:\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 27 November 2020
doi: 10.3389/fonc.2020.599907

OPEN ACCESS

Edited by:

Francesco Cellini,

Catholic University of the Sacred
Heart, Italy

Reviewed by:

Chunhao Wang,

Duke University Medical Center,
United States

Valentina Lancellotta,

Catholic University of the Sacred
Heart, Italy

*Correspondence:
Nicola Simoni
nicola.simoni@aovr.veneto.it

"These authors share senior
authorship

Specialty section:

This article was submitted to
Radiation Oncology,

a section of the journal
Frontiers in Oncology

Received: 28 August 2020
Accepted: 27 October 2020
Published: 27 November 2020

Citation:

Simoni N, Rossi G, Benetti G,
Zuftante M, Micera R, Pavarana M,
Guariglia S, Zivelonghi E, Mengardo V,
Weindelmayer J, Giacopuzzi S,

de Manzoni G, Cavedon C and
Mazzarotto R (2020) "®F-FDG PET/CT
Metrics Are Correlated to the
Pathological Response in Esophageal
Cancer Patients Treated With
Induction Chemotherapy Followed by
Neoadjuvant Chemo-Radiotherapy.
Front. Oncol. 10:599907.

doi: 10.3389/fonc.2020.599907

Check for
updates

'8E.FDG PET/CT Metrics Are
Correlated to the Pathological
Response in Esophageal Cancer
Patients Treated With Induction
Chemotherapy Followed by
Neoadjuvant Chemo-Radiotherapy

Nicola Simoni’*, Gabriella Rossi’, Giulio Benetti?, Michele Zuffante®, Renato Micera’,
Michele Pavarana®, Stefania Guariglia 2 Emanuele Zivelonghiz, Valentina Mengardo 5
Jacopo Weindelmayer?®, Simone Giacopuzzi®, Giovanni de Manzoni®, Carlo Cavedon?’
and Renzo Mazzarotto'"

" Department of Radiation Oncology, University of Verona Hospital Trust, Verona, Italy, 2 Department of Medical Physics,
University of Verona Hospital Trust, Verona, ltaly, 3 Department of Nuclear Medicine, University of Verona Hospital Trust,
Verona, Italy, # Department of Oncology, University of Verona Hospital Trust, Verona, ltaly, ® Department of General and
Upper G.I. Surgery, University of Vierona Hospital Trust, Verona, Italy

Background and Objective: The aim of this study was to assess the ability of
Fluorodeoxyglucose Positron Emission Tomography/Computed Tomography (‘8F-FDG
PET/CT) to provide functional information useful in predicting pathological response to an
intensive neoadjuvant chemo-radiotherapy (NCRT) protocol for both esophageal
squamous cell carcinoma (SCC) and adenocarcinoma (ADC) patients.

Material and Methods: Esophageal carcinoma (EC) patients, treated in our Center
between 2014 and 2018, were retrospectively reviewed. The nCRT protocol schedule
consisted of an induction phase of weekly administered docetaxel, cisplatin, and 5-
fluorouracil (TCF) for 3 weeks, followed by a concomitant phase of weekly TCF for 5 weeks
with concurrent radiotherapy (50-50.4 Gy in 25-28 fractions). Three '®F-FDG PET/CT
scans were performed: before (PET4) and after (PET,) induction chemotherapy (IC), and
prior to surgery (PETg). Correlation between PET parameters [maximum and mean
standardized uptake value (SUVax and SUVean), Mmetabolic tumor volume (MTV), and
total lesion glycolysis (TLG)], radiomic features and tumor regression grade (TGR) was
investigated.

Results: Fifty-four patients (35 ADC, 19 SCC; 48 cT3/4; 52 cN+) were €eligible for the
analysis. Pathological response to NCRT was classified as major (TRG1-2, 41/54, 75.9%)
or non-response (TRG3-4, 13/54, 24.1%). A major response was statistically correlated
with SCC subtype (p = 0.02) and smaller tumor length (p = 0.03). MTV and TLG measured
prior to IC (PET,) were correlated to TRG1-2 response (p = 0.02 and p = 0.02,
respectively). After IC (PET,), SUVihean and TLG correlated with major response (p =
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0.08 and p = 0.04, respectively). No significance was detected when relative changes of
metabolic parameters between PET; and PET, were evaluated. At textural quantitative
analysis, three independent radiomic features extracted from PET; images ([JointEnergy
and InverseDifferenceNormalized of GLCM and LowGraylevelZoneEmphasis of GLSZM)
were statistically correlated with major response (p < 0.0002).

Conclusions: '8F-FDG PET/CT traditional metrics and textural features seem to predict
pathologic response (TRG) in EC patients treated with induction chemotherapy followed
by neoadjuvant chemo-radiotherapy. Further investigations are necessary in order to
obtain a reliable predictive model to be used in the clinical practice.

Keywords: positron emission tomography metrics, pathological response, induction chemotherapy, chemo-
radiation, esophageal cancer, radiomic features, neoadjuvant therapy

INTRODUCTION

Esophageal Cancer (EC) is a major health problem worldwide,
representing the 7 leading cause of cancer-related mortality (1).
In locally advanced stage disease, a preoperative approach
(chemotherapy or chemo-radiotherapy) is currently accepted
as standard of care (2). In particular, randomized trials
evaluating neoadjuvant chemo-radiotherapy (nCRT) followed
by surgery, have demonstrated a 10%-15% improvement in
long-term survival rate with trimodality therapy as compared
with surgery alone (3-5). Notably, Tumor Regression Grade
(TRG) of the primary tumor after nCRT is a well-established
prognostic factor to predict long-term prognosis in EC (6-8).
Hence, in order to identify a subset of patients who would most
likely benefit from nCRT, the availability of prognostic and
predictive markers for response, is strongly advocated.

In our experience, after the completion of a phase II study, an
intensive nCRT protocol consisting of induction chemotherapy
(IC), followed by concurrent chemo-radiotherapy (CRT), and
thereafter by surgery, was considered the standard approach for
both Squamous Cell Carcinoma (SCC) and Adenocarcinoma
(ADC) of the esophagus and gastroesophageal junction (EGJ). In
our series, 5-year survival rates were 77% for pathological
complete response (pCR), 44% for near pCR (microfoci of
tumor cells on the primary tumor), and 14% for residual
tumor subsets, respectively (p < 0.001) (9). It can be
hypothesized that the use of induction chemotherapy may
allow to screen patients with EC in “good responders”, in
which CRT following IC may determine an effective survival
advantage and therefore should be used, and in “bad
responders”, in which CRT could be unnecessary or even
detrimental due to possible adverse events. In this unfavorable
group, surgery should not be further delayed or, alternatively, a
change in systemic therapy should be adopted.

