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Abstract: Current treatments for locally advanced esophageal cancer consist of neoadjuvant chemotherapy
(nCT) or chemoradiotherapy (nCRT) followed by surgery. Nearly one-third of patients obtain a
pathologically complete response (pCR) after nCRT. Patients with a complete (clinical) response to nCRT
might therefore be candidates for active surveillance, which entails postponement of surgery until recurrence
of tumor is detected during clinical response evaluations (CREs). CREs should be performed with accurate
diagnostic modalities to timely detect locoregional and distant disease after nCRT. The combination of
endoscopy with bite-on-bite biopsies, endoscopic ultrasound with fine-needle aspiration (EUS-FNA) of
suspected lymph nodes, and positron emission tomography/computed tomography (PET/CT) has shown
90% sensitivity for detecting substantial (i.e., >10%) residual disease. In this literature review, we address the
current state of diagnostic modalities used in CREs and how accuracy for detection of residual tumor after
nCRT could be improved. With regard to the currently adopted bite-on-bite biopsy technique, sufficient
bite-on-bite biopsies should be taken over larger mucosal areas within the initial tumor site to reduce
sampling errors. Detection of positive lymph nodes with EUS-FNA could be improved by sampling all
visible lymph nodes. Developments in the field of PET/CT and magnetic resonance imaging (MRI) with
simultaneous PET (PET/MRI) have potential to improve CREs by qualitative and quantitative assessment.
Other promising techniques require further determination. With wide-area transepithelial sampling (WATS)
larger mucosal areas could be sampled compared to regular biopsies, although data in patients treated with
nCRT are to be awaited. The detection of positive lymph nodes might be improved by EUS elastography
or contrast-enhanced harmonic EUS (CEH-EUS), but these techniques still require further investigation in
a setting after nCRT. Finally, image analysis with radiomics, novel biomarkers derived from breath [volatile
organic compounds (VOCs)] and liquid biopsies [circulating tumor DNA (ctDNA) as detected in blood
samples] might be of complementary value to current diagnostics.
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Introduction
Standard treatment for locally advanced esophageal cancer
comprises neoadjuvant therapy followed by esophagectomy
(1-3). Neoadjuvant chemoradiotherapy (nCRT) according
to the CROSS regimen has improved 5-year overall
survival as well as the radical resection rate (3,4). Further
analysis showed a pathologically complete response
(pCR) in 23% of adenocarcinoma patients and 49% of
squamous cell carcinoma patients treated with nCRT (3).
Patients with a clinically complete response (cCR: no
evidence of residual disease with diagnostics) after
nCRT could possibly benefit from an active surveillance
strategy: surgery is offered only to patients with evidence
of residual cancer. A subgroup of patients might thus
avoid the risks of postoperative mortality, morbidity, and
decreased quality of life that are associated with surgery (5).
The possible benefit of active surveillance strategies will
become apparent from two randomized controlled SANO
and ESOSTRATE trials (6,7).
In view of active surveillance, accurate clinical response
evaluations (CREs) are important to timely detect residual
tumor after nCRT. The composition of diagnostic
modalities in CREs has been investigated previously in the
Dutch diagnostic preSANO trial (8). The investigated set
of diagnostic modalities has a 90% sensitivity for detection
of substantial residual tumor (>10% residual viable tumor)
and consists of bite-on-bite biopsies, endoscopic ultrasound
with fine-needle aspiration (EUS-FNA) of suspected lymph
nodes and 18F-fluorodeoxyglucose ( 18F-FDG) positron
emission tomography/computed tomography (PET/
CT). In Asia, a similar diagnostic trial, the preSINO trial,
is currently performed to investigate the composition
of diagnostics in CREs for esophageal squamous cell
carcinoma patients (9).
Detection of any residual locoregional tumor (≥1%
residual viable tumor) with this set of modalities is less
accurate, with a sensitivity of 77% and a specificity of 72%,
and could be further optimized (8). Ideally, patients with
any residual locoregional tumor without distant metastases
are referred to immediate surgery when having a good
performance status. This requires sensitive locoregional
tumor detection and detection of distant metastases before
surgery. At the same time, the rate of false-positive CREs
should be minimized to avoid patients from undergoing
unnecessary surgery. Another important aim is to minimize
the burden of CREs as much as possible. High accuracy for
tumor detection should be reached with a minimum number
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of (minimally-invasive) diagnostics, perhaps complemented
with new diagnostic tests, for instance with biomarkers
derived from imaging, blood samples or breath analysis.
