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We have investigated the prognostic value of two novel interim 18F-fluorodeoxyglucose positron emission tomography (FDG-PET)

parameters in patients undergoing chemoradiation (CRT) for esophageal squamous cell carcinoma (ESCC): one tumor parameter

(maximal standardized uptake ratio rSUR) and one normal tissue parameter (change of FDG uptake within irradiated nontumor-

affected esophagus ΔSUVNTO). PET data of 134 European and Chinese patients were analyzed. Parameter establishment was based

on 36 patients undergoing preoperative CRT plus surgery, validation was performed in 98 patients receiving definitive CRT. Patients

received PET imaging prior and during fourth week of CRT. Clinical parameters, baseline PET parameters, and interim PET parameters

(rSUR and ΔSUVNTO) were analyzed and compared to event-free survival (EFS), overall survival (OS), loco-regional control (LRC) and

freedom from distant metastases (FFDM). Combining rSUR and ΔSUVNTO revealed a strong prognostic impact on EFS, OS, LRC and

FFDM in patients undergoing preoperative CRT. In the definitive CRT cohort, univariate analysis with respect to EFS revealed several

staging plus both previously established interim PET parameters as significant prognostic factors. Multivariate analyses revealed only

rSUR and ΔSUVNTO as independent prognostic factors (p = 0.003, p = 0.008). Combination of these parameters with the cutoff
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established in preoperative CRT revealed excellent discrimination of patients with a long or short EFS (73% vs. 17% at 2 years,

respectively) and significantly discriminated all other endpoints (OS, p < 0.001; LRC, p < 0.001; FFDM, p = 0.02), even in subgroups.

Combined use of interim FDG-PET derived parameters ΔSUVNTO and rSUR seems to have predictive potential, allowing to select

responders for definitive CRT and omission of surgery.

What’s new?
In advanced esophageal cancer, preoperative chemoradiation (pCRT) improves survival compared to surgery alone, but it’s not

clear whether this strategy produces better outcomes than definitive chemoradiation (dCRT). Positron emission tomography

scanning can potentially predict the response to CRT using various parameters. In this study, the authors evaluated the

prognostic value of two parameters of FDG-PET. They looked at 134 patients receiving either pCRT plus surgery or dCRT.

Screening with these parameters, they found, could successfully identify those patients that would respond best to definitive

chemoradiation, and potentially avoid surgery.

Introduction
The best treatment approach for locally advanced esophageal squa-
mous cell carcinoma (ESCC) is controversial. Preoperative
chemoradiation (pCRT) bears an overall survival (OS) benefit com-
pared to surgery alone in several trials, including adenocarcinomas
and ESCC.1–3 Therefore, there is clear evidence that pCRT should
be performed in case of surgical resection. However, whether this
trimodality approach comprises an additional OS benefit compared
to definitive chemoradiation (dCRT) is uncertain. Two randomized
phase-III studies did not show an OS difference between dCRT and
pCRT plus surgery, but higher loco-regional failure rates after
dCRT.4,5 As some recent population-based analyses suggest better
OS after trimodality treatment, pCRT plus surgery is usually the
treatment of choice in medically fit patients.6,7

Treatment-related morbidity is considerable after trimodality
treatment. The mentioned phase-III trials both reported postsurgi-
cal mortality rates of around 10%.4,5 Since up to one-half of
patients show complete histopathological remission after pCRT,
identification of tumors/patients exhibiting high sensitivity to
chemoradiation (CRT) should be a pivotal issue for improved
treatment individualization, for example, by organ preservation.2,8

The applicability of an interim positron emission tomogra-
phy (PET) scan with 18F-fluorodeoxyglucose (FDG) to mea-
sure response to CRT is of limited use with current standard
PET parameters, especially in ESCC,9 although PET-tailored
treatment has shown some promising results in adenocarci-
nomas of the esophagus.10

Currently, the most often investigated FDG-PET/CT parame-
ter is tumor glucose uptake quantified as standardized uptake
value (SUV). However, SUV quantification has several well-
known shortcomings, for example, uptake time dependence of
the SUV, interstudy variability of the arterial input function and
susceptibility to errors in scanner calibration.11–13 In recent pub-
lications, it was shown that uptake time normalized tumor to
blood SUV ratio (standardized uptake ratio, SUR) essentially
eliminates most of these shortcomings and leads to an improved

correlation with the metabolic uptake rate,14–16 improved test–
retest stability17 and significantly better prognostic value compared
to tumor SUV.18–20 It was shown recently that the maximum SUR
during interim FDG-PET-CT (rSUR) has a high prognostic value
in patients treated with pCRT for esophageal cancer.18 Further-
more, recent studies reported a high prognostic value of the FDG
uptake within irradiated nontumor affected (o)esophagus (NTO)
in a cohort of patients treated with pCRT and dCRT, most likely
reflecting radiation-induced inflammation.21,22

The aim of our study was to confirm that both established
interim FDG-PET parameters are prognostic and can identify
patients that would be candidates for organ preservation.

Materials and Methods
Establishment of parameters in patients treated with pCRT
Data on the patients treated with pCRT have been published,18,22

reanalysis of the combined PET parameters was performed for
36 patients with squamous cell histology included in both prior
analyses, patient details can be found in Supporting Information
Table S1.

Inclusion criteria
Inclusion criteria for the retrospective multicenter validation
cohort were: Treatment with dCRT for histologically confirmed
ESCC with normo-fractionated radiotherapy with curative intent
and prescription of curative radiation doses, concomitant chemo-
therapy according to international standards with platinum com-
pound plus taxane/5-fluorouracil, initial FDG-PET for staging
and interim FDG-PET during week four of CRT, no evidence of
distant metastases in both PET scans.

