significantly better 2-year PFS and
LRC in the subgroup of CRT. The AUC values of GTV_
o AGTV, and ASUV predicting 2-year PFS, LRC, and OS
are also described in Table 4. The AUCs derived from the
interim '8F-FLT PET/CT (ASUV12) was higher than those
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Table 2 PET parameters between 'F-FDG and "*F-FLT

Pararmeter F-FDG PET/CT “F-FLT PETI/CT P value

Tumor
Suv, 1 14.51+£5.72 6.95+2.60 <0.001
Suv 2 8.21+2.69 2.28+1.12 <0.001
SUV,_3 4204149 1.7620.48 <0.001
GTV1 (cm?) 22.86+9.17 21.34+7.86 0.209
GTV2 (cm?) 13.33+£7.96 5.40+3.54 <0.001
ASUVI12 (%) 37.65+23.72 64.36+£17.51 <0.001
ASUV23 (%) 47.51+15.83 22.58+14.34 0.006
ASUVI13 (%) 68.68+17.12 73.76+15.03 0.049
AGTV (%) 41.54+25.14 74.58+18.87 <0.001

Number after PET/CT parameters refer to first, second, or third scan

A=difference between baseline scans (pre scan) and subsequent
scans (interim and final scan)

from the pre (GTV, ;) and final (ASUV13) scans. Over-
all, in ®F-FLT PET/CT, a reduction in tumor SUV__ and
GTV, pgr during RT or CRT for esophageal SCC were
good predictors of clinical outcome; a SUV __ decrease
>60% during the first 4 weeks of treatment served as the
optimal cut-off value in predicting 2-year PFS and LRC.
As for 8F-FDG PET/CT, in patients with disease pro-
gression, FDG ASUV12 varied (range 15%~55%) on the
interim FDG PET scan. There were no significant differ-
ences observed between progression and progression-free
patients in terms of AGTV . ... or ASUV12. However, on
the final scan, ASUV23 and ASUV 13 were significantly dif-
ferent between the two groups (Table 3). Contrary to *F-
FLT PET/CT, a statistically significant difference was not
reached until the final scan. A final *F-FDG PET negativity
higher than the cutoff value (ASUV13>71%) was associ-
ated with significantly better 2-year RFS and LRC than did
those with final ®*F-FDG PET positivity (Table 4). These cor-
relations were most pronounced in the subgroup of patients
treated with CRT, with a PFS of 76.9 % and LRC of 84.6%
for those with a ASUV13>71% on final ®F-FDG PET/CT
versus 16.7 % and 50.0 % for those with a ASUV13<71.0%
(P=0.008 and 0.039). In all three groups, the AUCs
extracted from the final ¥F-FDG PET/CT (ASUV13) were
significantly higher than those from the pre and interim '8F-

FDG PET/CT (Table 4). Therefore, ASUV13>71% could
be used as the most discriminative cutoff in predicting the
2-year PFS and LRC in '®F-FDG PET/CT.

Radiation inflammation/tumor residual differentiation

On the interim scan, the region of primary tumor demon-
strated absence of '*F-FLT uptake but high '*F-FDG uptake
(FDG PET-positive/FLT PET-negative) in 28 patients
(Fig. 4a). Visual interpretation in "*F-FDG PET/CT was
regarded in 28 of the 28 patients as radiation inflammation
according to the characteristic “long line uptake” along the
esophagus. In all, 12 of these FLT-negative but FDG-posi-
tive cases received subsequent histopathological examina-
tion in the irradiated esophageal tissues (3 days after the
interim scan), and results showed the presence of inflamma-
tory infiltrates and interstitial expansion with no evidence
of residual tumor (Fig. 4a). On the other hand, PET/CT
displayed both negative "¥*F-FLT and "F-FDG uptake (FDG
PET-negative/FLT PET-negative) in three histopathologi-
cally responding tumors (Fig. 4b). For another 3 patients
whose primary regions had both moderate visible '®F-FLT
and "®F-FDG uptake (FDG PET-positive/FLT PET-positive)
on the interim scan, all of them received subsequent biopsy
(3—6 days after the interim scan), which revealed residual
malignant squamous cell cancer in the region with high *F-
FDG and '8F-FLT uptake (Fig. 4c).

