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ORIGINAL ARTICLE

DW-MRI and DCE-MRI are of complementary value in predicting pathologic
response to neoadjuvant chemoradiotherapy for esophageal cancer

Sophie E. Heethuisa, Lucas Goensea,b, Peter S. N. van Rossuma, Alicia S. Borggrevea,b, Stella Mooka,
Francine E. M. Vonckenc, Annemarieke Bartels-Ruttend, Berthe M. P. Alemanc, Richard van Hillegersbergb,
Jelle P. Ruurdab, Gert J. Meijera, Jan J. W. Lagendijka and Astrid L. H. M. W. van Liera

aDepartment of Radiotherapy, University Medical Center Utrecht, Utrecht, Netherlands; bDepartment of Surgery, University Medical Center
Utrecht, Utrecht, Netherlands; cDepartment of Radiotherapy, The Netherlands Cancer Institute-Antoni van Leeuwenhoek Hospital,
Amsterdam, Netherlands; dDepartment of Radiology, The Netherlands Cancer Institute-Antoni van Leeuwenhoek Hospital, Amsterdam,
Netherlands

ABSTRACT
Purpose: To explore the potential benefit and complementary value of a multiparametric approach
using diffusion-weighted (DW-) and dynamic contrast-enhanced (DCE-) magnetic resonance imaging
(MRI) for prediction of response to neoadjuvant chemoradiotherapy (nCRT) in esophageal cancer.
Material and methods: Forty-five patients underwent both DW-MRI and DCE-MRI prior to nCRT (pre),
during nCRT (week 2–3) (per) and after completion of nCRT, but prior to esophagectomy (post).
Subsequently, histopathologic tumor regression grade (TRG) was assessed. Tumor apparent diffusion
coefficient (ADC) and area-under-the-concentration time curve (AUC) were calculated for DW-MRI and
DCE-MRI, respectively. The ability of these parameters to predict pathologic complete response (pCR,
TRG1) or good response (GR, TRG� 2) to nCRT was assessed. Furthermore the complementary value of
DW-MRI and DCE-MRI was investigated.
Results: GR was found in 22 (49%) patients, of which 10 (22%) patients showed pCR. For DW-MRI, the
75th percentile (P75) DADCpost-pre was most predictive for GR (c-index¼ 0.75). For DCE-MRI, P90
DAUCper-pre was most predictive for pCR (c-index¼ 0.79). Multivariable logistic regression analyses
showed complementary value when combining DW-MRI and DCE-MRI for pCR prediction
(c-index¼ 0.89).
Conclusions: Both DW-MRI and DCE-MRI are promising in predicting response to nCRT in esophageal
cancer. Combining both modalities provides complementary information, resulting in a higher predict-
ive value.
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Introduction

Worldwide esophageal carcinoma continues to affect more
than 450.000 people annually, with 5-year overall survival
rates rarely exceeding 35% [1–3]. Currently, neoadjuvant che-
moradiotherapy (nCRT) followed by surgery is considered
standard of care for patients with resectable locally advanced
esophageal cancer. Many studies have reported that the
degree of response to neoadjuvant therapy is associated
with patient prognosis, with pathologic complete response
(pCR) having the most favorable long-term prognosis [1,
4–7]. Accurate prediction of good response to nCRT poten-
tially allows a wait-and-see approach, with omission of sur-
gery and close clinical follow-up. On the other hand,
accurate prediction of poor response allows early treatment
modification, e.g. intensification of neoadjuvant therapy or
primary surgery.