Fluorodeoxyglucose Positron Emission Tomography/
Computed Tomography ('*F-FDG PET/CT), combining
functional PET information with anatomical CT images, is
routinely used for diagnosis, radiation treatment planning, and
response evaluation in various gastrointestinal malignancies (10-
13). In particular, the role of "*F-FDG PET/CT for baseline
staging, restaging before surgery, and recurrence/distant

metastases detection during follow-up in EC is well established
(14, 15). Furthermore, it represents a useful, non-invasive tool to
assess the response to neoadjuvant chemotherapy and chemo-
radiotherapy. Several traditional PET parameters, such as
maximum and mean standardized uptake value (SUVmax and
SUVmean), metabolic tumor volume (MTV), and total lesion
glycolysis (TLG), have demonstrated the ability to provide
functional information useful in predicting pathological
response to nCRT in EC patients (16-18). More recently,
radiomic features are emerging as promising tools to stratify
patients in “good” or “bad” responders. Some studies have
investigated different first, second and high-order features, in
EC patients, demonstrating that PET radiomic parameters can
predict the response to nCRT (19-25). In addition, Chen et al.
postulated that using a combination of traditional and radiomic
PET parameters can provide a better stratification of patients
into different prognostic subgroups (26).

Based on this background, we performed a novel analysis to
evaluate the ability of '*F-FDG PET/CT metrics to predict
histological tumor regression in patients with EC treated with
an intensive nCRT protocol.

MATERIAL AND METHODS
Study Design

This is a single-center retrospective analysis of prospectively
collected data, approved by the Institutional Review Board of our
Hospital. Inclusion criteria were: a) patients treated with an
intensive nCRT protocol for locally advanced resectable SCC or
ADC of the esophagus or EGJ (Siewert I and II); b) availability of
"8E-FDG PET/CT scans performed before and after induction
chemotherapy, and before surgery; c) surgical resection; d)
availability of resection specimens for pathological analysis.
Exclusion criteria were: a) chemo-radiation therapy approaches
other than the nCRT protocol (e.g., CROSS scheme); b) Siewert
III type (candidates for peri-operative chemotherapy) and SC
cervical tumors (treated with definitive CRT); ¢) upfront
resectable (cT1 or cT2NO) or metastatic disease; d) non-
execution of at least one of the three '®F-FDG PET/CT scans;
e) no surgical resection; f) unavailability of resection specimens.
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nCRT Protocol and Surgery

The nCRT protocol consisted of a first phase of induction
chemotherapy with docetaxel, cisplatin and 5-fluorouracil
(TCF) for 3 weeks (days 1-22), followed by a second phase of
concurrent chemotherapy (TCF) and radiotherapy for 5-6 weeks
(days 29-63), as previously described (9). Radiation therapy (RT)
was delivered with volumetric modulated arc therapy (VMAT),
prescribing 50-50.4 Gy in 25-28 fractions. Figure 1 describes the
nCRT protocol schedule. Sample VMAT plans are presented in
Figures S1 and S2 (Supplementary Material).

After restaging, surgery with radical intent was performed 8
weeks after nCRT completion. Tri-incisional subtotal
esophagectomy (McKeown procedure), partial esophagectomy
(Ivor-Lewis procedure) or total gastrectomy with distal
esophagectomy was performed based on tumor characteristics.

'®F-FDG PET/CT Method and Metrics

Three ®F-FDG PET/CT scans were performed: the first (PET,)
at baseline, before the start of the induction phase and the second
(PET,) before the concomitant phase (week 4 of nCRT protocol).
PET, and PET, were performed with the patient in RT treatment
position, as simulation for volume delineation and treatment
planning. The third '*F-FDG PET/CT (PET;) was performed
during restaging prior to surgery. Figure 2 shows '*F-FDG PET/
CT relative time points.

The '*E-FDG PET/CT scan was performed using the Gemini
TF Big Bore system (Philips Medical Systems, Eindhoven, The
Netherlands) at our Nuclear Medicine Department. All patients
were asked to fast for at least 6 h and blood glucose levels were
checked before imaging. Patients underwent a whole-body scan,
from skull base to mid-thigh, starting 60 + 10 min after the
intravenous injection of 3 MBq/Kg of '"®F-FDG. The acquisition
parameters for diagnostic CT scan were: 120 kV, 60-80 mAs,
pitch 0.813, collimation 16x1,5 mm, field of view (FOV) 600 mm.
CT scan images were reconstructed using a filtered back
projection with 5 mm thickness and 512x512 matrix. For
simulation, CT mAs automatic modulation and 3 mm
thickness reconstruction were adopted. The acquisition time of
PET scanning was 1.15 min per bed position, with a FOV of
576 mm. PET images were reconstructed using list mode ordered
subset expectation maximization (LMOSEM) algorithm (144 x
144 matrix, 4 mm/pixel, 4 mm slice thickness). CT images were
used to correct the PET emission data for photon attenuation.

For this analysis, the tumor was segmented on the '*F-FDG
PET/CTs dataset using a semi-automatic gradient-based method
called “PET Edge” (MIM software, Mim Software Inc., US),
which identifies the boundary of the metabolically active tumor
based on the surface defined by the maximum gradient of
metabolic activity. Quantitative parameters were extracted
from the '"F-FDG PET/CT scans at the three time points

First Phase Second Phase
(Induction (Concurrent
Chemotherapy) Chemoradiotherapy)
Week 1 2 3 4 5 6 7 8 9 10
CHT T  35mgm’ J g ! ! 1t ! ! l
C  25mgm’ ool i i i Y’ l
F ci 180 x 3 weeks 150 x 5 weeks
RT* 011 1 11 1 11 R

FIGURE 1 | Schematic diagram of the neoadjuvant chemo-radiotherapy protocol schedule. CHT, chemotherapy; T, docetaxel; C, cisplatin; F, 5 fluorouracil; c.i.,
continuous infusion; RT, radiotherapy. Doses of 5 fluorouracil (F) are given as mg/m?/day. § RT 50-50.4 Gy in 25-28 fractions; * if 28 RT fractions are used.

5-6 weeks

3 weeks 1 week
=

Induction Chemotherapy Rest | Concurrent Chemo-Radiotherapy

5 weceks 1-3 weeks

Recovery ‘ PW

PET3

FIGURE 2 | Diagram of total neoadjuvant protocol from diagnosis to surgery, including induction chemotherapy and concomitant chemo-radiotherapy, with 8F-FDG

PET/CTs at relative time points. PW, preoperative workup, including restaging.
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(PET,, PET,, and PET3) previously reported. These parameters
were: maximum and mean standardized uptake value (SUV .«
and SUV ,..,,), metabolic tumor volume (MTV) and total lesion
glycolysis (TLG), defined as the product of MTV and SUV eqn.

Radiomic Feature Extraction

Radiomic features were extracted from PET, and PET, without
applying any gray-level normalization nor voxel resampling.
Indeed, according to the IBSI guidelines, calibrated gray levels
should not be further standardized and the cubic voxel spacing
was the same for the whole dataset. The DICOM files (volumes
and RT Structures) were converted to the nii format through
demrtstruct2nii (27). Since the gradient-based contouring
algorithm, used to define the VOI, tends to exclude the most
peripheral zones of the lesion, with the consequent inclusion of a
limited number of voxels, the VOIs were dilated by 1 voxel
(4 mm) in each direction. This was performed by using the built-
in BinaryDilateImageFilter method of SimpleITK (v1.2.4) (28),
implemented in Python (v3.7.6) under conda (v4.8.2)
environment. In addition to increasing the number of voxels
included in the lesion, dilating the VOI also allows the analysis to
be performed on the low-enhancement region of the tumor,
potentially adding information on how the uptake decreases on
the lesion boundary. Radiomic features were extracted through
pyradiomics (v3.0), an open-source python package (29). All the
available features implemented in pyradiomics were extracted:
Shape, First Order, GLCM, GLDM, GLRLM, GLSZM, and
NGTDM [the meaning of these acronyms can be found in
Zwanenburg et al. (30)]. For gray-level discretization, a fixed
bin-count of 64 bins was adopted. A hundred and five features
were extracted from both PET; and PET,.