Discussion

Accelerated tumor cell repopulation is an important cause
of treatment failure in a variety of malignancies [13]. SCC
of the esophagus is considered a rapidly proliferating tumor
and is thought to exhibit the phenomenon of accelerated
repopulation [14]. It is well known that RT and CRT rapidly
decrease proliferation rates in responding tumors, therefore,
visualization of the proliferative tumor cell compartment
and early modification of therapy to counteract this resis-
tance mechanism can help improve outcome. Decisions for

Table 3 PET parameters between disease progression (relapse, metastases, or death) and progression-free patients

Parameter 'SF-FDG PET/CT '"SF-FLT PET/CT
Progression Progression-free P Progression Progression-free P

GTVI (cm®) 29.46+6.84 18.04+7.28 0.022 28.07+6.97 18.51+£7.63 0.043
Suv, 1 14.67+5.62 14.07+6.41 0.664 7.31£2.72 5.88+2.29 0.112
AGTV (%) 33.71+19.60 44.46+14.74 0.069 70.96+9.11 83.08+11.44 0.033
ASUV12 (%) 30.99+14.22 40.10+26.28 0.069 50.80+9.58 74.16+20.13 0.008
ASUV23 (%) 36.82+16.84 51.54+13.88 0.045 23.43+13.97 18.75+14.34 0.118
ASUV13 (%) 57.04+11.75 75.23+17.66 0.016 64.98+10.45 78.65+28.64 0.046

Number after PET/CT parameters refer to first, second, or third scan

A=difference between baseline scans (pre scan) and subsequent scans (interim and final scan)
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Table 4 The correlation between PET parameters and clinical outcome

Parameter Optimal cut-off P AUC
value 2-year PFS (%) 2-year LRC (%) 2-year OS (%) PFS LRC (O]
BF-FLT PET/CT
All patients
GTVirper <225 em’ 73.3vs 36.8 P=0.19 P=0.21 0.769  0.652  0.612
P=0.042
AGTV >78% 75.0vs 33.3 81.3vs 55.6 75.0 vs 50.0 0.788 0.735 0.723
P=0.033 P=0.069 P=0.074
ASUV12 >60% 70.6 vs 35.2 84.2 vs 52.9 76.5 vs 58.8 0812 0.775 0.706
P=0.025 P=0.046 P=0.096
ASUV13 >76% 66.7 vs 42.1 P=0.14 P=0.16 0.704  0.687 0.676
P=0.085
Radiotherapy
GTV, et <22.5 cm? P=0.13 P=0.15 P=0.23 0.690 0.676  0.530
AGTV >78% P=0.14 71.4 vs 50.0 71.4 vs 37.5 0.678 0.710 0.735
P=0.097 P=0.060
ASUV12 >60% 66.7 vs 16.7 77.8 vs 33.3 P=0.16 0.791 0.703  0.730
P=0.031 P=0.100
ASUV13 >76% P=0.23 P=0.42 P=0.21 0.547 0411 0.589
Chemoradiotherapy
GTV, et <22.5 cm? 69.2 vs 33.3 84.5 vs 50.0 P=0.13 0.771  0.711  0.691
P=0.042 P=0.083
AGTV >78% 71.4 vs 20.0 85.7 vs. 40.0 78.6 vs 40.0 0.783 0.768 0.724
P=0.039 P=0.043 P=0.073
ASUV12 >60% 75.0 vs 28.6 91.7vs 42.9 83.3vs42.9 0.795 0.832 0.735
P=0.027 P=0.017 P=0.066
ASUV13 >76% 70.0 vs 44.4 P=0.16 P=0.15 0.716  0.679  0.672
P=0.089
BF-FDG PET/CT
All patients
GTV ipger <20.8 em’ 66.7 vs 37.5 P=0.13 P=0.18 0.758  0.693  0.608
P=0.046
ASUV23 >46% 68.8 vs 38.9 81.3 vs 55.6 P=0.14 0.726  0.705  0.686
P=0.064 P=0.095
ASUV13 >71% 73.3 vs 36.8 86.7 vs 52.6 80.0 vs 47.4 0.812 0.807 0.745
P=0.022 P=0.029 P=0.058
Radiotherapy
GTV 6 ppr <20.8 cm?® P=0.14 P=0.16 P=0.44 0.686 0.675 0.432
ASUV23 >46% 71.4vs25.0 85.7vs 37.5 P=0.18 0.708 0.730 0.612
P=0.096 P=0.068
ASUV13 >71% 75.0 vs 14.3 87.5vs 28.6 P=0.12 0.787 0.762  0.686
P=0.033 P=0.044
Chemoradiotherapy
GTV, 6 et <20.8 cm? 72.7 vs 37.5 P=0.21 81.8 vs 50.0 0.723  0.598  0.708
P=0.070 P=0.10
ASUV23 >46% 75.0 vs 28.6 83.3vs 57.1 83.3vs42.9 0.740 0.712 0.724
P=0.055 P=0.087 P=0.066
ASUV13 >71% 76.9 vs 16.7 84.6 vs 50.0 76.9 vs 50.0 0.838 0.774  0.730
P=0.008 P=0.039 P=0.065