Patients, treatment and follow-up
In total, 98 patients were included in the validation cohort. A
summary of patient and tumor characteristics is given in
Table 1. Chinese patients received dCRT as standard of care
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while in the two European centers dCRT was restricted to
patients with relevant comorbidities or declining surgery.

Details of the 72 patients from the Department of Radiation
Oncology of the University Hospital Xiamen have been previ-
ously described.21,23 Briefly, patients received dCRT between
2009 and 2013, mostly using intensity-modulated radiotherapy
(IMRT). After a radiation dose of 50 Gy to the tumor, affected
lymph nodes, safety margins, and elective lymph nodes, a con-
secutive boost of 4–16 Gy was prescribed to tumor/affected

lymph nodes (average total dose: 58.9 Gy) with reduced mar-
gins. Concomitant chemotherapy consisted of two cycles of cis-
platin (25 mg/m2/day, Days 1–3 and Days 29–31) and either
paclitaxel (135 mg/m2/day, Day 1 and Day 29) or 5-fluorouracil
(500 mg/m2/day, Days 1–5 and Days 29–33).

The 23 patients treated at the Department of Radiotherapy and
Radiation Oncology of the University Hospital Carl Gustav Carus
Dresden, Germany, constitute a subgroup of a previously published
study who received CRT and pretherapeutic as well as interim
FDG-PET.20 Patients were treated between 2007 and 2014 using
3D conformal radiotherapy. A total dose of 50 Gy was delivered to
the tumor, affected lymph nodes, and elective mediastinal lymph
nodes, followed by a sequential boost of 10–20 Gy (average total
dose: 66.1 Gy). Concomitant chemotherapy consisted of cisplatin
(70 mg/m2) and 5-fluorouracil (3,000 mg/m2 as an infusion over
96 hr), applied during the first and fourth weeks of treatment.

Three patients treated at the Department of Radiation
Oncology of the Charité University Hospital, Campus
Virchow-Klinikum, Germany, were included. Patients were
treated in 2016 and received volumetric modulated arc or
tomotherapy with an elective dose to mediastinal lymph nodes
of 50.4 Gy and a consecutive boost to macroscopic tumor vol-
umes with reduced margins of 57.6 Gy. During both treat-
ment series a simultaneous integrated boost was applied to
the metabolic tumor volume as delineated by FDG-PET up to
64 or 66 Gy. Concomitant chemotherapy consisted of weekly
Carboplatin (AUC = 2.0) and Paclitaxel (50 mg/m2).

Chinese patients received barium swallow tests and chest
CT every 3 months during the first 2 years and every
6 months during the next 3 years of follow-up. European
patients received CT scans in the same interval and additional
endoscopic examinations every 3–6 months. Loco-regional
recurrence needed to be confirmed by clear radiological signs
of malignancy or continuous imaging or biopsy.

PET imaging
Patients from Xiamen were scanned with a Discovery STE
(General Electric Medical Systems, Milwaukee, WI). Applied
radiation dose at the time of the second scan was on average
40.9 Gy (range: 30–50 Gy). Data acquisition started 67 � 22 min
(range 50–140 min) after injection of 142–548 MBq FDG
(3D PET acquisition, 90 sec acquisition time per bed position).
PET data were reconstructed using CT-based attenuation-
weighted OSEM reconstruction (2 iterations, 20 subsets, 6 mm
FWHMGaussian filter).

Patients from Dresden were scanned with a Biograph 16 (Sie-
mens Medical Solutions Inc. Knoxville, TN). Applied radiation
dose at time of the second scan was on average 37.3 Gy (range:
32–50 Gy). Data acquisition started 79 � 16 min (range
58–140 min) after injection of 249–406 MBq of FDG (3D PET
acquisition, 3 min acquisition time per bed position). PET data
were reconstructed using CT-based attenuation-weighted OSEM
reconstruction (4 iterations, 8 subsets, 5 mm FWHM Gaussian
filter).

Table 1. Patient and tumor characteristics

Characteristics Value (percentage)

Age (years)

Mean � SD 60 � 9

Median 61

Gender

Male 80 (81.6)

Female 18 (18.4)

ECOG performance status

N/A 13 (13)

0 18 (18)

1 57 (58)

2 10 (10)

T stage

T1 1 (1)

T2 7 (7.1)

T3 34 (34.7)

T4 56 (57.1)

N stage

N0 37 (38)

N1 34 (34.7)

N2 24 (24.5)

N3 3 (3.1)

UICC stage

I 3 (3.1)

II 13 (13.3)

III 82 (83.7)

Grade

x 17 (17.3)

1 6 (6.1)

2 63 (64.3)

3 12 (12.2)

GTV (ml) 1.4–68.5

Tumor length (mm) 1.4–103.

Treatment time (days) 37–48

Radiation dose as planned 88 (90)

Chemotherapy as planned 97 (99)

Applied radiation dose 50–66 Gy

Except for patient age, all data entries are specified as number of occur-
rences, followed in parentheses by corresponding percentage fraction.
Abbreviations: ECOG, Eastern Cooperative Oncology Group; Gy, gray; GTV,
gross tumor volume; ml, milliliter; SD, standard deviation.
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Patients from Berlin were scanned with a Gemini TF
16 Astonish (Philips Medical Systems, Cleveland, OH). Applied
radiation dose (within the macroscopic tumor) at time of the sec-
ond scan was on average 41.5 Gy (range: 38.0–46.0 Gy). Data
acquisition started 71 � 9 min (range: 60–86 min) after injection
of 236–248 MBq FDG (3D PET acquisition, 90 sec acquisition
time per bed position). PET data were reconstructed using
BLOB-OS-TF reconstruction (Philips Astonish TF technology:
3 iterations, 33 subsets).