Unfortunately, diagnostic modalities – including endo-
scopic biopsy, endoscopic ultrasonography and computed
tomography (CT) – that are currently used to identify patho-
logic response yield unsatisfactory results [8,9]. Highest
overall pooled sensitivities and specificities were found for
18F-FDG-PET(/CT), however, with values ranging from 67% to
70% this is still insufficient to justify changes in clinical deci-
sion making [10,11]. Meanwhile, functional MRI techniques
are emerging as an advanced imaging technique since it
visualizes different and possibly complementary tumor char-
acteristics. With diffusion-weighted (DW-) magnetic reson-
ance imaging (MRI) the variation in free diffusion of water
molecules between different tissues is visualized, allowing it
to distinguish tumorous tissue with high cellular density from
healthy tissue using the apparent diffusion coefficient (ADC)
[12–15]. With dynamic contrast-enhanced (DCE-) MRI, the vas-
cular integrity is visualized using administration of a contrast
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agent, allowing to monitor neoplastic changes in tissue [16].
Two recent pilot studies reported that tumor alteration on
both DW-MRI and DCE-MR imaging during the first 2–3
weeks of nCRT for esophageal cancer are highly predictive
for pCR [17,18]. However, these findings have not yet been
validated in a larger cohort. Also, no direct comparison
between DW-MRI and DCE-MRI for treatment response evalu-
ation in this setting has been reported.

The purpose of the current study was to evaluate, in a
multicenter setting, whether combining data from both DW-
MRI and DCE-MRI in patients receiving nCRT for esophageal
cancer yields complementary information for response pre-
diction, and may therefore increase predictive power com-
pared to single technique MR imaging.

Material and methods

Study population

Patients were included in the University Medical Center
Utrecht (UMCU) and in the Netherlands Cancer Institute (NKI),
from August 2013 to January 2016. Written informed consent
was obtained from all the patients and this study was
approved by the institutional review board of each center.
Patients with contraindications for 1.5T MRI with administra-
tion of a contrast agent were not eligible for inclusion. All 46
patients with biopsy-proven esophageal cancer receiving
nCRT followed by surgery who underwent all MRI studies
were initially included in this study. One patient was
excluded due to a very small tumor volume (<2.5mL on the
initial scan). Of the remaining patients, 31 were scanned in
the UMCU and 14 in the NKI (Table 1).

Treatment protocol

All patients included in this study were planned to receive
weekly administration of intravenous carboplatin (area under
the curve of 2mg/mL per minute) and paclitaxel (50mg/m2

body surface-area) for 5 weeks, with concurrent radiotherapy
of 41.4 Gy in 23 fractions of 1.8 Gy [1]. All patients were
treated with step-and-shoot intensity modulated radiation
therapy (IMRT) or volumetric modulated arc radiotherapy
(VMAT), planning goals were to cover at least 99% of the tar-
get volume with a minimum of 95% of the prescribed dose.
Five to ten weeks (median 8 weeks) after completion of neo-
adjuvant treatment, all patients underwent a transhiatal or
transthoracic esophagectomy.

Histopathologic assessment

Histopathologic assessment of the resection specimen was
performed by a dedicated pathologist with GI subspecialty
according to Mandard, with a tumor regression grade (TRG)
ranging from 1 (pCR) to 5 (absence of regressive changes)
[19]. Two approaches were applied to discriminate between
response to treatment: an analysis was performed to differen-
tiate between patients with good (GR, TRG� 2) versus poor
response (noGR, TRG� 3), and pathologic complete response

(pCR, TRG1) versus no pathologic complete response
(no-pCR, TRG� 2).

MRI acquisition

Acquisition of MR images was performed at three time
points: a baseline scan prior to treatment (pre), a scan after
two weeks (8–13 fractions) of nCRT treatment (per) and a
preoperative scan 3–9 weeks after completion of nCRT treat-
ment (post). In all patients there was a similar initial intention
to schedule surgery 6–8 weeks after completion of nCRT and
plan the post-scan within two weeks prior to surgery. All
image acquisition was performed on a 1.5T Philips Achieva
or Ingenia (Best, The Netherlands) using the Torso (16 chan-
nels) or Anterior/Posterior (28 channels) receive coils, respect-
ively. The same imaging protocol was used in both institutes.
DWI scans were acquired in transverse plane during free
breathing, for three different b-values (0, 200, 800 s/mm2),
with a bandwidth per pixel of 29.4 or 23.4 Hz for the Achieva
and Ingenia, respectively. The DCE-series consisted of 62 3D
scans, scanned with a temporal resolution of 3 s. After the
10th scan the contrast agent was injected with an automatic
syringe pump at a flow rate of 1mL/s (for patients>100 kg
2mL/s), followed by a saline injection. In the UMCU gadobu-
trol (Gd-BT-DO3A, Gadovist; Schering AG, Berlin, Germany)
was used at a dose of 0.1mmol/kg of body weight, at the

Table 1. Patient and treatment-related characteristics for both institutes.