Pathological Analysis

Postsurgical pathology examination provided macroscopic and
microscopic description of the primary tumor and retrieved
nodes. Post-resection staging was assessed following ypTNM
categories according to the International Union against Cancer
(UICC, 7" edition, 2010). The degree of pathologic response was
scored using the tumor regression grade (TRG) classification
according to a modified Mandard score system: TRG1 = no
residual cancer cells; TRG2 = residual cancer cells scattered
through fibrosis; TRG3 = increased residual cancer cells with
predominant fibrosis and TRG4 = including TRG4, residual
cancer predominant fibrosis, and TRG5, no regressive changes
within the tumor, of the Mandard score system (6). Patients were
grouped according to the pathological response to nCRT in two
classes of outcome. Major pathologic response was defined as
TRG1-2 while non-response as TRG3-4.

Statistical Analysis

The association between clinical/radiomic data and response to
treatment was first analyzed by means of the chi-square test or
Fisher’s exact test for categorical parameters, and Student’s T-test
for continuous quantities (age and length of tumor). The
association between PET/CT metabolic parameters and
response to treatment (defined as a dichotomous variable) was
assessed by means of logistic regression and ROC analysis. For

logistic regression analysis, quantitative metabolic parameters
were logarithmically transformed to meet the assumption of
linearity on the logit scale, as in van Rossum et al. (18).
Quantitative variables were described as median and
interquartile range (IQR) or mean and standard deviation (SD),
and categorical variables were summarized as counts and
percentages. Statistical analysis was performed using R version
4.0.2 (https://www.R-project.org/) and MATLAB version R2019a
(The Mathworks, Inc.; Natick, Massachusetts, USA). The
significance level of the radiomic analysis was computed at p <
0.05/N, where N = 210 is the number of the tested features
considering both PET; and PET, (Bonferroni correction). Two
features were considered strongly correlated (i.e. redundant)
when the pairwise Pearson’s correlation coefficient was higher
than 0.90; in this case, the feature with the highest average
correlation with all the other features was removed. The
significance level for all tests was assumed at p < 0.05.

RESULTS
Study Population

Ninety-eight patients with biopsy-proven locally advanced
esophageal squamous cell carcinoma (SCC) or adenocarcinoma
(ADC), who underwent neoadjuvant chemo-radiotherapy at our
Institution between January 2014 and December 2018, were
retrospectively identified. Forty-four patients were excluded
from the study for the following reasons: preoperative
approach other than nCRT protocol (n=31); no surgery (n=8);
lack of at least one "*F-FDG PET/CT scan (n=>5). The remaining
54 patients were considered eligible for analysis. Among them, 41
(75.9%) showed a major pathologic response (TRG1-2) and 13
(24.1%) a non-response (TRG3-4) to nCRT.

All patients completed the nCRT planned program. PET; was
performed immediately before (median 8.5 days, IQR 6-14) the
start of IC, while PET, was performed during the 4th week
(median 25 days, IQR 22-28) of the nCRT protocol schedule.
PET; was performed 5 weeks (median 5.1 weeks, IQR 4.0-5.4),
and surgery 8 weeks (median 7.9 weeks, IQR 6.6-9.1) after
nCRT completion.

At the last follow-up, 33 patients (61.1%) were alive. The
median follow-up of the entire cohort was 32.5 months (IQR
26.0-45.0 months). The median overall survival (OS) and
disease-free survival (DFS) of the TRG1-2 group at the time of
last follow-up were 34.7 months (IQR 27.5-49.7 months) and
30.7 months (IQR 17.1-47.7 months), respectively, while the
corresponding figures for the TRG3-4 group were 28.0 months
(IQR 23.4-30.8 months) and 18.1 months (IQR 10.4-30.7
months), respectively (p < 0.01).

TRG and Baseline Characteristics

Table 1 reports the results of the analysis of the association
between baseline parameters and response to the nCRT protocol.
Parameters that statistically correlated to outcome were
histological subtype (p = 0.02) and tumor length (p = 0.03).
All other parameters evaluated were not statistically linked to
treatment outcome.
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TABLE 1 | Baseline features with significance of association to treatment
outcome.

Major response Non-response P

(n=41) (n=13) value$
Male gender 33 (80.5%) 11 (84.6%) 0.74
Age (years)™ 64.3 £ 8.9 59.9 + 8.9 0.12
Tumor location 0.10
Medial 15 (36.6%) 1(7.7%)
Distal 12 (29.3%) 4 (30.8%)
EGJ 14 (34.1%) 8 (61.5%)
Histological subtype 0.02*
SCC 18 (43.9%) 1(7.7%)
ADK 23 (56.1%) 12 (92.3%)
Length of tumor (cm)** 54 +2A1 6.8+1.5 0.03*
Clinical T stage 0.90
T1/T2 5(12.2%) 1(7.7%)
T3 33 (80.5%) 11 (84.6%)
T4 3 (7.3%) 1(7.7%)
Clinical N stage —
NO 2 (4.9%) 0 (0.0%)
N+ 39 (95.1%) 13 (100.0%)
Sp-value of chi-square test, Fischer's exact test or Student’s T-test.
*statistically significant.
**mean + SD.

TRG and Metabolic Parameters

Table 2 reports the results of the analysis of the association
between metabolic parameters of PET; and PET, with tumor
regression grade class (TRG1-2 vs. TRG3-4). Relative differences
between the parameters at the two subsequent PET/CT scans are
also reported. At baseline, MTV (AUC 0.74) and TLG (AUC
0.69) were statistically correlated to histological tumor
regression. In addition, at PET, SUVmean (AUC 0.67) and
TLG (AUC 0.64) were significantly related to a higher chance
of major pathologic response (Figure 3). No significance was
detected when relative differences were considered. Interestingly,

none of the post-CRT PET metrics resulted significantly
correlated with the outcome measured (average SUV,,,. was
5.01 vs. 5.09, SUV ean 2.81 vs. 2.75, and MTV 8.74 ml vs.
8.74 ml, in TRG1-2 vs. TRG3-4 patients, respectively; all p >
0.05). Therefore, additional analysis, relative to PET; metrics,
was not conducted. Figure 4A reports the boxplot distribution of
the MTV at PET}, the parameter most correlated to treatment
outcome at logistic regression analysis.

Radiomic Feature Analysis

Among the 210 radiomic features (105 for each PET scan), 14
resulted significant to the t-test with the adjusted significance
threshold pt,, = 0.05/210 = 0.00024 and none of them were
extracted from the PET, scan. Since many of these features are
strongly correlated, as visible in Figure 5, the redundant
information was removed resulting in three independent
features. The three resulting features, highlighted in Figure 5
with bold fonts, are representative for the whole cluster and
further reported in Figure 6 with the relative scatterplots and
histograms. The boxplot of one of these three features is reported
in Figure 4B (LowGrayLevelZoneEmpbhasis).