Image analysis
Tracer uptake in the NTO was determined using a roughly
cylindrical region of interest (ROI) which was manually delin-
eated as described previously.21,22 The minimum longitudinal
distance to the tumor or affected lymph nodes was 20 mm. The
ROI had to be in the high-dose treatment volume and the mini-
mum volume was 5 ml (minimum longitudinal length 20 mm).
The delineating observer was blinded to patient outcome. For
the resulting ROIs, maximum SUV (SUVmax) was computed.

The metabolically active part of the primary tumor was delin-
eated in the PET data by an automatic algorithm based on adap-
tive thresholding considering the local background.24,25 The
resulting delineation was inspected visually by an experienced
observer and manually corrected if deemed necessary. Manual
delineation was performed in 5 out of 98 cases exhibiting only
low diffuse tracer accumulation in the respective lesion. In 14 fur-
ther cases, the delineation algorithm was not able to separate pri-
mary tumor and FDG avid lymph nodes in the immediate
vicinity of the primary tumor. These lymph nodes were manually
removed from the ROI. For the delineated ROIs, SUVmax, and
the metabolic tumor volume (MTV) were computed.

Since tracer uptake time T was not fully standardized in
this retrospective study, lesion SUVs and NTO SUVs were
adjusted to an uptake time T0 = 75 min after injection using
the following formula:

SUVtc = SUV×
T0 1−bð Þ

T

where SUVtc is the time-corrected SUV, T is the time at which
the SUV was actually measured and b = 0.31 describes the
shape and decrease of the arterial input function over time.15

As only time-corrected SUVs were investigated the index “tc”
is omitted hereafter.

The arterial blood SUV (BSUV) needed for computation of
SUR values was determined by defining a roughly cylindrical aorta
ROI in the attenuation CT data and transferring it to the PET data.
The aorta ROI was centered in the lumen of the descending aorta
observing a minimum volume of 5 ml. To reduce partial volume
effects, a concentric safety margin of about 8 mm from the aortic
wall was ensured. Planes showing high tracer uptake close to the
aorta or showing obvious attenuation correction artifacts were
excluded. BSUVwas computed as the mean SUV in the aorta ROI.

Lesion SURmax was computed as the ratio of lesion SUVmax

and BSUV. Uptake time correction to T0 = 75 min p.i. was
performed as described in References 15 and 16:

SURmax =
T0

T
×
lesion SUVmax

BSUV

where T is the actual time of measurement in the respective
scan. In the following, we omit the index “max” in the nota-
tion of SUVmax and SURmax as only maximum values of these
quantities were considered.

SUR was analyzed only for tumor lesions and not for NTO.
The SUR concept relies on irreversible FDG trapping which is a
valid assumption for malign tumor lesions. This is not necessar-
ily true for the potentially inflammation-induced NTO uptake
here the precise tracer kinetics remains unclear.26,27

The fractional differences in SUV between the first and
second scan were computed as follows:

ΔSUV = 100×
rSUV−bSUV

bSUV

where the prefixes “b” and “r” refer to baseline and interim
PET scans, respectively. The fractional differences of SUR
were computed accordingly. ROI definition and ROI analyses
was performed using the ROVER software, version 3.0.36
(ABX GmbH, Radeberg, Germany).

Statistical analysis
The primary clinical endpoint was event-free survival (EFS) with
any disease recurrence (loco-regional or distant) or death being
classified as an event. Secondary endpoints were OS, locoregional
control (LRC), and freedom from distant metastases (FFDM)
measured from the start of dCRT to death and/or event. Patients
who did not keep follow-up appointments and for whom infor-
mation on OS or tumor status was, therefore, unavailable were
censored at the date of last follow-up. Survival analysis with
respect to EFS was performed for 8 PET parameters: ΔSUVNTO,
MTV, SUV and SUR determined in the baseline PET, SUV and
SUR determined in the interim PET (rSUV and rSUR), and the
fractional difference of SUV and SUR (ΔSUV and ΔSUR). In
addition, the correlation of the clinical parameters gender, age,
ethnic group (Asian or European), grade, T-stage, N-stage,
UICC-stage and the PET parameters were analyzed.

The prognostic value of PET parameters was investigated
using univariate and multivariate Cox proportional hazard
regression in which the PET parameters were included as metric
parameters. Parameters showing a significant effect in this anal-
ysis were further analyzed in univariate Cox regression using
binarized PET parameters. For ΔSUVNTO, the cutoff value used
for binarization was 0% (i.e., high risk was defined as no
increase of SUVNTO from first to second PET scan21). The cut-
off values for the other PET parameters were calculated by min-
imizing the p-value in univariate Cox regression as described in
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Reference 20. The optimal cutoff was determined for EFS and
then applied to OS, LRC, and FFDM. Cutoff values leading to
p < 0.05 were tested for stability (i.e., sensibility of the prognos-
tic value against variation of the cutoff value). In this test, the
range of cutoff values still leading to a significant effect in uni-
variate analysis was computed by successively decreasing/
increasing the cutoff value (starting at the optimal value) and
repeated univariate Cox regression. Significant parameters were
combined, high risk was defined by the presence of one or more
risk factors. Probability of survival was computed and rendered
as Kaplan–Meier curves. Correlation was tested using the Spe-
arman’s rank correlation method. Hazard ratios (HR) were

compared using the bootstrap method (random resampling with
replacement, 105 samples) to determine the statistical distribu-
tion of (HR1 − HR2) from which the relevant p-value then was
derived. Statistical significance was defined as a p-value of less
than 0.05. Statistical analysis was performed with the R language
and environment for statistical computing version 3.5.1 (2019, R
Core Team, Vienna, Austria).28