Study
population
UMCU
(n¼ 31)

Study
population

NKI
(n¼ 14)

Combined analysis
DWI/DCE

UMCUþNKI
(n¼ 34)

Gender
Male 27 11 29
Female 4 3 5

Age, years (at start nCRT)� 64.5 ± 7.6 58.6 ± 13.0 62.4 ± 10.1

Clinical T-stage
T2 6 (19%) 2 (14%) 5 (15%)
T3 25 (81%) 12 (86%) 29 (85%)

Clinical N-stage
N0 9 (29%) 6 (43%) 10 (29%)
N1 8 (26%) 5 (36%) 12 (35%)
N2 12 (39%) 3 (21%) 9 (26%)
N3 2 (6%) 0 (0%) 3 (9%)

Type
SCC 3 (10%) 2 (14%) 4 (12%)
AC 26 (84%) 12 (86%) 28 (82%)
ASC 2 (6%) 0 (0%) 2 (6%)

Location
Proximal third of esophagus 1 (3%) 0 (0%) 1 (3%)
Middle third of esophagus 3 (10%) 1 (7%) 3 (9%)
Distal third of esophagus 23 (74%) 6 (43%) 21 (62%)
Gastroesophageal junction 4 (13%) 7 (50%) 9 (26%)

Acquisition, no. of days
Pre (before start nCRT)† 6 (2–14) 5 (–1–11) 6 (–1–14)
Per (after start nCRT)† 10 (8–17) 15 (9–16) 10 (8–17)
Post (after completion nCRT)† 41 (17–62) 39 (31–65) 40.5 (17–57)
Post scan – surgery interval† 10 (5–48) 11.5 (4–19) 11.5 (4–48)

The patient characteristics from the combined analysis are summarized in the
third column. SCC: squamous cell carcinoma; AC: adenocarcinoma; ASC:
adenosquamous carcinoma.
Data presented as counts with percentages in the parentheses unless
stated otherwise.�Data presented as mean ± SD.
†Data presented as median (range).
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NKI Dotarem (Gadoteric acid, 0.5mM; Guerbet, Paris, France)
was used with a fixed dose of 7.5mmol for each patient. In
order to prevent artifacts in the aorta due to pulsatile flow,
the heart was included in the scanned volume. Prior to the
DCE scan, a transverse T2-weighted scan was acquired for
anatomical verification with a multi-slice turbo spin echo
sequence, using a navigator for respiratory triggering [17,18].
Detailed scanning parameters are presented in Table 2.

Image analysis

DWI scans were corrected for geometric distortions using a
B0-field inhomogeneity map [20] and ADC values were calcu-
lated using a mono-exponential model. DCE scans were proc-
essed according to a previously reported protocol [18]. Rigid
registration was performed to account for motion between
scans. A series of scans with variable flip-angles were
acquired. This enabled quantification of the intrinsic tissue T1
time which is required to quantify the contrast agent concen-
tration after injection [21]. The area-under-the-concentration
versus time curve (AUC), defined as an integral over 60 s after
inflow of contrast, was calculated. Examples of a T2-weighted,
a DWI and a DCE scan and the corresponding ADC- and
AUC-maps are shown in Figure 1. To minimize inter-observer
variability, the primary tumor was automatically delineated
on the initial b800 DWI using a contouring algorithm in ITK-
SNAP v3.4.0.QT4 with 2 clusters in pre-segmentation mode
and default evolution parameters [22]. As a result, a region
with high values on the b800 DWI was delineated. These
automatic delineations were verified and manually adjusted
if necessary (e.g. in case of volume overestimation or the
inclusion of lymph nodes), using both the ADC-map and T2-
weighted scan in Volumetool, an in-house developed image
software tool [23]. This pre-delineation was registered to the
next time point (per) and manually adjusted for possible
shrinkage in the circumference of the esophagus, which was
then propagated to the final time point (post), again fol-
lowed by manual adjustments if necessary. In other words, in
each individual patient the cranio-caudal length of the delin-
eations remained constant over the three time points. All
adjustments were performed in consensus by two readers
(S.E.H. and L.G.) and verified by a radiation oncologist (S.M.).