Cut-off values were found through receiver-operating-characteristic (RO!) analysis

Number after PET/CT parameters refer to first, second, or third scan

A=difference between baseline scans (pre scan) and subsequent scans (interim and final scan)

For survival data with P <0.1, 2-year progression-free survival (PFS), locoregional control (LRC), and overall survival (OS) rates per group are
given (%), for survival differences with P>0.1, only P value is given

Area under the curve (AUC) values of PET parameters for predicting 2-year PFS, LRC, and OS per group are given

more aggressive therapy, such as accelerated radiotherapy
[15], concomitant chemoradiotherapy [16], or radiotherapy

combined with cetuximab [17] to counteract proliferation,
are currently driven by clinical and radiologic tumor char-
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acteristics and by patient factors. In individualized therapy
strategies, evaluating the proliferative activity of tumor
before, during, and after treatment might be of complemen-
tary value for better selection of patients and modification of
treatment strategy according to the early assessment of each
patient’s therapeutic response. The present study describes
preliminary work on a comparative study of *F-FDG and
BE-FLT PET/CT imaging for predicting response to therapy
early during RT or CRT treatment for SCC of esophagus.
We hypothesized that '8F-FLT uptake would reflect early
cellular changes after the administration of RT or CRT.

In terms of prediction with the baseline scan, both base-
line GTV, ,pr and GTV, . ... showed statistically signifi-
cant differences between progression and progression-free
patients, indicating pretreatment GTV . ... and GTV
might be significant in predicting the patients’ prognoses.
We found that in the group of patients who are routinely

Time since pre-RT PET scan (mo)

treated with RT alone, a GTV, ., <22.5 cm’ or GTV,
e <20.8 cm® did not predict significantly better 2-year
PFS, LRC, or OS (Table 4). However, in patients who are
treated with concurrent CRT, both GTV_ ... <22.5 cm’ and
GTV,poper <20.8 cm® were associated with significantly
better outcome, suggesting that the additional chemotherapy
might be particularly relevant for SCC of the esophagus.
Although CRT most likely enhance the antiproliferative/
metabolic effect of the accelerated irradiation schedule and
ultimately result in improved treatment outcome, we still
cannot conclude that CRT is superior to RT alone for SCC
of esophagus from the present results; further investigations
with larger patient populations are needed to compare CRT
versus RT alone in esophageal SCC patients.