The aim of this narrative literature review is to address
the current state of diagnostic modalities used in CREs and
to describe future perspectives to optimize tumor detection
after nCRT for locally advanced esophageal cancer.
Endoscopic assessment
Current endoscopic procedures
Regular endoscopy with bite-on-bite biopsies and EUSFNA of suspected lymph nodes are important modalities
of current CREs, since these procedures allow for (cyto)
histologic assessment of locoregional residual tumor.
The highest chance of detecting residual tumor at the
primary tumor site is when the mucosa and submucosa are
adequately sampled. In one study, residual tumor in the
resection specimen after CROSS has been reported to be
located at least partially in the mucosa or submucosa in 89%
of patients (10).
Detection of residual tumor has improved with
application of bite-on-bite biopsies as compared to regular
biopsies (8). Bite-on-bite biopsies consist of two subsequent
biopsies at the same location, to get a deeper sample with
the second biopsy. The hypothesis is that by taking biteon-bite biopsies one is able to sample the submucosa. In
the preSANO trial, 84 patients underwent regular biopsies
and 123 patients underwent bite-on-bite biopsies. Bite-onbite biopsies were taken at four different locations within
the initial tumor site and at any other suspected site in the
esophagus. In 26 patients with residual TRG3–4 disease
who underwent regular biopsies, 8 of 26 patients were
missed (31% false-negatives). In 41 patients with residual
TRG3–4 disease who underwent bite-on-bite biopsies,
7 patients were missed (17% false-negatives). Sensitivity
further improved when bite-on-bite biopsies were combined
with EUS-FNA of suspected lymph nodes (4 of 41 were
missed; 10% false-negatives).
Location of missed residual tumor after nCRT
Nonetheless, the rate of false-negative biopsies should
ideally be further reduced, which depends on the location
of missed residual tumor during CREs. This has been
investigated for esophageal squamous cell carcinoma
patients in one study (11). Some 41 patients were included
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who obtained a cCR after nCRT based on endoscopic and
radiologic assessment, but who had ≥1% residual tumor at
the primary tumor site in the resection specimen. Of them,
28 patients (68%) had involvement of the mucosa and 9
patients (22%) had residual tumor underneath a cancerfree mucosa. Four patients (10%) had residual tumor
underneath a non-tumorous mucosa and submucosa.
Findings were comparable to results of a side-study
of the preSANO trial, that predominantly included
adenocarcinoma patients (van der Wilk B, 2020, personal
communication). The location of missed residual tumor
after nCRT was examined in 27 resection specimens, in
which residual tumor had not been detected with regular
biopsies with EUS-FNA or bite-on-bite biopsies with
EUS-FNA. Residual disease in the resection specimen
was present in at least the mucosa in 18 of 27 patients
(67%). Some 8 of 27 (30%) patients had residual cancer in
the submucosa under a normal mucosa. Residual disease
underneath the mucosa and submucosa was found in only 1
patient (4%).
Furthermore, this study showed that the site where a
biopsy is taken is difficult to determine. Histopathologic
examination showed that the mucosa could be defined
in 72% of the biopsy specimen collected during CREs
in patients with undetected residual tumor. Specific
submucosal structures could be defined in only 6%. In
the remaining 21% the origin of tissue was uncertain.
Moreover, examination of non-irradiated parts of the
esophagus in three resection specimens showed that specific
submucosal structures are present in only 1–2% of the
entire submucosal area (van der Wilk B, 2020, personal
communication).
The observations in these studies suggest that larger
mucosal areas, within the site of the initial tumor, should
be sufficiently sampled (i.e., with a minimum of four
bite-on-bite biopsies according to the preSANO trial) in
combination with deeper biopsies to overcome sampling
errors. Evaluation of the exact biopsy depth cannot rely
solely on recognition of (sub)mucosal structures after
nCRT.
Wide-area transepithelial sampling with computer-assisted
three-dimensional analysis (WATS-3D)
A new technique to improve sampling of large areas of the
esophagus could be WATS-3D (CDx Diagnostics, Suffern,
NY, USA) (12). WATS-3D obtains cytohistological and
histological tissue samples from the esophagus with a brush.
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The obtained tissue is suitable for 3D visualization and
automated detection of dysplasia by image processing using
artificial intelligence (13). The brush allows for sampling of
larger areas compared to regular biopsies and reaches up to
the lamina propria (12).
WATS has been demonstrated to be safe in a setting
of screening or surveillance for Barrett esophagus or
dysplasia (12). However, it has not been tested in esophageal
cancer patients after radiotherapy, nor has been compared
with regular biopsies in relation to residual tumor in
resection specimens. Whether WATS is of potential use in
patients with esophageal cancer needs to be determined.