DISCUSSION

Neoadjuvant chemo-radiotherapy (nCRT) has been widely
accepted as the standard of care for the treatment of locally
advanced, resectable esophageal cancer. However, a not
negligible number of patients show a poor response to
neoadjuvant therapy at the time of surgery (residual tumor on
the resection specimen), as an expression of pre-existing intrinsic
chemo- and radio-resistance. Notably, non-responder patients to
nCRT have a significantly worse prognosis than responders

TABLE 2 | Results of the logistic regression and ROC curve analysis of metabolic 18F-FDG parameters before and after induction chemotherapy, with their relative

differences.

Major response median (IQR) Non-response median (IQR) OR (95% C.l) p value AUC
SUV jax
PET, 13.3(9.3, 16.1) 13.3(10.5, 15.1) 0.69 (0.02 - 22.66) 0.84 0.44
PET, 5.8(4.5,7.2) 6.6 (6.3, 9.8) 0.03 (0.00 - 1.08) 0.05 0.65
PET,-PET, relative difference -43.3 (-65.9, -24.7) -40.3 (-52.8, -24.4) 0.98 (0.96 — 1.01) 0.20 0.56
[A SUVimax ()]
SUvmean
PET, 6.1 (5.1,7.1) 6.2 (4.6, 8.6) 1.55 (0.03 - 93.97) 0.83 0.43
PET, 3.1 (2.5, 4.0) 3.7 (3.4, 5.0) 0.01 (0.00 — 0.59) 0.03* 0.67
PET,-PET, relative difference -40.8 (-59.1, -29.4) -38.6 (-44.2, -14.6) 0.98 (0.96 — 1.01) 0.19 0.54
[A SUVimean (%)]
MTV (mL)
PET, 17.7(7.7,41.4) 38.6 (35.4, 44.2) 0.03 (0.00 - 0.51) 0.02* 0.74
PET, 10.8 (6.6, 16.2) 13.9 (10.8, 19.3) 0.15 (0.02 - 1.41) 0.10 0.62
PET,-PET, relative difference -44.2 (-72.4, -22.4) -63.6 (-70.8, -55.6) 1.02 (0.99 - 1.04) 0.15 0.62
[DMTV (%)]
TLG
PET, 112.3 (64.1, 265.5) 216.8 (178.3, 300.8) 0.07 (0.01 - 0.63) 0.02* 0.69
PET, 30.2 (18.1, 61.5) 51.1 (30.8, 93.5) 0.11 (0.01 - 0.94) 0.04* 0.64
PET,-PET, relative difference -72.7 (-88.0, -48.8) -73.2 (-86.6, -62.7) 1.01 (0.99 - 1.03) 0.34 0.47
[ATLG (%)]
*statistically significant.
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FIGURE 3 | Sagittal fused '8F-FDG PET/CT images obtained at baseline (PET;) and after induction chemotherapy (PET.). A significant response to induction
chemotherapy (reduction in metabolic parameters) of the esophageal lesion can be observed. The patient was classified as TRG1 at final pathological examination.
PET; parameters: SUViax 26.9, SUVimean 12.7, MTV 43.7 ml, TLG 553.9; PET, parameters: SUVimax 6.7, SUVimean 3.2, MTV 15.9 ml, TLG 50.5.
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(6-8,31). Thus, there is an urgent need to early identify patients who
could benefit or not from preoperative treatment, using prognostic
and predictive tumor biology markers. This study demonstrated
that "*F-FDG PET/CT metrics may be able to predict the degree of
pathologic response, according to a modified Mandard tumor
regression grade (TRG) score system, in patients undergoing
induction chemotherapy (IC) followed by chemo-radiotherapy as
an intensive neoadjuvant protocol.

Metabolic parameters, that were statistically correlated to
treatment outcome, were the MTV (p = 0.02) at PET}, and
SUV nean (p = 0.03) at PET,. The TLG was also significant at both
time-points (p = 0.02 and p = 0.04, respectively). This can be
interpreted as a consequence of the above, as TLG is defined as
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FIGURE 4 | Boxplot distribution of (A) MTV (ml) and (B) LowGraylLevelZoneEmphasis (GLCM) radiomic feature at '8F-FDG PET/CT scan taken before induction
chemotherapy (PET;). Classes are divided between major (TRG1-2) and non (TRGS3-4) response (median, interquartile and full range are displayed).

the product between MTV and SUV .. These results might
suggest that the lesion volume, as determined before IC, and the
average metabolic activity, as determined after IC, should be
considered significant. In addition, at textural quantitative
analysis, three independent radiomic features extracted from
PET; images (JointEnergy and InverseDifferenceNormalized of
GLCM and LowGrayLevelZoneEmphasis of GLSZM) were
statistically correlated with major response (p < 0.0002). This
indication could be important in view of a possible early
prediction of outcome, with potential advantages to patients
believed to benefit from the three-stage treatment. However,
further investigations are necessary in order to obtain a reliable
predictive model to be used in the clinical practice, especially if
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the inclusion of radiomic features in the model is foreseen. In
fact, additional validation is mandatory in the latter case since
predictive models, based on radiomics, are more prone to
overfitting compared to models based on conventional
PET parameters.

The results of the present study could lead to different
considerations. Metabolic tumor volume (MTV) combines the
information of SUV uptake and tumor volume, corresponding to
the volume of tumor tissues with increased glycolytic activity. In
our study, MTV in poor responders was significantly higher than
in good responders (38.6 ml vs. 17.7 ml, p = 0.02). Since SUV ..,
and SUV ., did not differ significantly between the two groups
(TRG1-2 vs. 3-4) at PET}, this figure appears to be consensual to
the greater extent of the primary tumor in non-responder
patients at the time of diagnosis (tumor length 6.8 cm vs.
5.4 cm in good responders, p = 0.02). This result is consistent
with previous experiences reported in the literature, showing a
link between tumor length and outcome in EC patients (32, 33).

This could suggest that the MTV of the primary tumor has the
potential to become a valuable prognostic biomarker for
response at baseline in EC patients. The other baseline
parameter, significantly correlated with TRG class after nCRT,
was squamous histological subtype (p = 0.02). This confirms the
greater sensitivity to nCRT of the squamous histology compared
to ADC, as reported in the literature (34). In this regard, whether
surgery on demand is advisable in selected complete responder
SCC patients after nCRT is currently under evaluation in the
randomized SANO trial (35).