Clinical trial information. All patients had to give written
informed consent before treatment and imaging. The studies
were approved by the Institutional Review Boards of the par-
ticipating centers and the joint-analysis was additionally
approved by the Institutional Review Board of the first
author’s institution (EA2/122/17) and was conducted in
accordance with the guidelines of the International Confer-
ence on Harmonization/Good Clinical Practice and the princi-
ples of the Declaration of Helsinki.

p p p

Figure 1. Interim PET parameters ΔSUVNTO, rSUR and combination of both and their association with histopathological tumor regression grade
(TRG) in patients treated with preoperative chemoradiation. Patients who developed loco-regional or distant tumor recurrence during follow-up are
shown by red dots while patients without tumor relapse are presented by black dots. [Color figure can be viewed at wileyonlinelibrary.com]

Table 2. Univariate Cox regression with respect to EFS (event-free
survival)

Parameter HR 95% CI p-value

Clinical parameters

Gender male 1.54 0.83–2.86 0.17

Age > 60 1.03 0.65–1.63 0.91

Ethnic group European 0.94 0.54–1.64 0.83

Grading >2 1.07 0.54–2.11 0.85

T-stage >3 1.4 0.96–2.05 0.085

N-stage >0 1.32 1.01–1.74 0.043

UICC stage > II 2.24 1.19–4.23 0.013

ECOG performance status 1.51 0.75–3.05 0.24

PET parameters

MTV 1.02 1.01–1.04 0.0098

ΔSUVNTO 0.995 0.991–0.999 0.015

bSUV 1.04 1–1.08 0.043

rSUV 1.03 0.98–1.08 0.23

ΔSUV 0.999 0.993–1.005 0.8

bSUR 1.07 1.01–1.13 0.019

rSUR 1.21 1.09–1.35 <0.001

ΔSUR 1.001 0.994–1.008 0.76

PET parameters were included as metric parameters.
All significant values are in bold.

Table 3. Multivariate Cox regression with respect to EFS

Parameter HR 95% CI p-value

bSUV

UICC stage > II 1.78 0.932–3.38 0.081

MTV 1.01 0.983–1.03 0.65

ΔSUVNTO 0.995 0.991–0.998 0.006

bSUV 1.03 0.986–1.08 0.18

rSUR 1.19 1.07–1.32 0.001

bSUR

UICC stage > II 1.83 0.944–3.56 0.073

MTV 1.01 0.988–1.03 0.42

ΔSUVNTO 0.995 0.991–0.998 0.006

bSUR 1.01 0.941–1.08 0.82

rSUR 1.17 1.05–1.31 0.004

PET parameters were included as metric parameters. Note that due to high
correlation of bSUV and bSUR, the analysis was performed separately for
these two parameters (bSUV above, bSUR below).
All significant values are in bold.
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Data availability
The data that support the findings of our study are available
from the corresponding author upon reasonable request.

Results
The prognostic value of each single PET parameter has been
previously published in single-institution studies.18,22,29 Since
combination of the novel tumor and nontumor parameter has
not been assessed and the previously published cohort was
not restricted to ESCC only, a reanalysis of 36 ESCC patients
treated with pCRT plus surgery evaluating rSUR was per-
formed. Combining the resulting optimal cutoff value
rSUR = 4.5 and the previously published value for ΔSUVNTO

(0%) and defining low-risk patients as patients presenting
ΔSUVNTO > 0% and rSUR ≤ 4.5 revealed a very strong prog-
nostic impact on all endpoints (EFS, OS, LRC, FFDM, see
Supporting Information Table S2 and Fig. S3). While several
PET parameters were associated with histopathological tumor
regression (Supporting Information Fig. S1) the combination
of rSUR and ΔSUVNTO did not only show a correlation with
tumor regression but seems to deliver further biological infor-
mation beyond local tumor response as shown in Figure 1.

In the validation cohort of 98 patients treated with dCRT,
2-, 3- and 5-year OS rates were 48, 41 and 27%, respectively.
The median follow-up time was 16 and 56 months in surviv-
ing patients (range, 8–102 months). The rates for EFS, LRC

(a) (b) (c)(a) (b) (c)

Figure 2. Kaplan–Meier plots showing event-free survival (EFS) according to interim PET defined risk groups: ΔSUVNTO (a), restaging maximal
standardized uptake ratio (rSUR; b) and combination of both parameters (c). [Color figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

Figure 3. Kaplan–Meier plots for the combined interim PET parameters ΔSUVNTO and rSUR and the clinical endpoints overall survival (OS, a),
loco-regional control/loco-regional recurrence-free survival (LRC, b) and freedom from distant metastases (FFDM, c). [Color figure can be
viewed at wileyonlinelibrary.com]

1432 Use of interim FDG-PET derived parameters ΔSUVNTO and rSUR

Int. J. Cancer: 147, 1427–1436 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


and FFDM at 5 years were 31, 34 and 71%, which is in line
with survival rates reported in current publications.30,31