Other techniques that ensure deeper sampling, at least
of the submucosa, remain undetermined for esophageal
cancer. A fine-needle-biopsy (FNB) of the esophagus might
be proposed for this purpose in future studies (14).
EUS and EUS-guided FNA
Several studies have reported that the EUS-based
measurements of maximum tumor thickness and maximum
tumor area are useful to predict residual tumor after nCRT
(15-19). One prospective multicenter study investigated
both EUS-based measurements to detect residual tumor at
12 weeks after nCRT (19). Residual tumor thickness, with a
cut-off value of 4.5 mm, and residual tumor area, with a cutoff value of 0.92 cm2, were able to detect TRG3–4 tumor
with a sensitivity of almost 90%. However, identification
of TRG1 was less accurate, as reflected by specificities
of 52% and 40% for residual tumor thickness and area
respectively. Nonetheless, these EUS-based measurements
might improve selection of patients for active surveillance,
if further explored in combination with other diagnostic
modalities.
The number of detected positive lymph nodes during
CREs could be improved. Standard criteria for EUS to
define suspicious lymph nodes seem inaccurate after nCRT,
as was shown in a post-hoc analysis of the preSANO
trial (20). In this study, about half of true-positive lymph
nodes (as confirmed in the resection specimen) did not
meet all official EUS criteria to be considered suspicious
lymph nodes (i.e., round, hypoechogenic, and >5 mm).
Despite the broadened criteria for suspicious lymph nodes
used in this study, the sensitivity of EUS alone at 12 weeks
after nCRT was 50% with a specificity of 78%. Moreover,
of 19 patients who underwent EUS-guided FNA, FNA
results were inconclusive in 8 patients. To improve accuracy
of EUS-FNA, the authors of the study suggested to
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sample all visible lymph nodes, regardless of criteria for
suspiciousness. Besides, specific attention should be paid to
lymph node stations below the diaphragm, where malignant
lymph nodes were most often present in this series mainly
consisting of patients with an adenocarcinoma. In addition,
inconclusive FNA results might be prevented by performing
repeated needle-passes per lymph node or by using cytology
with rapid on-site examination.
Elastography maps the stiffness of tissue in color maps
on endosonographic images. This technique portrays rigid
areas—such as malignant tissue—with a different color than
areas of intermediate tissue elasticity or soft tissues (21).
Several studies have successfully applied pre-treatment
EUS elastography to detect cyto- or histopathologically
confirmed positive lymph nodes (22-24). However, EUS
elastography has not yet been investigated in patients after
nCRT, when the elasticity of lymph nodes might have
altered as a result of nCRT. The ability to discriminate for
example fibrotic from malignant lymph nodes with EUS
elastographic evaluation after nCRT is therefore unknown.
Furthermore, contrast-enhanced harmonic EUS (CEHEUS) might complement standard EUS. Qualitative CEHEUS characterizes tissue according to the level of contrast
enhancement (e.g., non-enhanced or hyperenhanced),
which has been described valuable for diagnosing pancreatic
lesions (25). At present, no studies have evaluated CEHEUS for initial esophageal cancer staging or response
assessment. The diagnostic value of CEH-EUS in
esophageal cancer thus remains uncertain.
Radiologic and nuclear imaging techniques
18

F-FDG PET/CT

18

F-FDG PET/CT has been extensively studied for
response assessment during and after nCRT in esophageal
cancer, without satisfactory results for the detection of
residual tumor at the primary tumor site. A meta-analysis
reported a pooled sensitivity of 74% [95% confidence
interval (CI): 0.68–0.79] and pooled specificity of 52%
(95% CI: 0.44–0.60) for detecting ypT0/ypT0N0 with
qualitative 18F-FDG PET (26). The pooled sensitivity was
consistent with results of in-depth analyses of the preSANO
trial, in which qualitative 18F-FDG PET/CT analysis at
12 weeks after nCRT had a sensitivity of 80% for ypT0 (27).
However, the specificity was low due to 63% false-positives,
probably because of persisting post-radiation esophagitis at
12 weeks after nCRT.