At PET, evaluation, SUV .., represents the main predictor
for pathological response (p = 0.03). The SUV,e., provides
information about intrinsic lesion characteristics, related to
tumor grading, biological factors, and the presence of hypoxic
or necrotic areas. Thus, it is reasonable to hypothesize that
SUV pean after IC might be an effective predictor of the final
response to nCRT. This post-induction chemotherapy
assessment could help to guide a PET-adapted preoperative
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strategy in EC. Recently, a Memorial Sloan Kettering Cancer
Center series tested the impact of changing concurrent
chemotherapy, during radiotherapy, in PET non-responders
after IC: no survival benefit was seen from this change in
therapeutic strategy (36). On the other hand, in the
MUNICON trial, after 2 weeks of IC, '*F-FDG PET/CT poor
responders were referred to immediate surgery, while good
responders continued with preoperative chemo-radiotherapy
(37). The results of this trial suggested no decrement in
survival outcomes with early termination of ineffective
chemotherapy in PET non-responders, supporting a possible
early discontinuation of preoperative treatment in this subset of
patients. In the near future, the integration of '*F-FDG PET/CT
metabolic parameters, magnetic resonance imaging (MRI) data,
and genomic and molecular information (e.g. liquid biopsies),
could lead to a more individualized treatment approach for non-
responder patients (38).

The value of metabolic parameters, to predict response to
nCRT in EC, has been obtained from heterogeneous studies with
remarkable differences in the adopted protocols and outcomes
measured. Possible predictive valuable metrics are: the
percentage decrease in TLG (36), the SUV . (39), the
percentage decrease in MTV and TLG (40), the MTV and
TLG at PET performed on day 21 of nCRT (41), or the
relative changes in MTV and SUV .., at PET performed after

I I
0.01 0.02 0.03 0.04

FIGURE 6 | Correlation chart between the selected radiomic features with a high significance for predicting patient response. The name of the feature, the
significance level and the distribution are displayed on the diagonal. In the top triangular part, the absolute value of the Pearson’s correlation coefficient is reported. In
the bottom, the bivariate scatterplot is visible together with the fitted line according to a second order local polynomial regression.

11 fractions of RT (42). Differently from other authors (36, 42),
we did not observe any significant correlation with the metabolic
parameters measured when relative differences were evaluated.
Therefore, considering the aforementioned differences between
the present and other studies, the role of '*F-FDG PET/CT
traditional metrics as a predictor of response is undoubtedly
intriguing, but requires further investigation.

The analysis of radiomic features revealed that textural
characteristics of PET; were more significantly correlated to
treatment response compared to PET,, confirming the possible
predictive value of PET;. Many radiomic features were correlated
to each other, suggesting a redundancy of information that
should be carefully taken into account if using radiomics in a
predictive model. To this regard, extensive validation is
necessary. However, the textural metrics, that correlate to
treatment outcome, are associated to micro-variations of local
metabolic activity thus indicating a possible role of spatial intra-
tumor heterogeneity in predicting response (19). Relatively few
studies have investigated the role of PET radiomic features in
predicting response to nCRT in EC. As a whole, the results have
highlighted a possible contribution of radiomic in the prognostic
stratification of these patients (Table 3).

The predictive value of post-CRT '*F-FDG PET/CT
functional informations has been largely evaluated, with
conflicting results. Indeed, the utility of PET metrics after
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TABLE 3 | Recent findings on the application of PET radiomics for the prediction of response in esophageal cancer patients treated with neoadjuvant chemo-

radiotherapy (summary).

Study, year (ref) Sample nCRT protocol PET Main features evaluated Results
size time
point
Tixier et al. (19) 41 (ADC 10, 60 Gy + C or carboplatin/F Pre-CRT  First order statistics Tumor textural analysis (GLCM
SCC 31) GLCM homogeneity, GLCM entropy, RLM
RLM intensity variability and GLSZM size zone
GLSZM variability) can identify NR, PR and CR with
NGTDM higher sensitivity (76%-92%) than any SUV
measurement
Tan et al. (20) 20 (ADC 17, 50.4 Gy + C/F Pre & First order statistics SUV nax decline, SUV ean decline and
SCC 3) Post- GLCM skewness, GLCM inertia, correlation and
CRT cluster prominence, are predictors of CR
(AUC 0.76-0.85)
Van Rossumetal. 217 ADC 45-50.4 Gy + fluoropyrimidine/ Pre & First order statistics At multivariate analysis baseline cluster
(21) platinum or taxane Post- Geometry shade, Arun percentage, AICM entropy,
CRT GLCM and post-CRT roundness, correlates with
NGTDM CR
Yip et al. (22) 45 (ADC 44, 45-50.4 Gy + C, F, irinotecan/ Pre & GLCM: homogeneity, entropy Change in run length and size zone matrix
SCC 1) paclitaxel or carboplatin/ Post- RLM: high gray run emphasis, short- parameters differentiate CR/PR from NR
paclitaxel CRT run high gray run emphasis (AUC 0.71-0.76)
GLSZM: high gray zone emphasis,
short-zone high-gray emphasis
Beukinga et al. (23) 97 (ADC 88, 41.4 Gy + carboplatin/paclitaxel ~ Pre-CRT  First order statistics Long runs (coarse texture)
SCC 9) Geometry GLCM with low gray levels and homogeneity of
NGTDM runs (fine texture) higher in patients with
CR
Nakajo et al. (24) 52 SCC 41-70 Gy + C/F Pre-CRT ~ GLCM: Entropy, homogeneity, Texture features (GLSZM intensity
dissimilarity; variability and GLSZM size-zone variability),
GLSZM: Intensity variability, Size-zone  and volumetric parameters (MTV and TLG)
variability, zone percentage can predict tumor response
Beukinga et al. (25) 70 (ADC 65, 41.4 Gy + carboplatin/paclitaxel ~ Pre & First order statistics The combination of clinical T-stage and
SCC 8) Post- Geometry post-nCRT joint maximum predict CR
CRT Local intensity
GLCM
GLSZM
NGTDM
Chen et al. (26) 44 SCC 50 Gy + platinum-based regimen Pre-CRT ~ SUV variance, standard deviation, Pre-CRT primary tumor histogram entropy

skewness, kurtosis, and entopy
NGLCM
TFCCM
NGTDM

> 3.69 predicts unfavorable response

nCRT, neoadjuvant chemo-radiotherapy; C, cisplatin; F, 5 fluorouracil; NR, non response; PR, partial response; CR, complete response.

radiotherapy remains controversial due to difficulties in
distinguishing post-treatment inflammation from residual
viable tumor (43, 44). In the present study, none of the PET;
metrics resulted significantly correlated with the pathological
response to nCRT, confirming that metabolic parameters relative
to post-CRT PET are poorly evaluable and potentially inaccurate,
mostly due to post-radiation inflammatory-related uptake or the
disappearance of detectable metabolic activity, both considered
as confounding factors. On the other hand, the use of '"*F-FDG
PET/CT imaging before surgery, in appropriate combination
with other restaging modalities, remains essential for the early
detection of loco-regional and distant progression to nCRT.
Our study presents some limitations, including its
retrospective nature. This is a single-center analysis; thus the
results should be interpreted with caution. Moreover, different
histologies (SCC and ADC) were considered, which potentially
add heterogeneity to the outcomes measured. On the other hand,

these limitations are counterbalanced by the analysis of one of
the most homogeneous sample sizes for this topic so far, with
patients undergoing the same intensive nCRT protocol, using a
prospectively collected database, a standardized '*F-FDG PET/
CT acquisition modality and a modern metabolic and radiomic
parameter analysis.