Univariate analysis with respect to EFS revealed the PET
parameters MTV, ΔSUVNTO, bSUV, bSUR and rSUR as sig-
nificant prognostic factors. The only significant clinical
parameters were N-stage and UICC stage (Table 2, Supporting
Information Fig. S2). Correlation analysis showed a strong
correlation of bSUV and bSUR (Spearman’s rho = 0.8,
p < 0.001). All other clinical and PET parameters showed only

weak correlation (Spearman’s rho <0.45), see Supporting
Information Tables S3 and S4 for a summary of all PET
parameters. Therefore, bSUV and bSUR were analyzed sepa-
rately in multivariate Cox regression in combination with
MTV, ΔSUVNTO, rSUR and UICC stage in order to identify
the best combination of PET parameters. Both analyses rev-
ealed ΔSUVNTO and rSUR as independent prognostic factors
(p = 0.006 and p = 0.004, respectively). MTV, bSUV and
bSUR did not provide additional prognostic information,

(a)

(b)

(a)

(b)

Figure 4. Forest plot showing the hazard ratio (HR) of ΔNTO and rSUR for various sub-groups in regard to event-free survival (EFS, above) and
overall survival (OS, below), 95% confidence interval (CI) plotted as solid lines.
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UICC stage showed a trend for significance (p = 0.073), details
are reported in Table 3.

ΔSUVNTO and rSUR were binarized using the same cutoff
values as in the pCRT plus surgery cohort (ΔSUVNTO = 0% and
rSUR = 4.5). In univariate analysis, the binarized parameters,
too, were significant prognostic factors (ΔSUVNTO: HR = 2.02,
p = 0.0073; rSUR: HR = 3.02, p < 0.001). In a cutoff stability, test
both parameters turned out to be very stable regarding their abil-
ity to discriminate high and low-risk patients (Supporting Infor-
mation Table S5).

Subsequently, ΔSUVNTO and rSUR were combined in the
multicenter dCRT validation cohort. High risk was defined by
ΔSUVNTO ≤ 0% and/or rSUR > 4.5. Univariate analysis of the
combination parameter with respect to EFS revealed a hazard
ratio of HR = 4.02 (p < 0.001). Corresponding Kaplan–Meier
curves are shown in Figure 2 for EFS and Supporting Informa-
tion Figure S4 for all other endpoints. HR of combination was
significantly larger than HRs of ΔSUVNTO and rSUR (p = 0.012
and p = 0.041, respectively). Two years EFS rate was 17% in the
high-risk group and 73% in the low-risk group (defined by the
combination of ΔSUVNTO and rSUR).

Both PET parameters were also able to predict OS, LRC and
FFDM in univariate analysis for each parameter separately. The
only exception was ΔSUVNTO for predicting FFDM, which only
showed a trend for significance (p = 0.063). Furthermore, the
combination of both parameters notably increased effect size
compared to ΔSUVNTO and rSUR alone for all endpoints,
Figure 3 shows the corresponding Kaplan–Meier curves. The
results of univariate Cox regression are shown in Supporting
Information Table S6. To exclude bias due to Ethnical differ-
ences in the dCRT cohort of our study, analyses were also
restricted to European and Asian patients. In both subgroups,
the combination of ΔSUVNTO and rSUR still significantly dis-
criminated between high and low risk for all endpoints except
FFDM (Supporting Information Figs. S5 and S6). Subgroup ana-
lyses showed that combination of parameters had a high predic-
tive value in terms of EFS and OS regardless of radiation dose,
type of concomitant chemotherapy or age as shown in Figure 4.

Discussion
In this retrospective multicenter evaluation of FDG-PET at base-
line and during treatment we could demonstrate, for the first
time, that combination of ΔSUVNTO and rSUR appears not
only to improve discrimination of patients with good and poor
prognosis but also to be potentially predictive for treatment with
CRT. The observed loco-regional 2-year control rates of 95%
after dCRT suggest that combination of these interim-PET
parameters enables prediction of CRT response which is most
likely linked to a more favorable tumor biology as shown by the
excellent outcome regarding all endpoints in this group (EFS,
FFDM and OS). This is an important prerequisite for future
studies on individualized treatment, specifically organ preserva-
tion in patients presenting positive response parameters.

Compared to various staging PET parameters determined
before treatment, the combination of these two interim parame-
ters provided independent and significantly enhanced prognostic
value. Our study adds further evidence to the growing knowl-
edge on the promising prognostic value of NTO and SUR in
esophageal cancer18,20–22 and identifies the combination of both
parameters obtained during interim PET at the end of the fourth
week of dCRT as a promising tool for treatment individualiza-
tion. To the best of our knowledge, our study is the largest anal-
ysis of patients with interim FDG-PET in ESCC with clearly
specified timing of interim PET (end of week four of CRT). Our
data indicate the potential usefulness of interim PET for
response assessment and further treatment planning in ESCC.
The prognostic value of both parameters (determined separately)
has originally been identified in patients undergoing pCRT.18,22