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T h e c u r r e n t r o l e o f 18F - F D G P E T / C T d u r i n g
CREs is mainly to guide EUS-FNA by identification of
18
F-FDG positive lymph nodes and to detect intercurrent
hematogenous metastases. Serial 18 F-FDG PET/CT
during active surveillance seems promising for detection of
tumor recurrence at the primary tumor site (Valkema M,
2020, personal communication). A retrospective analysis
was performed on a cohort of patients with cCR after
nCRT who declined standard surgery and underwent
active surveillance with serial 18F-FDG PET/CT scans. In
patients without biopsy-proven tumor recurrence during
active surveillance, 18F-FDG uptake at the primary tumor
site continued to decrease beyond 12 weeks after nCRT,
which was indicative of recovery from post-radiation
esophagitis. By contrast, patients who developed biopsyproven recurrence beyond 12 weeks after nCRT had an
increasing local 18F-FDG uptake. These findings indicate
that 18F-FDG PET/CT might be valuable to monitor local
tumor response during active surveillance, but this needs to
be confirmed in a prospective setting.
Magnetic resonance imaging (MRI)
MRI offers high soft tissue resolution and is able to depict
esophageal layers and tumor invasion depth (28,29). Tissue
on MRI is characterized with T1 and T2-weighted images
and with additional MRI techniques such as diffusionweighted MRI (DWI or DW-MRI) and dynamic contrastenhanced MRI (DCE-MRI). DWI provides functional
information about the movement of water molecules
in tissue, based on the cell density and the integrity of
cell membranes. DWI is quantified using the apparent
diffusion coefficient (ADC). ADC values are low in
malignant tissue, reflecting high cellular density resulting
in diffusion restriction of water molecules, whereas the
ADC values are typically high in non-cancerous tissue,
where cellular density is lower (30,31). Besides DWI, DCEMRI can be performed after administration of intravenous
contrast. DCE-MRI may reflect altered tissue vascularity
in malignant tissue as opposed to healthy tissue (32). The
combination of DWI and DCE-MRI might be of value in
esophageal cancer, since quantitative DWI and DCE-MRI
parameters have shown complementary value in prediction
of pCR after nCRT (33).
ADC values tend to be increased in responders compared
to non-responders, during and after nCRT. This has
been demonstrated in a recent meta-analysis on DWI for
the detection of pCR in esophageal cancer patients who
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underwent nCRT followed by surgery (34). During the
second to third week of nCRT, ADC was on average 26%
higher in patients with TRG1 compared to patients with
TRG2–4, as calculated in a random effects model (95%
CI: 19–32%, P=0.60). Similarly, ADC was on average 34%
higher in patients with TRG1 compared to patients with
TRG2–4 at 3–9 weeks after completion of nCRT (95% CI:
12–55%, P=0.53).
A prospective multicenter study, that has been published
after the above mentioned meta-analysis, had similar
findings in a cohort of 69 patients (35). At approximately
2 weeks after start of nCRT, mean ADC values compared
to start of nCRT (ΔADC mean ) had increased more in
patients with TRG1 [median ΔADCmean +28%, interquartile
range (IQR): 15–39%] than in patients with TRG2–4
(median ΔADC mean +11%, IQR: 4–17%). At 5 weeks
after completion of nCRT, ADC values had also more
pronouncedly increased in patients with TRG1 (ΔADCmean
+34%, IQR: 13–46%) than in patients with TRG 2–4
(ΔADCmean +20%, IQR: 10–38%), but this result was not
statistically significant.
Moreover, in a study on 22 patients who underwent
nCRT, sensitivity for detection of tumor (ypT) improved
by addition of T2 MRI assessment to bite-on-bite
biopsies (36). Sensitivity was 89% with MRI plus bite-onbite biopsies, compared to a sensitivity of 33% with biteon-bite biopsies only. However, this improvement was at
the cost of specificity (50% specificity with MRI plus biteon-bite biopsies versus 100% with bite-on-bite biopsies
only). MRI did not improve the detection of lymph nodes
that were detected with EUS-FNA, which was explained by
a limited field of view on the MRI scan in this study.
MRI is not yet routinely used in CREs after nCRT.
A prospective diagnostic study is being conducted that
investigates the prediction of pCR using DWI and DCEMRI, 18F-FDG PET/CT and circulating tumor DNA
(ctDNA) obtained before, during and after nCRT (37). This
study will hopefully provide new insights in the multimodal
diagnostic assessment of residual tumor after nCRT.
18

F-FDG PET/MRI

MRI can be used as a single modality or can be fully
integrated with PET in a PET/MRI system, which is a
recently developed technique. Possibly, 18F-FDG PET/
MRI imaging provides additional anatomical and functional
value over 18F-FDG PET correlated to (low dose) CT, for
example by discrimination of post-radiation inflammation
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from residual tumor after nCRT. Quantitative 18F-FDG
PET and MRI parameters appear uncorrelated and have
shown complementary value in the prediction of pCR after
nCRT (35,38). Visualization of the esophagus with MRI is
challenging, however, due to cardiorespiratory motion in
the mediastinum. Mediastinal-specific scanning protocols
are therefore developed for 18F-FDG PET/MRI to acquire
high quality images of the esophagus (39).