In conclusion, our observations confirm that '*F-FDG PET/
CT metrics are correlated with pathological response in EC. The
analysis of PET traditional metrics and radiomic features may
provide a new imaging perspective, moving from tumor staging
to a promising role in disease stratification and prognostication.
However, further studies are needed to justify a PET-guided
strategy in the neoadjuvant approach to locally advanced EC.
The integration with MRI data, as well as genomic and molecular
analysis, might be useful as prognostic and predictive biomarkers
for the selection of a tailored strategy improving the efficiency of
neoadjuvant treatment for EC patients.

Frontiers in Oncology | www.frontiersin.org

November 2020 | Volume 10 | Article 599907


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Simoni et al.

PET Metrics in Esophageal Cancer

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because the datasets generated for this study are available on
request to the corresponding author, subject to approval by the
Institutional Review Board. Requests to access the datasets
should be directed to NS, nicola.simoni@aovr.veneto.it.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comitato etico per la Sperimentazione Clinica (CESC)
delle Province di Verona e Rovigo. Written informed consent for
participation was not required for this study in accordance with the
national legislation and the institutional requirements.

REFERENCES

—

. Siegel R, Ma ], Zou Z, Jemal A. Cancer statistics, 2014. CA. Cancer ] Clin
(2014) 64:9-29. doi: 10.3322/caac.21208

2. Network NCC. Esophageal and Esophagogastric Junction Cancers Version
1.2020. NCCN Guidelines. (2020). Available at: https://www.nccn.org/
professionals/physician_gls/pdf/esophageal.pdf.

3. Tepper ], Krasna MJ, Niedzwiecki D, Hollis D, Reed CE, Goldberg R, et al.
Phase III trial of trimodality therapy with cisplatin, fluorouracil, radiotherapy,
and surgery compared with surgery alone for esophageal cancer: CALGB
9781. ] Clin Oncol (2008) 26:1086-92. doi: 10.1200/JC0O.2007.12.9593

4. van Hagen P, Hulshof MC, van Lanschot JJ, Steyerberg EW, van Berge
Henegouwen MI, Wijnhoven BPL, et al. Preoperative Chemoradiotherapy for
Esophageal or Junctional Cancer. N Engl ] Med (2012) 366:2074-84.
doi: 10.1016/51470-2045(15)00040-6

5. Yang H, Liu H, Chen Y, Zhu C, Fang W, Yu Z, et al. Neoadjuvant
Chemoradiotherapy Followed by Surgery Versus Surgery Alone for Locally
Advanced Squamous Cell Carcinoma of the Esophagus (NEOCRTEC5010):
A Phase IIT Multicenter, Randomized, Open-Label Clinical Trial. J Clin Oncol
(2018) 36:2796-803. doi: 10.1200/JC0O.2018.79.1483

6. Mandard AM, Dalibard F, Mandard JC, Marnay ], Henry-Amar M, Petiot JF,
et al. Pathologic assessment of tumor regression after preoperative
chemoradiotherapy of esophageal carcinoma. Clinicopathologic
correlations. Cancer (1994) 73:2680-6. doi: 10.1002/1097-0142(19940601)
73:11<2680::aid-cncr2820731105>3.0.c0;2-¢

7. Davies AR, Gossage JA, Zylstra ], Mattsson F, Lagergren J, Maisey N, et al.
Tumor Stage After Neoadjuvant Chemotherapy Determines Survival After
Surgery for Adenocarcinoma of the Esophagus and Esophagogastric Junction.
J Clin Oncol (2014) 32:2983-90. doi: 10.1200/JC0O.2014.55.9070

8. Lerttanatum N, Tharavej C, Chongpison Y, Sanpavat A. Comparison of
tumor regression grading system in locally advanced esophageal squamous
cell carcinoma after preoperative radiochemotherapy to determine the most
accurate system predicting prognosis. ] Gastrointest Oncol (2019) 10:276-82.
doi: 10.21037/jg0.2018.12.01

9. Pasini F, de Manzoni G, Zanoni A, Grandinetti A, Capirci C, Pavarana M,

et al. Neoadjuvant therapy with weekly docetaxel and cisplatin, 5 fluorouracil

continuous infusion, and concurrent radiotherapy in patients with locally
advanced esophageal cancer produced a high percentage of long-lasting

pathological complete response: a phase 2 study. Cancer (2013) 119:939-45.

doi: 10.1002/cncr.27822

BangJI, Ha S, Kang SB, Lee KW, Lee HS, Kim JS, et al. Prediction of neoadjuvant

radiation chemotherapy response and survival using pretreatment [(18)F]JFDG

PET/CT scans in locally advanced rectal cancer. Eur ] Nucl Med Mol Imaging

(2016) 43:422-31. doi: 10.1007/500259-015-3180-9

Lovinfosse P, Polus M, Van Daele D, Martinive P, Daenen F, Hatt M, et al.

FDG PET/CT radiomics for predicting the outcome of locally advanced rectal

10.

11.

AUTHOR CONTRIBUTIONS

Conceptualization, NS and CC. Methodology, NS, GB, and CC.
Data curation, MZ, RMi, MP, EZ, and VM. Statistical analysis
and radiomics, GR, GB, and CC. Validation, SGu, JW, and SGi.
Writing—original draft preparation, NS, MZ, and CC. Writing—
review and editing, GR, RMi, JW, and SGi. Supervision, GD and
RMa. All authors contributed to the article and approved the
submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
599907/full#supplementary-material

cancer. Eur ] Nucl Med Mol Imaging (2018) 45:365-75. doi: 10.1007/s00259-
017-3855-5

Jones M, Hruby G, Solomon M, Rutherford N, Martin J. The role of FDG-PET
in the initial staging and response assessment of anal Cancer: a systematic
review and meta-analysis. Ann Surg Oncol (2015) 22:3574-81. doi: 10.1245/
510434-015-4391-9

Schwarz JK, Siegel BA, Dehdashti F, Myerson RJ, Fleshman JW, Grigsby PW.
Tumor response and survival predicted by post-therapy FDG-PET/CT in anal
cancer. Int J Radiat Oncol Biol Phys (2008) 71:180-6. doi: 10.1016/
j.ijrobp.2007.09.005

Flamen P, Lerut A, Van Cutsem E, De Wever W, Peeters M, Stroobants S,
et al. Utility of positron emission tomography for the staging of patients with
potentially operable esophageal carcinoma. J Clin Oncol (2000) 18:3202-10.
doi: 10.1200/JC0.2000.18.18.3202

Cremonesi M, Garibaldi C, Timmerman R, Ferrari M, Ronchi S, Grana CM,
et al. Interim (18)F-FDG-PET/CT during chemo-radiotherapy in the
management of oesophageal cancer patients. A systematic review. Radiother
Oncol (2017) 125:200-12. doi: 10.1016/j.radonc.2017.09.022

Westerterp M, van Westreenen HL, Reitsma JB, Hoekstra OS, Stoker J,
Fockens P, et al. Esophageal cancer: CT, endoscopic US, and FDG PET for
assessment of response to neoadjuvant therapy- systematic review. Radiology
(2005) 236:841-51. doi: 10.1148/radiol.2363041042