Early assessment for a radiotherapeutic effect may reduce
delays in clinical management and might be of complemen-
tary value in the optimization of early treatment modifi-
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Fig. 4 a On the interim scan, '®F-FDG PET/CT demonstrates charac-

teristic “long line uptake™ along the esophagus (arrow , SUV _=8.1),
while less tracer uptake is observed in the corresponding '*F-FLT PET/
CT. Endoscopic biopsy in the region of irradiated esophageal tissues
reveals inflammatory infiltrates and interstitial expansion. b Both in-
terim '®F-FLT PET/CT and "®F-FDG PET/CT display negative tracer
uptake in the region of the primary tumor. Endoscopic biopsy in the

cations. In our study, serial PET/CT of both '8F-FLT and
BE-FDQG effectively revealed the gradual reduction of tracer
uptake in SCC of the esophagus during RT or CRT. How-
ever, compared with ®*F-FDG PET/CT, “F-FLT PET/CT
demonstrated faster and more substantial SUV __ reduction
early during the course of therapy. In our study, we adopted
quantitative methods using ASUV__ and AGTV to predict
the 2-year PFS, LRC, and OS. In '8F-FLT PET/CT, we ulti-
mately found that the parameters extracted from the interim
scan showed the best results in terms of predicting clinical
outcomes, with a particularly strong association in the sub-
group of patients who received CRT. The 2-year PFS and
LRC rates according to interim FLT PET/CT results were
75.0% and 91.7 % for PET-negative patients and 28.6 % and
42.9% for PET-positive patients when the ASUV 12 cut-
off of 60 % was used (Fig. 3). It is also observed that SUV
for ®F-FLT was not much different between the interim and
final scan in tumors (P=0.525), indicating that evaluation
might be best done in week 4 of treatment, later measure-
ments did not add much information, and the ®F-FLT PET
signal became more difficult to quantify due to decreasing
signal-to-noise ratios.

As for "®F-FDG PET/CT, a statistically significant differ-
ence was not demonstrated until the final scan. The parameter
extracted from the final ®F-FDG PET/CT (ASUV13>71%)
was found to be the best discriminative values for predicting
clinical outcome, also with strongest association in the CRT-
treated group. Thus, our studies demonstrated the utility of
both interim "F-FLT PET/CT and final '®F-FDG PET/CT in
providing prognostic information and as a tool for treatment
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low uptake region reveal inflammatory infiltrates and interstitial ex-
pansion. ¢ Interim F-FLT PET/CT still displays a visible accumula-
tion of radioactivity in the region of the primary tumor (arrow, SUV-
= 7-8), the corresponding *F-FDG PET/CT also indicates moderate
tracer uptake in the region of the primary lesion (SUV _ =6.3). En-
doscopic biopsy in the high uptake region reveals residual malignant
squamous cell cancer

evaluation in patients with SCC of the esophagus. How-
ever, posttherapy evaluation may be less helpful when one
is aiming for early treatment modification to improve out-
come or reduce overtreatment. Similar results were reported
in patients with head and neck cancer [18, 19]. The poor
correlation of early ¥F-FDG PET and RT response may be
attributed to the interference of radiation-related mucosal
inflammation. Such inflammation-induced FDG uptake will
lead to difficulty in evaluation of residual tumor. Given that
the biopsies during active (chemo)radiotherapy are often
difficult to perform, our study showed that the interim '$F-
FLT PET/CT may have the potential to noninvasively dis-
criminate high-risk patients more precisely than "*F-FDG
PET/CT early during (chemo)radiotherapy. In addition, it
might help oncologists provide individualized management
to patients with esophageal cancer, although future prospec-
tive clinical trials are needed.

However, it is worth noting the literature about MUNI-
CON 1I study, which was an initial trial to prospectively
evaluate the feasibility and potential effect on progno-
sis of administering PET-response-guided chemotherapy
to patients with locally adenocarcinoma of the esopha-
gus and the esophagogastric junction [20]. In the MUNI-
CON 1I study, ®F-FDG PET/CT was performed 14 days
after initiation of the first chemotherapy cycle in patients
with esophageal cancer, and the chemotherapy-induced
changes in ¥F-FDG uptake identified patients who benefit-
ted from preoperative chemotherapy and those who do not.
The prognosis for chemotherapy metabolic nonresponders
was poorer than for metabolic responders. Therefore, many