Today, few studies are available that report the
diagnostic value of 18F-FDG PET/MRI in esophageal
cancer. In 2014, a study was published that compared
sequential 18F-FDG PET/MRI with EUS, diagnostic CT
and 18F-FDG PET/CT, showing overall good performance
with 18F-FDG PET/MRI (40). Fifteen patients, who did
not receive neoadjuvant treatment, underwent staging with
these modalities within 2 weeks before surgery. 18F-FDG
PET/CT was not included in analysis of pT-stage, since
no intravenous contrast was administered to perform
reliable assessment of the primary tumor. Accuracy for
pT-stage was 67% with FDG-PET/MRI, versus 87% with
EUS and 33% with diagnostic CT. 18F-FDG PET/MRI
had highest accuracy of 83% for nodal staging, followed
by an accuracy of 75% with EUS, 67% with 18F-FDG
PET/CT and 50% with diagnostic CT (40).
In a feasibility study, integrated 18F-FDG PET/MRI
was compared to 18F-FDG PET/CT in a series of 16
patients who underwent 18F-FDG PET/MRI immediately
after 18F-FDG PET/CT (41). Assessments of the primary
tumor, lymph nodes and distant metastases were compared
between the modalities. Radiological T-stage tended
to be overestimated on 18 F-FDG PET/CT compared
to 18F-FDG PET/MRI. This was demonstrated by an
inter-agreement Cohen’s kappa of 0.33 for T-stage and a
correlation coefficient of 0.64 for tumor wall thickness.
The discrepancy in T-stage might be caused by better
visualization of the esophageal wall layers and surrounding
tissue on 18F-FDG PET/MRI. Good agreement was seen
between the modalities for N- and M-staging (Cohen’s
kappa’s >0.85). The pre-treatment radiological assessments
in this study were not compared to the findings in the
resection specimens. Therefore, the true diagnostic
accuracy for pathologic staging with 18F-FDG PET/MRI is
not known at present.
Based on the above-discussed studies, staging with
18
F-FDG PET/MRI seems non-inferior to 18 F-FDG
PET/CT. Further studies should continue to evaluate the
accuracy of pre- and post-nCRT radiological staging with
18
F-FDG PET/MRI in comparison to histopathology in the
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resection specimen.
Novel PET tracers
Radionuclide tracers are radioactively labeled substances
that can bind to a target of interest in the body.
Radioactively labelled glucose with 18fluor ( 18F-FDG)
is commonly used in diagnostic oncological imaging.
However, the use of 18F-FDG as a tracer has limitations
since 18F-FDG cannot discriminate glucose metabolism in
cancerous tissue from glucose metabolism in other cells.
Several tracers that aim for more selective cancer imaging
compared to 18F-FDG have been investigated over the
past years, but these have not (yet) entered clinical routine
(42-44). The tracer 18 F-3’-deoxy-3’-fluorothymidine
( 1 8 F - F LT ) h a s b e e n d e v e l o p e d t o i m a g e c e l l
proliferation (44). 18F-FLT is phosphorylated by thymidine
kinase-1, an enzyme involved during cell proliferation. As a
result, 18F-FLT is retained in dividing cells. 18F-FLT might
therefore be a surrogate marker for thymidine kinase-1
activity and cell proliferation. At the same time, 18F-FLT
accumulates intensely in the physiological bone marrow
and the liver and is thus of limited use in assessment of
these regions (44). To overcome this limitation, a filtering
technique applied to 18F-FLT PET has been investigated
to improve tumor-to-background visualization in a small
study of ten patients with esophageal or gastric cancer and
liver metastases (45). 18F-FLT PET seems to be inferior
to 18F-FDG PET before neoadjuvant treatment, based on
results of two feasibility studies with more false-negatives
at baseline staging with 18F-FLT PET than with 18F-FDG
PET (46,47). Nevertheless, 18 F-FLT PET for (early)
prediction of response to neoadjuvant treatment with
18
F-FLT PET has been proposed, since 18F-FLT uptake
seems not to be affected by inflammatory processes, unlike
18
F-FDG (46,48). The usefulness of 18F-FLT PET/CT in
esophageal cancer still needs to be confirmed in larger trials.
Fibroblast activation protein (FAP) has been recently
proposed as a promising diagnostic and therapeutic target in
several types of cancer, including esophageal cancer (49-51).