Elliott JA, O’Farrell NJ, King S, Halpenny D, Malik V, Muldoon C, et al. Value
of CT-PET after neoadjuvant chemoradiation in the prediction of histological
tumour regression, nodal status and survival in oesophageal adenocarcinoma.
Br J Surg (2014) 101:1702-11. doi: 10.1002/bjs.9670

van Rossum PSN, Fried DV, Zhang L, Hofstetter WL, Ho L, Meijer GJ, et al.
The value of 18F-FDG PET before and after induction chemotherapy for the
early prediction of a poor pathologic response to subsequent preoperative
chemoradiotherapy in oesophageal adenocarcinoma. Eur J Nucl Med Mol
Imaging (2017) 44:71-80. doi: 10.2967/jnumed.117.192591

Tixier F, Le Rest CC, Hatt M, Albarghach N, Pradier O, Metges JP, et al.
Intratumor heterogeneity characterized by textural features on baseline 18F-
FDG PET images predicts response to concomitant radiochemotherapy in
esophageal cancer. | Nucl Med (2011) 52:369-78. doi: 10.2967/
jnumed.110.082404

Tan S, Kligerman S, Chen W, Lu M, Kim G, Feigenberg S, et al. Spatial-
temporal [** FJFDG-PET features for predicting pathologic response of
esophageal cancer to neoadjuvant chemoradiation therapy. Int ] Radiat
Oncol Biol Phys (2013) 85:1375-82. doi: 10.1016/j.ijrobp.2012.10.017

van Rossum PS, Fried DV, Zhang L, Hofstetter WL, van Vulpen M, Meijer GJ,
et al. The Incremental Value of Subjective and Quantitative Assessment of
18F-FDG PET for the Prediction of Pathologic Complete Response to
Preoperative Chemoradiotherapy in Esophageal Cancer. J Nucl Med (2016)
57:691-700. doi: 10.2967/jnumed.115.163766

Yip SS, Coroller TP, Sanford NN, Huynh E, Mamon H, Aerts HJ, et al. Use of
registration-based contour propagation in texture analysis for esophageal

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Frontiers in Oncology | www.frontiersin.org

November 2020 | Volume 10 | Article 599907


mailto:nicola.simoni@aovr.veneto.it
https://www.frontiersin.org/articles/10.3389/fonc.2020.599907/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.599907/full#supplementary-material
https://doi.org/10.3322/caac.21208
https://www.nccn.org/professionals/physician_gls/pdf/esophageal.pdf
https://www.nccn.org/professionals/physician_gls/pdf/esophageal.pdf
https://doi.org/10.1200/JCO.2007.12.9593
https://doi.org/10.1016/S1470-2045(15)00040-6
https://doi.org/10.1200/JCO.2018.79.1483
https://doi.org/10.1002/1097-0142(19940601)73:113.0.co;2-c
https://doi.org/10.1002/1097-0142(19940601)73:113.0.co;2-c
https://doi.org/10.1200/JCO.2014.55.9070
https://doi.org/10.21037/jgo.2018.12.01
https://doi.org/10.1002/cncr.27822
https://doi.org/10.1007/s00259-015-3180-9
https://doi.org/10.1007/s00259-017-3855-5
https://doi.org/10.1007/s00259-017-3855-5
https://doi.org/10.1245/s10434-015-4391-9
https://doi.org/10.1245/s10434-015-4391-9
https://doi.org/10.1016/j.ijrobp.2007.09.005
https://doi.org/10.1016/j.ijrobp.2007.09.005
https://doi.org/10.1200/JCO.2000.18.18.3202
https://doi.org/10.1016/j.radonc.2017.09.022
https://doi.org/10.1148/radiol.2363041042
https://doi.org/10.1002/bjs.9670
https://doi.org/10.2967/jnumed.117.192591
https://doi.org/10.2967/jnumed.110.082404
https://doi.org/10.2967/jnumed.110.082404
https://doi.org/10.1016/j.ijrobp.2012.10.017
https://doi.org/10.2967/jnumed.115.163766
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Simoni et al.

PET Metrics in Esophageal Cancer

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

cancer pathologic response prediction. Phys Med Biol (2016) 61:906-22.
doi: 10.1088/0031-9155/61/2/906

Beukinga RJ, Hulshoff JB, van Dijk LV, Muijs CT, Burgerhof JGM, Kats-
Ugurlu G, et al. Predicting Response to Neoadjuvant Chemoradiotherapy in
Esophageal Cancer with Textural Features Derived from Pretreatment 18F-
FDG PET/CT Imaging. J Nucl Med (2017) 58:723-9. doi: 10.2967/
jnumed.116.180299

Nakajo M, Jinguji M, Nakabeppu Y, Nakajo M, Higashi R, Fukukura Y, et al.
Texture analysis of 18F-FDG PET/CT to predict tumour response and
prognosis of patients with esophageal cancer treated by chemoradiotherapy.
Eur J Nucl Med Mol Imaging (2017) 44:206-14. doi: 10.1007/s00259-016-
3506-2

Beukinga RJ, Hulshoft JB, Mul VEM, Noordzij W, Kats-Ugurlu G, Slart RHJA,
et al. Prediction of Response to Neoadjuvant Chemotherapy and Radiation
Therapy with Baseline and Restaging 18F-FDG PET Imaging Biomarkers in
Patients with Esophageal Cancer. Radiology (2018) 287:983-92. doi: 10.1148/
radiol.2018172229

Chen YH, Lue KH, Chu SC, Chang BS, Wang LY, Liu DW, et al. Combining
the radiomic features and traditional parameters of 18F-FDG PET with
clinical profiles to improve prognostic stratification in patients with
esophageal squamous cell carcinoma treated with neoadjuvant
chemoradiotherapy and surgery. Ann Nucl Med (2019) 33:657-70.
doi: 10.1007/s12149-019-01380-7

Phil T. demrtstruct2nii: Convert DICOM RT-Struct to nii. [Computer
software]. Zenodo (2020). doi: 10.5281/ZENODOQ.4037865

SimpleI TK - Home. Available at: https://simpleitk.org/ (Accessed Jul 28, 2020).
van Griethuysen JJM, Fedorov A, Parmar C, Hosny A, Aucoin N, Narayan V,
et al. Computational Radiomics System to Decode the Radiographic
Phenotype. Cancer Res (2017) 77:e104-7. doi: 10.1158/0008-5472.CAN-17-
0339

Zwanenburg A, Leger S, Valliéres M, Lock S. Image biomarker standardisation
initiative - feature definitions. Radiology (2016) 295:328-38. doi: 10.1148/
radiol.2020191145

Blum Murphy M, Xiao L, Patel VR, Maru DM, Correa AM, Amlashi FG, et al.
Pathological complete response in patients with esophageal cancer after the
trimodality approach: The association with baseline variables and survival-
The University of Texas MD Anderson Cancer Center experience. Cancer
(2017) 123:328-38. doi: 10.1002/cncr.30953

Gaur P, Sepesi B, Hofstetter WL, Correa AM, Bhutani MS, Watson TJ, et al.
M. D. Anderson Esophageal Cancer Group and University of Rochester
School of Medicine and Dentistry Foregut Group: Endoscopic esophageal
tumor length: A prognostic factor for patients with esophageal cancer. Cancer
(2011) 117:63-9. doi: 10.1002/cncr.25373