Data analysis

In line with our previous work [17,18], mean, median and
several percentiles (P75/P90) were calculated for ADC (DW-

MRI) and AUC (DCE-MRI) within the delineations on both
modalities. Separate time points as well as percentage differ-
ences between time points were analyzed. The first acquired
scan was used as a reference for these calculations, as this
was found to provide the highest predictive performance in
the prior studies on DW-MRI or DCE-MRI. Previously pub-
lished optimal thresholds for both modalities were reopti-
mized in this larger patient cohort.

A quantitative quality assessment was performed on all
DW-MRI scans because some scans were visually of poor
quality. Scans with poor quality typically showed high noise
levels in the lung and/or poor visibility of the spleen, there-
fore, on the b800 DWI both organs were delineated and
mean signal values were divided to reach a quantitative qual-
ity measure (spleen/lung). The analysis of the DW-MRI and a
combined analysis of DW-MRI and DCE-MRI was only per-
formed in scans in which the aforementioned quality meas-
ure was higher than mean minus standard deviation (SD) of
the whole patient group.

Statistical analysis

Patient and treatment-related characteristics were described
as count with percentages, mean with SD or median with
range as appropriate. The association between response and
DW-MRI or DCE-MRI parameters was estimated using univari-
able logistic regression analysis. Diagnostic performance
measures (i.e. sensitivity, specificity, positive predictive value
(PPV) and negative predictive value (NPV)) were computed
and receiver operating characteristics (ROC) curve analysis
was performed, calculating the area-under-the-curve (c-
index). A p-value of <.05 was considered statistically signifi-
cant. Complementary value of DW-MRI and DCE-MRI was
assessed using a multivariable logistic regression model.
Model performance was assessed by the Akaike Information
criterion [24]. Predictive values were only presented when
DW-MRI and DCE-MRI were complementary. Ideal cutoff val-
ues were calculated by giving equal weight to sensitivity and
specificity. The threshold in terms of probability (output of
logistic regression) was converted in terms of ADC and AUC
following the equation:

Probability prð Þ ¼ expðaþ b1X1 þ b2X2 þ � � � þ bnXnÞ
1þ expðaþ b1X1 þ b2X2 þ � � � þ bnXnÞ

;

(1)

with n the number of variables X (univariable [n¼ 1], techni-
ques combined [n¼ 2]), and a/b constants calculated by the

Table 2. Scan parameters of the used MRI protocol.

DWI EPI (STIR) DCE (3D – FFE T1W) T2W (MS-TSE) B0 (Dual acquisition)

Scan plane Transverse Coronal Transverse Transverse
Slice thickness (mm) 4.00 3.00 4.00 (gap: 2.48) 4.00
Voxel size (mm) 3.25 1.18 or 1.98� 0.67 4.06
TR (ms) 7241 3.43 1604 630.4
TE (ms) (TE2) 76.2 1.53 100 4.6 (9.2)
Flip angle (˚) 90 20 90 30
Temporal resolution (s) N.A. 3 N.A. N.A.
Number of time frames N.A. 62 N.A. N.A.
b-values (s/mm2) 0, 200, 800 N.A. N.A. N.A.

N.A.: not applicable ; �second parameter applicable for scans acquired with Ingenia scanner.
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logistic regression model. All statistical analyses were per-
formed in SPSS Statistics version 22 (IBM Corp., Armonk, NY,
USA) and visual representations using GraphPad Prism 6.07
software (GraphPad Software, La Jolla, CA, USA).