FAP is a membrane-bound protease which is specifically
found on the surface of diseased cells, such as on stromal
fibroblasts in almost all epithelial carcinomas, on hepatic
cells in liver fibrosis and on aortic smooth muscle cells in
aortic plaques (52,53). The exact role of FAP-expressing
cells in the tumor microenvironment is unknown. FAP
is suggested to induce immunosuppressive pathways and
to promote angiogenesis (53). FAP can be targeted with
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FAP-selective inhibitors (FAPI). Progress has been made
to develop FAP-targeted therapy and to visualize FAPexpressing cells using PET. 68Gallium-labelled FAPI (68GaFAPI) tracers have been recently developed and tested in
patients (49-51). This type of radiotracer has been shown
to bind to cancer-associated fibroblasts in the stroma of
various solid tumors and distant metastases (51). 68Ga-FAPI
depicts a better tumor-to-background contrast than for
example 18F-FDG, since no accumulation in healthy tissue
is present and the tracer is rapidly cleared from the body.
In six esophageal cancer patients, uptake of FAPI was more
than six times higher in the primary tumor compared to
the background activity, which is substantially higher than
with 18F-FDG (49). Further research on pharmacokinetic
characteristics of FAPI tracer derivatives is ongoing and is
aimed at improving for example tumor retention time (50).
Further clinical studies are required to investigate sensitivity
and specificity of 68 Ga-FAPI to detect histologically
confirmed lesions in esophageal cancer.
Radiomics
Radiomics is being extensively studied to optimize the
assessment of medical imaging. Radiomics is a highthroughput method to obtain quantitative imaging features
representing tumor characteristics that may correlate with
the underlying biology, most of which cannot be seen by
the unaided eye (54). Radiomics can be performed using
hand-crafted imaging features or through fully automated
feature creation using deep neural networks (Figure 1).
Hand-crafted radiomic features are extracted from the
image by the application of pre-specified mathematical
formulas representing shape, pixel intensity statistics,
and texture metrics of a tumor. With fully automated
radiomics, imaging features salient with respect to a defined
outcome are automatically computed and selected through
deep convolutional neural networks (CNNs), e.g., to
detect abnormal lesions or to predict response (55). Fully
automated radiomics is thus less time-consuming and
independent on subjective human assessment. However,
its use can be limited since deep learning requires large
amounts of well-curated data, which is often lacking
in healthcare centers. Models can be developed using
radiomics for radiologic and nuclear scans, but also on
real-time endoscopic imaging. Well-performing models
can subsequently be incorporated into computer-aided
detection (CAD) systems (56).
Many studies have developed a hand-crafted radiomic
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A

B

Figure 1 Hand-crafted and fully automated radiomics. (A) Simplified overview of the hand-crafted radiomics workflow. First, the gross
tumor volume is delineated on the image. Second, radiomic features, for example representing global tumor pixel intensities, tumor shape
and texture parameters, are extracted from the gross tumor volume. Following, machine learning algorithms are applied to select and use the
selected radiomic features to make a prediction of an outcome of interest, for example presence of residual tumor (denoted as a red hexagon
in the figure). The prediction in the figure is represented by a sigmoid function of a logistic regression model, with the weighted sum of
radiomic feature values on the X-axis and the probability for the outcome on the Y-axis; (B) simplified overview of the fully automated
radiomics workflow. Image features are automatically extracted from the scan by a type of deep learning that uses a convolutional neural
network (CNN). A CNN slides a filter over the image and consequently learns to recognize relevant features. With these features, a
prediction of the outcome of interest (denoted as a red hexagon) is made through a neural network. Source: M. J. Valkema, original source.

signature (i.e., combinations of weighted radiomic features)
for prediction of response after nCRT in esophageal cancer
patients. A diagnostic CT-based radiomic signature for
prediction of pCR after nCRT yielded an area under the
receiver operating characteristic curve (AUC) of 0.79 in the
validation cohort of one study (57). The final prediction
model included a shape feature (surface-to-volume ratio),
a grey-level intensity feature and three textural features.
A class of texture features in CT-scans called graylevel co-occurrence matrices (GLCM) was examined in
another study of 36 patients (58). GLCM features before
neoadjuvant chemo(radio)therapy were significantly
different in adenocarcinoma patients with ypT0–T2 versus
ypT3–T4 tumors. This difference was not seen in squamous
cell carcinoma patients. In another retrospective study, CTradiomic features were found to have prognostic value (59).
The radiomic model predicted 3-year overall survival with
an AUC of 0.61 in a validation cohort of patients treated
with CROSS followed by surgery.