The reanalysis of ESCC patients treated with trimodality and the
high predictive impact in patients treated with dCRT shown in
our study suggests that the combination of both parameters
among patients undergoing pCRT might be a useful tool to
select well-responding patients for dCRT but continue with sur-
gery in the remaining patients. Additionally, due to the high
impact on all endpoints, these parameters might also be very
useful for further treatment stratification, for example, additional
checkpoint-inhibition in the high-risk group or combined TGF-
β and checkpoint inhibition.32 Two trials that randomized
patients to pCRT plus surgery or dCRT alone did either not
include any biomarker for response assessment or only used very
basic clinical/radiological parameters to include only patients
with at least a partial response to pCRT.4,5 In both trials, OS of
patients did not differ significantly between treatment arms, but
3-year locoregional recurrence rates were about 40% after dCRT.
The role of interim PET for response assessment and potential
treatment guidance of ESCC is uncertain. A recent review identi-
fied 13 mostly retrospective studies investigating the prognostic
value of interim PET in esophageal cancer. The authors con-
cluded that a slight majority of the studies (8 of 13) were able to
show a prognostic value of interim PET.9 However, patients with
adenocarcinomas and ESCC were included and PET examina-
tions were performed at various time points between week 2 and
6 of CRT. These heterogeneities combined with the low number
of (mostly retrospective) data make it difficult to draw any firm
conclusions on the utility of interim-PET for treatment guidance.
Another limitation of interim PET during CRT is the increased
uptake of normal tissue, especially mucosa and gut. Preclinical
and clinical studies have shown that there is a correlation
between radiation-induced inflammation and FDG uptake33–35

and FDG-PET is also used in several inflammatory diseases.36

The increased normal tissue uptake hampers evaluation of tumor
response and may have led to negative studies on response
assessment in interim PET. Our data suggest that inclusion of
NTO is able to counteract this phenomenon.

In our study, only patients with complete PET/CT scans
before treatment and at the end of the fourth week of pCRT/
dCRT were included. This is based on our findings in pCRT

1434 Use of interim FDG-PET derived parameters ΔSUVNTO and rSUR

Int. J. Cancer: 147, 1427–1436 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on



patients that demonstrated a positive prognostic value of both
investigated PET parameters at this timepoint: ΔSUVNTO and
rSUR.18,22 Additionally, at this timepoint modification of the
treatment schedule from pCRT to dCRT would still be possible.

Our study has several limitations. Retrospective analysis
generally is prone to bias which may affect the reliability of
prognostic biomarkers, requiring independent validation.
PET-scanners, imaging protocols, radiotherapy techniques,
total radiation doses and chemotherapy in our study were not
standardized and added to the heterogeneity of the patient
population. Furthermore, patient and tumor characteristics of
Asian patients could differ from European patients. dCRT in
the participating European centers is usually restricted to
patients with relevant comorbidities or patients who refuse
surgery, while in China dCRT is more commonly applied in
patients who also would be candidates for surgery. A recent
publication was able to show that BRCA2 loss-of-function
germline mutations play an important role in the genetic pre-
disposition of Chinese patients to develop ESCC.37 On the
one hand, these underlying heterogeneities may add to the
risk of statistical overfitting leading to spurious associations.
On the other hand, the heterogeneity of our validation cohort,
in light of the persisting effect in all subgroups, suggests that
the PET response biomarkers are very robust. Despite the
small sample size several parameters (ethnicity, age, radiation
dose and chemotherapy regime) also did not impact the high
prognostic/predictive value. Regarding the implementation of
NTO, glucose uptake within irradiated nontumor tissue also
bears a significant prognostic value in head and neck and lung
cancer that is independent from PET parameters of the
tumor.38,39 These data suggest that the FDG uptake within the
nontumor irradiated tissue can be used to perform biology-
dependent radiation dosimetry in vivo. The further biological
mechanisms are part of ongoing research. Most likely immu-
nological effects and/or a similar radiosensitivity of tumor and
normal tissue are responsible for the observed phenomenon.39

To the best of our knowledge, the present study is the larg-
est analysis of patients undergoing dCRT with an interim
FDG-PET within a standardized interval (fourth week of
radiotherapy). The combination of ΔSUVNTO = 0% and
rSUR = 4.5 excellently discriminated ESCC patients treated
with trimodality (exploration cohort) and dCRT (validation

cohort). Together, these data indicate that ΔSUVNTO and
rSUR enable prediction of CRT response in ESCC patients.

Conclusion
The combination of tumor and nontumor FDG-PET parame-
ters during Week 4 of CRT appears promising to discriminate
good from poor prognosis in esophageal cancer patients
irrespective of the chosen therapeutic approach (pCRT plus
surgery or dCRT). This could be further exploited as a predic-
tive tool during pCRT to select well responders for dCRT and
omit surgery.

Acknowledgements
This work was partly supported by the Major Projects of Fujian Natural Sci-
ence Foundation (NO. 2008-59-11), the Nature Science Foundation of
China (No. 81101066), the Xiamen city science and technology project guid-
ance (3502Z20164009), the German Federal Ministry of Education and
Research (BMBF contract 03ZIK041) and the Berliner Krebsgesellschaft
(ZSF201720). The funding sources had no influence on data acquisition,
evaluation or writing of the manuscript.