Results

For the total group of 45 patients, assessment of the histopa-
thologic tumor type revealed adenocarcinoma in 38 (84%)
patients, squamous cell carcinoma in 5 (11%) patients, and
adenosquamous carcinoma in 2 (4%) patients. Patient- and
treatment-related characteristics are shown in Table 1. The
resection specimen showed good response (TRG 1-2) in 22
(49%) patients, of which 10 (22%) patients showed pCR.

DCE-MRI parameter AUCper 90th percentile (P90) showed a
significant difference in separating pCR from no-pCR
(p¼ .044, c-index¼ 0.72). An initial increase followed by a
decrease was found when comparing the three time points.
AUC P90 showed for pCR values of 34.0 ± 9.4mmol�L�1s
[mean± SD], 36.8 ± 8.3mmol�L�1s and 29.5 ± 13.9mmol�L�1s
for pre, per and post, respectively. Similarly, AUC P90 for no-
pCR was 34.3 ± 9.5mmol�L�1s, 48.9 ± 16.1mmol�L�1s and
32.0 ± 9.6mmol�L�1s, for pre, per and post, respectively.
When comparing differences between scans with respect to
the first time point, the most predictive value to separate
pCR from no-pCR, was the relative increase in tumor AUC
with a P90 DAUCper-pre of 10.6%±17.6% and 45.2%± 41.5%

for pCR and no-pCR, respectively (p¼ .028, c-index¼ 0.79)
(Figure 2(a,b)). No significant differences were found for
DAUC in predicting GR versus noGR (Table 3).

Quantitative quality assessment of the b800 maps for the
three different time points resulted in spleen/lung image
intensity ratio [mean± SD] values of 5.9 ± 2.0, 5.0 ± 1.7 and
4.4 ± 1.7 for pre, per and post scans, respectively. A total of
24 out of 138 (17%) scans revealed a value below mean-SD,
with a large overlap within the same patients for the three
time points. This resulted in exclusion of 11 patients (AVL
[n¼ 5] and UMCU [n¼ 6]), of which 7GR and 4 noGR
(Table 1, 3rd column). No direct relation was found between
excluded patients and patient and treatment-related charac-
teristics (e.g. TN-stage, tumor location). For the remaining 34
patients, analysis was performed on DW-MRI parameter ADC.
Analysis of the three time points showed only a significant
difference in separating GR from noGR for ADCper P90
(p¼ .040, c-index¼ 0.70) and ADCpost P90 (p¼ .040, c-index-
¼ 0.70). An increasing trend in ADC over time was found for
both good and poor responders (median ADC for GR
1.87 ± 0.41�10�3 mm2/s [mean ± SD], 2.31 ± 0.37�10�3 mm2/s
and 2.72 ± 0.62�10�3 mm2/s for pre, per and post, respect-
ively, and for noGR 1.96 ± 0.32�10�3 mm2/s, 2.15 ± 0.37�10�3

mm2/s and 2.41 ± 0.51�10�3 mm2/s). Significant associations
with response were found in DADC with respect to the first
time point. DADCper-pre P90 resulted in a [mean± SD] of
23.5%±20.5% and 9.8%±11.7% for GR and noGR, respect-
ively (p¼ .035, c-index¼ 0.70). The most predictive parameter

Figure 1. An example of acquired MRI scans for one patient for one time point (pre scan). In (a) a T2W scan is shown with in (d) the coronal view of the same scan.
(b) A b800 DW-MRI scan and its corresponding ADC-map in (c). In (e) the 24th scan of a DCE-MRI series is shown, during inflow of contrast in the tumor. The corre-
sponding calculated AUC-map is found in (f).
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was DADCpost-pre P75 with [mean± SD] of 45.0%±25.3% and
23.1%±25.2% for GR and noGR, respectively (p¼ .031,
c-index¼ 0.75) (Figure 2(c,d)). Analysis of DADC in predicting
pCR versus no-pCR did not show significant associations
(Table 3).