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A considerable number of 18 F-FDG PET studies
have been performed that showed value of hand-crafted
radiomics to predict treatment response after nCRT
according to RECIST (Response Evaluation Criteria
In Solid Tumors) or histopathologic assessment. Some
studies showed that radiomic features had better predictive
performance than conventional standardized uptake values
on PET (60-72). Some studies also reported that the use
of features from both pre- and post-nCRT scans yielded
better predictive performance of pCR than features at one
time-point (60,65,66,68,70). Furthermore, in two studies
with mostly adenocarcinoma patients, prediction of TRG1
after neoadjuvant treatment had best performance with a
model combining clinical parameters and radiomic PET
features (60,68). In another cohort of solely squamous
cell carcinoma patients, higher pre-treatment histogram
entropy, a radiomic feature that represents the randomness
of pixel values, was significantly associated with residual
tumor after nCRT (72). The combination of radiomics with

Ann Esophagus 2021;4:6 | http://dx.doi.org/10.21037/aoe-2020-02

Page 8 of 14

clinical variables in this study yielded an AUC of 0.82 in a
small validation cohort of 16 patients.
MRI radiomic signatures have been developed on DWMRI, 18F-FDG PET/MRI and T2 MRI scans to predict
survival, synchronous metastases and metastatic lymph
nodes in esophageal cancer patients with good results
(73-75). Response assessment with MRI-based radiomics
has been investigated in one study (76). Squamous cell
carcinoma patients who obtained a pCR after nCRT had
higher probability towards lower pre-treatment ADC values
as shown by high skewness (i.e., a measure of asymmetry)
and high kurtosis (i.e., a measure of tailedness) in histogram
analysis. Further quantification of ADC values with
radiomics on MRI scans might be valuable in response
prediction.
In addition to hand-crafted radiomics, deep learning is
also emerging for prediction of various outcomes. Artificial
neural networks have been applied to classify CT- and
MRI-based features to predict response to CRT according
to RECIST criteria (77,78). A combination of deep
learning and hand-crafted preoperative radiomic features
could discriminate patients with metastatic lymph nodes
from those without metastatic lymph nodes with good
accuracy in an independent validation dataset (c-statistic of
0.84) (79). Also, deep-learned PET features had an AUC
of 0.74 for a model that predicted death at 1 year after
diagnosis in squamous cell carcinoma patients (80).
Despite the fact that many promising studies on
radiomics have been published, it is often difficult
to compare their outcomes and clinical usefulness.
Comparison is not always possible when models have been
developed on patients with different treatment regimens,
or when different methods for response assessment have
been conducted (e.g., RECIST versus histopathology).
The methodology for feature extraction and feature
selection influences study results (62). Different validation
approaches can affect the final performance of the models.
Apart from difficulties in the comparison of studies on
radiomics, these studies can have limited reproducibility.
Acquisition and reconstruction protocols differ across
hospitals, which lead to slightly different radiomic feature
values in different centers. Therefore, robustness studies
are conducted to identify features that are independent of
scanners or (timing of) intravenous contrast administration
(81-84). Furthermore, research is ongoing to optimize
the infrastructure for conducting studies with radiomics,
for example through distributed learning (85). With
distributed learning, anonymized imaging data can be used
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for model development without leaving the hospitals. This
overcomes limitations of strict privacy regulations and will
hopefully contribute to larger available datasets, enabling
the development and validation of clinically useful radiomic
models.
Novel biomarkers
Volatile organic compounds (VOCs)
VOCs are found in breath samples and have been described
as novel biomarkers to detect various diseases, such as
inflammatory bowel disease, asthma and colorectal cancer
(86-88). VOCs are metabolites originating from cell
processes and can diffuse to exhaled breath, but also to
blood, saliva and urine (89). VOC profiles may be specific
for biochemical processes in certain cancer types, reflecting
for example genetic or protein changes in cancer cells,
oxidative stress, or alterations in the microbiome (90). The
field of VOC analysis is also referred to as “breathomics”
and is attractive in terms of non-invasiveness and potential
cost-effectiveness. VOCs in exhaled breath might have
potential in the detection of esophagogastric cancer. A
multicenter validation study tested a previously constructed
model on VOCs in breath samples, that was analyzed
with selected ion flow-tube mass spectrometry, a method
to quantify the number and composition of VOCs (91).
The model was tested on a cohort of 163 patients with
esophageal or gastric cancer and 172 control patients with
benign conditions such as hiatal hernia or esophagitis. Good
performance for the detection of patients with cancer was
reached with 80% sensitivity, 81% specificity and an AUC
of 0.85.