Conflict of interest
Dr Amthauer reports lecture fees from SIRTEX Medical Europe, GE
Healthcare, Novartis and Pfizer outside the submitted work. In the past
5 years, Dr Krause received funding for her research projects by IBA
(2016), Merck KGaA (2014–2018 for preclinical study; 2018–2020 for
clinical study), Medipan GmbH (2014–2018). She is involved in an ongo-
ing publicly funded (German Federal Ministry of Education and Research)
project with the companies Medipan, Attomol GmbH, GA Generic Assays
GmbH, Gesellschaft für medizinische und wissenschaftliche genetische
Analysen, Lipotype GmbH and PolyAn GmbH (2019–2021). For the pre-
sent manuscript, Dr. Krause confirms that none of the above-mentioned
funding sources were involved. All other authors have nothing to disclose.
Dr Baumann attended an advisory board meeting of MERCK KGaA
(Darmstadt), for which the University of Dresden received a travel grant.
He further received funding for his research projects and for educational
grants to the University of Dresden by Teutopharma GmbH (2011–2015),
IBA (2016), Bayer AG (2016–2018), Merck KGaA (2016–2030), Medipan
GmbH (2014–2018). Dr Baumann, as former chair of OncoRay (Dresden)
and present CEO and Scientific Chair of the German Cancer Research
Center (DKFZ, Heidelberg), signed/s contracts for his institute(s) and for
the staff for research funding and collaborations with a multitude of com-
panies worldwide. For the German Cancer Research Center (DKFZ, Hei-
delberg) Dr. Baumann is on the supervisory boards of HI-STEM gGmbH
(Heidelberg). All other authors have nothing to disclose.

References

1. Tepper J, Krasna MJ, Niedzwiecki D, et al. Phase
III trial of trimodality therapy with cisplatin, fluo-
rouracil, radiotherapy, and surgery compared with
surgery alone for esophageal cancer: CALGB
9781. J Clin Oncol 2008;26:1086–92.

2. van Hagen P, Hulshof MCCM, van Lanschot JJB,
et al. Preoperative chemoradiotherapy for esopha-
geal or junctional cancer. N Engl J Med 2012;366:
2074–84.

3. Yang H, Liu H, Chen Y, et al. Neoadjuvant
chemoradiotherapy followed by surgery versus
surgery alone for locally advanced squamous cell

carcinoma of the Esophagus (NEOCRTEC5010):
a phase III Multicenter, randomized, open-label
clinical trial. J Clin Oncol 2018;36:2796–803.

4. Stahl M, Stuschke M, Lehmann N, et al.
Chemoradiation with and without surgery in patients
with locally advanced squamous cell carcinoma of
the esophagus. J Clin Oncol 2005;23:2310–7.

5. Bedenne L, Michel P, Bouché O, et al.
Chemoradiation followed by surgery compared
with chemoradiation alone in squamous cancer of
the esophagus: FFCD 9102. J Clin Oncol 2007;25:
1160–8.

6. Naik KB, Liu Y, Goodman M, et al. Concurrent
chemoradiotherapy with or without surgery for
patients with resectable esophageal cancer: an
analysis of the National Cancer Data Base. Cancer
2017;123:3476–85.

7. Kranzfelder M, Schuster T, Geinitz H, et al. Meta-
analysis of neoadjuvant treatment modalities and
definitive non-surgical therapy for oesophageal
squamous cell cancer. Br J Surg 2011;98:768–83.

8. Baumann M, Krause M, Overgaard J, et al. Radia-
tion oncology in the era of precision medicine.
Nat Rev Cancer 2016;16:234–49.

Zschaeck et al. 1435

Int. J. Cancer: 147, 1427–1436 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on



9. Cremonesi M, Garibaldi C, Timmerman R, et al.
Interim 18F-FDG-PET/CT during chemo-
radiotherapy in the management of oesophageal
cancer patients. A systematic review. Radiother
Oncol 2017;125:200–12.

10. Ku GY, Kriplani A, Janjigian YY, et al. Change in
chemotherapy during concurrent radiation
followed by surgery after a suboptimal positron
emission tomography response to induction che-
motherapy improves outcomes for locally
advanced esophageal adenocarcinoma. Cancer
2016;122:2083–90.

11. Hamberg LM, Hunter GJ, Alpert NM, et al. The
dose uptake ratio as an index of glucose metabo-
lism: useful parameter or oversimplification?
J Nucl Med 1994;35:1308–12.

12. Huang SC. Anatomy of SUV Standardized uptake
value. Nucl Med Biol 2000;27:643–6.

13. Keyes JW. SUV: Standard uptake or silly useless
value? J Nucl Med 1995;36:1836–9.

14. van den Hoff J, Oehme L, Schramm G, et al. The
PET-derived tumor-to-blood standard uptake
ratio (SUR) is superior to tumor SUV as a surro-
gate parameter of the metabolic rate of FDG.
EJNMMI Res 2013;3:77.

15. van den Hoff J, Lougovski A, Schramm G, et al.
Correction of scan time dependence of standard
uptake values in oncological PET. EJNMMI Res
2014;4:18.

16. Hofheinz F, van den Hoff J, Steffen IG, et al.
Comparative evaluation of SUV, tumor-to-blood
standard uptake ratio (SUR), and dual time point
measurements for assessment of the metabolic
uptake rate in FDG PET. EJNMMI Res 2016;6:53.

17. Hofheinz F, Apostolova I, Oehme L, et al. Test-
retest variability in lesion SUV and lesion SUR in
18F-FDG PET: an analysis of data from two pro-
spective multicenter trials. J Nucl Med 2017;58:
1770–5.

18. Bütof R, Hofheinz F, Zöphel K, et al. Prognostic
value of SUR in patients with trimodality treat-
ment of locally advanced esophageal carcinoma.
J Nucl Med 2018;60:192–8.

19. Hofheinz F, Bütof R, Apostolova I, et al. An inves-
tigation of the relation between tumor-to-liver
ratio (TLR) and tumor-to-blood standard uptake
ratio (SUR) in oncological FDG PET. EJNMMI
Res 2016;6:19.