Multivariable logistic regression analysis, including patients
for whom both DW-MRI and DCE-MRI were available (n¼ 34),
revealed that these parameters were complementary in pre-
dicting pCR (c-index¼ 0.89). Predictive values of this model

and the univariable analysis are presented in Table 3. The
DAUCper-pre as function of DADCpost-pre is presented in Figure
3 in which threshold lines of both univariable models as well
as the multivariable models are shown. The ROC-curves of
the logistic regression models are shown in Supplementary
Figure 1(a) for both GR and pCR, in which the chosen thresh-
old for the complementary model predicting pCR is marked.
Since percentile values are not commonly produced in
analysis software, predictive values and ROC-curves are also

Figure 2. In (a) and (b) 90th percentile (P90) DAUCper-pre is presented as a function of response and in (c) and (d) 75th percentile (P75) DADCpost-pre. In (a, c) patho-
logic complete response (pCR) and no-pCR are differentiated while in (b, d) good response (GR) versus poor response is shown. Each dot represents a patient and
the two institutes are indicated separately (UMCU in black/NKI in grey). The solid black line for each group represents the median. Threshold lines are indicated for
which predictive values are calculated for separation based on response.
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presented for mean DAUCper-pre and DADCpost-pre in
Supplementary Table 1 and Supplementary Figure 1(b).
Slightly lower c-index and predictive values were reached,
multivariable logistic regression showed no complemen-
tary value.

Discussion

This multicenter prospective study demonstrates that
DW-MRI and DCE-MRI provide complementary information
for predicting response to nCRT in patients with esophageal
cancer. Separate analysis of both DW-MRI and DCE-MRI
showed trends in discriminating good from poor responders
comparable to previously published work [17,18].

To our knowledge, this is the first study investigating the
complementary value of DW-MRI and DCE-MRI for response
prediction in patients with esophageal cancer. A previous
published study assessed the independent value of intravoxel
incoherent motion (IVIM) MRI and DCE-MRI in patients with
esophageal cancer, but did not report a combined analysis
[25]. In other tumor sites multiple studies have reported
superior descriptive accuracies of combined analyses com-
pared to separate analyses [26,27].

Both DW-MRI and DCE-MRI showed significant associations
with response when ADC and AUC were analyzed at separate
time points. However, higher c-index values and significant
associations with response were found for both modalities
when differences between time points were analyzed, which
is in correspondence with our previously published work and
publications concerning other tumor sites [17,18,28,29].
Compared to predictive values found for 18F-FDG-PET(/CT)
[10,11], combining DW-MRI and DCE-MRI reached higher pre-
dictive values for response prediction. In the DCE-MRI series,
the most predictive parameter was the difference between
the pre-scan and the scan acquired during nCRT. Analyses of
DW-MRI series showed, in contrast to previous published
work [17], that differences between the post and baseline-
scan had a higher predictive value than differences between
baseline and per-scans.

Correct prediction of response during treatment may
enable early modification of the treatment (i.e. nCRT intensifi-
cation or discontinuation) while prediction of response using
a post-treatment scan can guide the choice to omit surgery
and possibly use a wait-and-see approach [30,31].

Combining both modalities increased predictive values
and showed that they complement each other (Figure 3). In
this study, uni- and multivariable logistic regression models
were used to predict response to nCRT in patients with
esophageal cancer. To further optimize the prediction model,
the addition of other modalities could be examined, as
well as the use of other models (e.g. machine-learning
methods) [32,33].

A different approach was chosen for delineation of the
tumor compared to our previous work. To minimize inter-
observer variability, the pre-scan was delineated using auto-
matic-contouring software [22], which was then transformed
to the following time point. Adjustments for possible ana-
tomical changes in esophageal circumference were made
using both the ADC-map and anatomical T2-weighted
images. This method is less user-dependent and more sensi-
tive to detect quantitative differences within the tumor over
time, because it includes the cranio-caudal length and cir-
cumference of the initial tumor on all MR scans. The delinea-
tion is thus not solely based on the high b800 signal
intensity of each time point separately. This could explain
why the DADCpost-pre was found to be more sensitive to
response prediction compared to our previous study [17].