Breath sample testing has also been studied in the
detection of Barrett’s esophagus with an electronic nose
device (eNose) (92,93). eNoses detect VOCs with chemical
sensors in the device, which translate the activation signals
into a breathprint. The data are consequently processed by
machine learning algorithms to link patterns of VOCs to
the disease of interest. An eNose was able to discriminate
129 patients with Barrett’s esophagus from 273 healthy
controls and patients with gastro-esophageal reflux disease
with a sensitivity of 91%, a specificity of 74% and an AUC
of 0.91 (93). Moreover, the eNose could classify Barrett’s
esophagus from gastro-esophageal reflux disease, albeit
with a more moderate sensitivity of 64%, a specificity of
74% and an AUC of 0.73. These data indicate an ability of
VOCs to discriminate various conditions in a screening-
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setting. Whether this also applies in a treatment setting for
esophageal cancer needs to be determined in future studies.

Page 9 of 14

(9,37,105,107).
Conclusions

Liquid biopsies
A liquid biopsy is an analysis on body fluids. A minimallyinvasive liquid biopsy on a blood sample aims to detect
circulating tumor cells (CTCs) or tumor components,
which include ctDNA, tumor-derived exosomes, circulating
tumor RNA and circulating tumor micro RNA. Liquid
biopsies are of interest for developing targeted treatment in
the pathway of developing metastases, but also for detection
of residual disease and monitoring disease recurrence with
repeated analyses (94,95).
In liquid biopsies, biomarker levels can be quantified and
tumor-specific gene mutations can be characterized (96,97).
These analyses can be limited due to low concentrations of
CTCs in blood and heterogeneity in cell-surface antigens
or tumor-specific gene mutations (98,99). Accurate assays
are under development to assure reproducibility in different
laboratories. This area of research is rapidly evolving
(100,101).
Pre-treatment presence of CTCs has been associated
with disease progression after chemo(radio)therapy and/
or esophagectomy in squamous cell carcinoma (102,103).
These findings are consistent with those of a prospective
study on adenocarcinoma and squamous cell carcinoma
patients that observed a correlation between baseline
CTC-positivity and biopsy-proven tumor relapse after
surgery (104). Levels of CTCs, as detected in 9 of 20
adenocarcinoma patients in another study, increased
after neoadjuvant chemo(radio)therapy and decreased
after surgery (99). The clinical impact of CTCs will
be investigated by the same research group in ongoing
side-studies of the prospective randomized controlled
ESOPEC trial. The ESOPEC trial compares perioperative
chemotherapy (FLOT) with nCRT (CROSS) (105).
Furthermore, a retrospective study showed that presence
of ctDNA after chemoradiation correlated with tumor
progression and development of distant metastases (106).
Increasing ctDNA-levels preceded disease progression
as observed with 18F-FDG PET/CT in some patients in
that study. Similar findings have been observed in another
study, albeit in a palliative setting (98). However, these
studies included only few patients and results may have
been influenced by selection bias. Results of prospective
diagnostic trials will have to be awaited to assess the clinical
value of ctDNA in prognostication or response assessment
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Tumor detection after nCRT, currently performed with
endoscopy with bite-on-bite biopsies, EUS-FNA of
suspicious lymph nodes and 18F-FDG PET/CT, might be
further optimized. The combination of bite-on-bite biopsies
and EUS-FNA has been shown to improve locoregional
tumor detection as compared to regular biopsies with
EUS-FNA. The sampling of larger mucosal areas within
the initial tumor region, preferably in combination with
deeper biopsies, is proposed to further reduce the rate of
false-negative biopsies. Accuracy of EUS-FNA might be
optimized by sampling all visible lymph nodes. Additional
techniques to EUS, such as EUS elastography or CEHEUS, might enhance assessment of suspicious lymph nodes,
but require further research to assess clinical usefulness
after nCRT. Serial 18F-FDG PET/CT scans appear valuable
to monitor local tumor regrowth beyond 12 weeks after
nCRT, when radiation-esophagitis has resolved. Instead
of 18F-FDG PET/CT alone, imaging assessment could be
supplemented with qualitative and quantitative MRI, or
with integrated 18F-FDG PET/MRI. Other tracers than
18
F-FDG, such as 68Ga-FAPI, are explored that allow for
more specific cancer imaging. Further emerging fields of
research are the application of non-invasive radiomics on
standard-of-care medical imaging, the use of VOCs and
the application of liquid biopsies for early and minimallyinvasive tumor detection.
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