Wang BY, Liu CY, Lin CH, Hsu PK, Hsu WH, Wu YC, et al. Endoscopic
tumor length is an independent prognostic factor in esophageal squamous cell
carcinoma. Ann Surg Oncol (2012) 19:2149-58. doi: 10.1245/s10434-012-
2273y

Bollschweiler E, Metzger R, Drebber U, Baldus S, Vallbohmer D, Kocher M,
et al. Histological type of esophageal cancer might affect response to neo-
adjuvant radiochemotherapy and subsequent prognosis. Ann Oncol (2009)
20:231-8. doi: 10.1093/annonc/mdn622

Noordman BJ, Wijnhoven BPL, Lagarde SM, Boonstra JJ, Coene PPLO,
Dekker JWT, et al. Neoadjuvant chemoradiotherapy plus surgery versus
active surveillance for oesophageal cancer: a stepped-wedge cluster
randomised trial. BMC Cancer (2018) 18:142. doi: 10.1186/s12885-018-
4034-1

36.

37.

38.

39.

40.

41.

42.

43.

44,

Greally M, Chou JF, Molena D, Rusch VW, Bains MS, Park BJ, et al. Positron-
Emission Tomography Scan-Directed Chemoradiation for Esophageal
Squamous Cell Carcinoma: No Benefit for a Change in Chemotherapy in
Positron-Emission Tomography Nonresponders. | Thorac Oncol (2019)
14:540-6. doi: 10.1016/j.jtho.2018.10.152

Lordick F, Ott K, Krause BJ, Weber WA, Becker K, Stein HJ, et al. PET to
assess early metabolic response and to guide treatment of adenocarcinoma of
the oesophagogastric junction: the MUNICON phase II trial. Lancet Oncol
(2007) 8:797-805. doi: 10.1016/S1470-2045(07)70244-9

Defize LI, van Hillegersberg R, Mook R, Meijer GJ, Lin SH, Ruurda JP, et al.
Restaging after chemoradiotherapy for locally advanced esophageal cancer.
Ann Transl Med (2019) 7:5288. doi: 10.21037/atm.2019.11.57

Ishihara R, Yamamoto S, Iishi H, Nagai K, Matui F, Kawada N, et al.
Predicting the effects of chemoradiotherapy for squamous cell carcinoma of
the esophagus by induction chemotherapy response assessed by positron
emission tomography: toward PET-response-guided selection of
chemoradiotherapy or esophagectomy. Int J Clin Oncol (2012) 17:225-32.
doi: 10.1007/s10147-011-0278-3

Roedl JB, Colen RR, Holalkere NS, Fischman AJ, Choi NC, Blake MA.
Adenocarcinomas of the esophagus: response to chemoradiotherapy is
associated with decrease of metabolic tumor volume as measured on PET-
CT. Comparison to histopathologic and clinical response evaluation.
Radiother Oncol (2008) 89:278-86. doi: 10.1016/j.radonc.2008.06.014

Palie O, Michel P, Menard JF, Rousseau C, Rio E, Bridji B, et al. The predictive
value of treatment response using FDG PET performed on day 21 of
chemoradiotherapy in patients with oesophageal squamous cell carcinoma.
A prospective, multicentre study (RTEP3). Eur ] Nucl Med Mol Imaging
(2013) 40:1345-55. doi: 10.1007/500259-013-2450-7

Kim N, Cho H, Yun M, Park KR, Lee CG. Prognostic values of mid-
radiotherapy 18F-FDG PET/CT in patients with esophageal cancer. Radiat
Oncol (2019) 14:27. doi: 10.1186/s13014-019-1232-1

Konski AA, Cheng JD, Goldberg M, Li T, Maurer A, Yu JQ, et al. Correlation
of molecular response as measured by 18-FDG positron emission tomography
with outcome after chemoradiotherapy in patients with esophageal
carcinoma. Int J Radiat Oncol Biol Phys (2007) 69:358-63. doi: 10.1016/
j.ijrobp.2007.03.053

Jayachandran P, Pai RK, Quon A, Graves E, Krakow TE, La T, et al.
Postchemoradiotherapy positron emission tomography predicts pathologic
response and survival in patients with esophageal cancer. Int ] Radiat Oncol
Biol Phys (2012) 84:471-7. doi: 10.1016/j.ijrobp.2011.12.029

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a past co-authorship with one of the authors with
several of the authors [NS, RMa].

Copyright © 2020 Simoni, Rossi, Benetti, Zuffante, Micera, Pavarana, Guariglia,
Zivelonghi, Mengardo, Weindelmayer, Giacopuzzi, de Manzoni, Cavedon and
Mazzarotto. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

November 2020 | Volume 10 | Article 599907


https://doi.org/10.1088/0031-9155/61/2/906
https://doi.org/10.2967/jnumed.116.180299
https://doi.org/10.2967/jnumed.116.180299
https://doi.org/10.1007/s00259-016-3506-2
https://doi.org/10.1007/s00259-016-3506-2
https://doi.org/10.1148/radiol.2018172229
https://doi.org/10.1148/radiol.2018172229
https://doi.org/10.1007/s12149-019-01380-7
https://doi.org/10.5281/ZENODO.4037865
https://simpleitk.org/
https://doi.org/10.1158/0008-5472.CAN-17-0339
https://doi.org/10.1158/0008-5472.CAN-17-0339
https://doi.org/10.1148/radiol.2020191145
https://doi.org/10.1148/radiol.2020191145
https://doi.org/10.1002/cncr.30953
https://doi.org/10.1002/cncr.25373
https://doi.org/10.1245/s10434-012-2273-y
https://doi.org/10.1245/s10434-012-2273-y
https://doi.org/10.1093/annonc/mdn622
https://doi.org/10.1186/s12885-018-4034-1
https://doi.org/10.1186/s12885-018-4034-1
https://doi.org/10.1016/j.jtho.2018.10.152
https://doi.org/10.1016/S1470-2045(07)70244-9
https://doi.org/10.21037/atm.2019.11.57
https://doi.org/10.1007/s10147-011-0278-3
https://doi.org/10.1016/j.radonc.2008.06.014
https://doi.org/10.1007/s00259-013-2450-7
https://doi.org/10.1186/s13014-019-1232-1
https://doi.org/10.1016/j.ijrobp.2007.03.053
https://doi.org/10.1016/j.ijrobp.2007.03.053
https://doi.org/10.1016/j.ijrobp.2011.12.029
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	18F-FDG PET/CT Metrics Are Correlated to the Pathological Response in Esophageal Cancer Patients Treated With Induction Chemotherapy Followed by Neoadjuvant Chemo-Radiotherapy
	Introduction
	Material and Methods
	Study Design
	nCRT Protocol and Surgery
	18F-FDG PET/CT Method and Metrics
	Radiomic Feature Extraction
	Pathological Analysis
	Statistical Analysis

	Results
	Study Population
	TRG and Baseline Characteristics
	TRG and Metabolic Parameters
	Radiomic Feature Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