Table 3. Predictive values for both DW-MRI and DCE-MRI discriminating pCR versus no-pCR and GR versus noGR.

n Threshold Sensitivity (%) Specificity (%) PPV (%) NPV (%) c-index p-value

GR vs. noGR
P90 DAUCper-pre 45 33.7% 68.2 56.5 60 65 0.64 .261
P75 DADCpost-pre 34 22.4% 86.7 57.9 61.9 84.6 0.75 .031

pCR vs. no-pCR
P90 DAUCper-pre 45 27.7% 90 62.9 40.9 95.7 0.79 .028
P75 DADCpost-pre 34 29.5% 83.3 53.6 27.8 93.8 0.76 .050
Combined 34 0.138� 100 75 46 100 0.89 .086/.052��

Only the most predictive parameters are shown. Also a combined analysis using multivariable logistic regression, which was found to
be complementary, is presented. GR: good response; pCR: pathologic complete response; P90/P75: 90th and 75th percentiles,
respectively.�Probability value following Equation 1 with model values: a¼�2.244, bAUC¼�0.034 and bADC¼ 0.044�� for P90 DAUCper-pre and P75 DADCpost-pre, respectively.

Figure 3. 90th percentile (P90) DAUCper-pre is plotted as function of 75th per-
centile (P75) DADCpost-pre. Each dot represents a patient and TRG scores are dif-
ferentiated using different symbols, with pathologic complete response (pCR)
highlighted in red. Equal thresholds from Figure 2 predicting pCR are indicated
in dotted lines. The solid line represents the threshold line (separating pCR
from no-pCR) from the multivariable logistic regression model, for which the
probability equals 0.138.
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Furthermore, in the current study the DCE-MRI parameter
AUC resulted in higher predictive values compared to our
previous results, what may be caused by the differences in
delineation approaches between this study and our previous
smaller DCE-study [18].

In the determination of a threshold for separating res-
ponders from non-responders, a tradeoff is made between a
preference for high specificity (proportion of poor responders
well classified), high sensitivity (proportion of good respond-
ers well classified), high PPV or high NPV, depending on the
purpose. The threshold can be changed to achieve, for
example, a high NPV when the goal is to justify therapy dis-
continuation in poor responders.

Some limitations apply to this study. First, the reproduci-
bility within patients of the researched parameters is
unknown. However, the ADC calculation was validated using
a diffusion phantom in both institutes (HPD, Boulder, CO,
USA). Second, the exclusion of patients due to poor scan
quality resulted in a relatively small sample size of the DW-
MRI and multivariable logistic regression analyses, therefore,
leading to limited clinical impact. Although poor scan quality
was found to be patient dependent (i.e. the same patients
showed poor scan quality at multiple time points), no rela-
tions were found between excluded patients and clinical
parameters. After the current study, adjustments to the imag-
ing protocol were made. Promising results were obtained
with higher and more stable scan quality and less influence
of the presence of breathing motion, which could have pos-
sibly influenced the predictive values found in this study. A
multicenter prospective validation study in a large cohort of
patients is currently underway, which should resolve the limi-
tations in the current literature (ClinicalTrials.gov identifier
NCT03474341). The current study justifies studying both
modalities, since they showed to be of complementary value.
Third, the timing of the second scan was based on our previ-
ously published work [11,17,18]. However, a study that is cur-
rently being performed in our institute is assessing the
optimal time point for response prediction during the course
of nCRT, which could further improve the reported predictive
values. The timing of surgery was intended to be 6–8 weeks
after nCRT with a post-scan within two weeks prior to sur-
gery. Due to, for example, logistic reasons this date varied.
Variations in time between neoadjuvant therapy and surgery
impact the observed pathologic response and could there-
fore influence our results [34,35].

In conclusion, our multicenter study shows that changes
in both DW-MRI and DCE-MRI parameters during treatment
are promising imaging markers for prediction of response to
nCRT in patients with esophageal cancer. Furthermore, both
modalities provide distinct predictive information about the
tumor, resulting in increased accuracy when using a multi-
parametric response prediction model.
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