3’-Deoxy-3’-[18F]-fluorothymidine PET/CT in early determination

151

scholars hold the view that response of esophageal cancers
can be evaluated by "*F-FDG PET/CT as early as 14 days
after therapy [21-22]. However, in our study, we performed
the interim FDG PET/CT 4 weeks after the start of therapy.
This was due to our previous research on nasopharyngeal
cancer [23]: we had found the 5-week assessment of treat-
ment response allows for the accurate replanning during
the course of RT, reducing treatment volume, and/or dose
dependency according to the reduction of disease activity.
Therefore, we chose this time-point for imaging based on
our previous experience. However, from the results of pres-
ent study, we observed the serve inflammatory response on
the 4-week "®F-FDG PET/CT, which result in false-positive
BE-FDG PET/CT readings and can hamper accurate tumor
volume measurements for this tracer. Therefore, in order
to avoid the interference of radiation-related inflammation,
the timing of the interim *F-FDG PET/CT scan may better
be performed earlier (such as 2 weeks) after initiation of
therapy.

Early evaluation of the response to therapy has been
evaluated using "*F-FLT PET/CT in several malignancies.
In a study of 31 patients with non-small cell lung cancer,
the decrease of '8F-FLT uptake after 7 days of therapy with
gefitinib was highly predictive of tumor response on CT at
6 weeks and PFS [24]. Hoeben et al. [25] proposed a 45 %
decline in ®F-FLT uptake 2 weeks after (chemo)radiother-
apy as a strong indicator for long-term outcome in head
and neck cancer. In another study on head and neck cancer
[26], a decrease in GTV, .. above the median 4 weeks
after (chemo)radiotherapy was associated with better 4-year
DFS (90% vs 53 %). In a study of 30 patients with recurrent
glioma, changes in '8F-FLT uptake after 6 weeks of bevaci-
zumab treatment were predictive for patient outcome, with
amedian OS 3.3 time longer in PET responders than in non-
responders [27].

As a matter of fact, no standardized guidelines for the
timing of "®F-FLT PET/CT scans, particularly in terms of the
imaging time-point of interim scan, have been established.
We performed the interim *F-FLT PET/CT 4 weeks after
the start of therapy, which is based on research by Yue et al.
[28] about SCC of the esophagus. In their study, tumor pro-
liferation was almost absent after delivery of about 40 Gy,
that is, after 4 weeks of uninterrupted radiotherapy. There-
fore, we hypothesized the 4-week "*F-FLT PET/CT might
demonstrate the early biologic response of esophageal SCC
to (chemo)radiotherapy. Given that some studies showed a
very early decline of ¥F-FLT uptake after the start of treat-
ment, earlier FLT PET acquisition in comparison with our
present schedule will be considered in our future work.

Our study also presents the advantage of 8F-FLT PET/
CT over ®F-FDG PET/CT in distinguishing inflammation
from residual tumor, as currently used imaging modalities
are nonspecific in this regard. Endoscopic ultrasound after

radiotherapy is poor at distinguishing tumor from postthera-
peutic fibrosis or inflammation [29]. ¥F-FDG PET/CT, rely-
ing on differences in glucose metabolism, represents either
residual tumor or esophagitis. Our research suggests that
BE-FLT PET/CT may have the potential to distinguish the
tumor residual from radiation esophagitis effectively, which
could have important clinical applications. However, in our
study, "¥F-FDG uptake in the inflammatory lesion was not
verified by pathological examination in every patient due to
severe inflammatory response in some patients’ esophagus
after RT. Typical imaging (the “long line uptake”) of radia-
tion inflammation may not necessarily indicate the pres-
ence of inflammation in tumor tissue; additional research is
needed to confirm the validity of these findings in our next
investigation.

Finally, some limitations of our study should be noted.
Because of the small patient population and relatively short
follow-up time, well-designed prospective trials with larger
patient populations and longer observations are ongoing.
Meanwhile, further studies to establish a standard protocol
for ¥F-FLT PET/CT and interpretation criteria are needed.

Conclusion

The present investigation results suggest that interim 'SF-
FLT PET/CT might be a promising imaging modality for
early evaluation of radiotherapeutic or chemoradiotherapy
effects in esophageal SCC. A SUV | decrease in "*F-FLT
uptake in the fourth week of treatment may provide superior
prediction of 2-year PFS and LRC. "*F-FLT PET/CT may,
thus, aid in personalized patient management by steering
treatment modifications during the course of therapy.
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