20. Bütof R, Hofheinz F, Zöphel K, et al. Prognostic
value of pretherapeutic tumor-to-blood standard-
ized uptake ratio in patients with Esophageal car-
cinoma. J Nucl Med 2015;56:1150–6.

21. Li Y, Hofheinz F, Furth C, et al. Increased evi-
dence for the prognostic value of FDG uptake on
late-treatment PET in non-tumour-affected
oesophagus in irradiated patients with
oesophageal carcinoma. Eur J Nucl Med Mol
Imaging 2018;45:1752–61.

22. Zschaeck S, Hofheinz F, Zöphel K, et al. Increased
FDG uptake on late-treatment PET in non-
tumour-affected oesophagus is prognostic for
pathological complete response and disease recur-
rence in patients undergoing neoadjuvant radio-
chemotherapy. Eur J Nucl Med Mol Imaging 2017;
44:1813–22.

23. Li Y, Lin Q, Luo Z, et al. Wu H. value of sequential
18F-fluorodeoxyglucose positron emission
tomography/computed tomography (FDG PET/CT)
in prediction of the overall survival of esophageal
cancer patients treated with chemoradiotherapy. Int
J Clin Exp Med 2015;8:10947–55.

24. Hofheinz F, Pötzsch C, Oehme L, et al. Automatic
volume delineation in oncological PET. Evalua-
tion of a dedicated software tool and comparison
with manual delineation in clinical data sets.
Nuklearmedizin 2012;51:9–16.

25. Hofheinz F, Langner J, Petr J, et al. An automatic
method for accurate volume delineation of hetero-
geneous tumors in PET. Med Phys 2013;40:
082503.

26. Zhuang H, Pourdehnad M, Lambright ES, et al.
Dual time point 18F-FDG PET imaging for differ-
entiating malignant from inflammatory processes.
J Nucl Med 2001;42:1412–7.

27. Yang Z, Zan Y, Zheng X, et al. Dynamic FDG-
PET imaging to differentiate malignancies from
inflammation in subcutaneous and in situ mouse
model for non-small cell lung carcinoma
(NSCLC). PLoS One 2015;10:e0139089.

28. R Core Team. R: A Language and Environment
for Statistical Computing. Vienna, Austria: R
Foundation for Statistical Computing, 2018.

29. Li Y, Hofheinz F, Furth C, et al. Increased evi-
dence for the prognostic value of FDG uptake on
late-treatment PET in non-tumour-affected
oesophagus in irradiated patients with

oesophageal carcinoma. Eur J Nucl Med Mol
Imaging 2018;45:1752–61.

30. Mikhail S, Wei L, Salem ME, et al. Outcomes of
definitive chemoradiation in patients with esopha-
geal cancer. Dis Esophagus 2017;30:1–7.

31. Shao MS, Wong AT, Schwartz D, et al. Defini-
tive or preoperative chemoradiation therapy
for esophageal cancer: patterns of care and sur-
vival outcomes. Ann Thorac Surg 2016;101:
2148–54.

32. Chen X, Wang L, Li P, et al. Dual TGF-β and PD-
1 blockade synergistically enhances MAGE-
A3-specific CD8+ T cell response in esophageal
squamous cell carcinoma. Int J Cancer 2018;143:
2561–74.

33. Tang TT, Rendon DA, Zawaski JA, et al. Imaging
radiation-induced gastrointestinal, bone marrow
injury and recovery kinetics using 18F-FDG PET.
PLoS One 2017;12:e0169082.

34. Mehmood Q, Sun A, Becker N, et al. Predicting
radiation esophagitis using 18F-FDG PET during
chemoradiotherapy for locally advanced non-
small cell lung cancer. J Thorac Oncol 2016;11:
213–21.

35. Niedzielski JS, Yang J, Liao Z, et al. (18)F-
Fluorodeoxyglucose positron emission tomogra-
phy can quantify and predict esophageal injury
during radiation therapy. Int J Radiat Oncol Biol
Phys 2016;96:670–8.

36. Buscombe J. PET imaging of inflammation.
Q J Nucl Med Mol Imaging 2014;58:284–9.

37. Ko JM-Y, Ning L, Zhao X-K, et al. BRCA2 loss-
of-function germline mutations are associated
with esophageal squamous cell carcinoma risk in
Chinese. Int J Cancer 2019;146:1042–51.

38. Hicks RJ, Mac Manus MP, Matthews JP, et al.
Early FDG-PET imaging after radical radiother-
apy for non-small-cell lung cancer: inflammatory
changes in normal tissues correlate with tumor
response and do not confound therapeutic
response evaluation. Int J Radiat Oncol Biol Phys
2004;60:412–8.

39. Zschaeck S, Löck S, Leger S, et al. FDG uptake in
normal tissues assessed by PET during treatment
has prognostic value for treatment results in head
and neck squamous cell carcinomas undergoing
radiochemotherapy. Radiother Oncol 2017;122:
437–44.

1436 Use of interim FDG-PET derived parameters ΔSUVNTO and rSUR

Int. J. Cancer: 147, 1427–1436 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on


	 Combined tumor plus nontumor interim FDG-PET parameters are prognostic for response to chemoradiation in squamous cell eso...
	Introduction
	Materials and Methods
	Establishment of parameters in patients treated with pCRT
	Inclusion criteria
	Patients, treatment and follow-up
	PET imaging
	Image analysis
	Statistical analysis
	Clinical trial information

	Data availability

	Results
	Discussion
	Conclusion
	Acknowledgements
	Conflict of interest
	References


