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Abstract
Objectives To explore the value of multiparametric MRI combined with FDG-PET/CT to identify well-responding rectal cancer
patients before the start of neoadjuvant chemoradiation.
Methods Sixty-one locally advanced rectal cancer patients who underwent a baseline FDG-PET/CTandMRI (T2W+DWI) and
received long-course neoadjuvant chemoradiotherapy were retrospectively analysed. Tumours were delineated onMRI and PET/
CT from which the following quantitative parameters were calculated: T2W volume and entropy, ADC mean and entropy, CT
density (mean-HU), SUV maximum and mean, metabolic tumour volume (MTV42%) and total lesion glycolysis (TLG). These
features, together with sex, age, mrTN-stage (“baseline parameters”) and the CRT-surgery interval were analysed using multi-
variable stepwise logistic regression. Outcome was a good (TRG 1–2) versus poor histopathological response. Performance
(AUC) to predict response was compared for different combinations of baseline ± quantitative imaging parameters and perfor-
mance in an ‘independent’ dataset was estimated using bootstrapped leave-one-out cross-validation (LOOCV).
Results The optimal multivariable prediction model consisted of a combination of baseline + quantitative imaging parameters and
includedmrT-stage (OR 0.004, p < 0.001), T2W-signal entropy (OR 7.81, p = 0.0079) and T2Wvolume (OR 1.028, p= 0.0389) as the
selected predictors. AUC in the study dataset was 0.88 and 0.83 after LOOCV. No PET/CT features were selected as predictors.
Conclusions A multivariable model incorporating mrT-stage and quantitative parameters from baseline MRI can aid in identi-
fying well-responding patients before the start of treatment. Addition of FDG-PET/CT is not beneficial.
Key Points
• A multivariable model incorporating the mrT-stage and quantitative features derived from baseline MRI can aid in identifying
well-responding patients before the start of neoadjuvant chemoradiotherapy.

•mrT-stage was the strongest predictor in the model and was complemented by the tumour volume and signal entropy calculated
from T2W-MRI.

• Adding quantitative features derived from pre-treatment PET/CT or DWI did not contribute to the model’s predictive performance.
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Abbreviations
ADC Apparent diffusion coefficient
AIC Akaike Information Criterion
AUC Area under the receiver operating

characteristic (ROC) curve
CRT Chemoradiotherapy
CT Computed tomography
DWI Diffusion-weighted imaging
FDG Fluorodeoxyglucose;

2-deoxy-2-[18F]fluoro-D-glucose; 18F-FDG
Gy Gray
HU Hounsfield unit
LARC Locally advanced rectal cancer
LOOCV Leave-one-out cross-validation
MRI Magnetic resonance imaging
MTV Metabolic tumour volume
OR Odds ratio
PET/CT Positron-emission tomography/

computed tomography
SUV Standardised uptake value
T2W T2-weighted
TLG Total lesion glycolysis
TRG Tumour regression grade
W&W Watch-and-wait

Introduction

Current standard treatment for locally advanced rectal cancer
(LARC) consists of long-course neoadjuvant chemoradiother-
apy (CRT) followed by surgery. In 15–25% of these patients,
no residual tumour is found in the resection specimen [1, 2].
This has raised the question whether for this group surgery
may be avoided [3, 4]. Organ-preserving treatments like the
‘watch-and-wait’ approach (W&W) are nowadays increasing-
ly considered as an alternative to surgery, with good reported
functional outcome, disease-free and overall survival [5–9].

At this point, there is no pre-therapy classification method
to predict how patients will respond to CRT. Although this
information would currently not likely impact treatment,
predicting response before the start of therapy could have a
clinical impact in the future: in patients likely to respond well,
neoadjuvant treatment may be further intensified to increase
the chance of organ preservation, while in predicted non-
responders futile CRT may be avoided. Pre-treatment re-
sponse prediction may furthermore help create opportunities
to select small and low-risk tumours (now typically managed
with surgery without neoadjuvant treatment) to undergo CRT
in case of a predicted good response, with the specific aim to

achieve organ preservation [10]. These developments urge the
need for accurate predictive biomarkers.

There is a growing interest in the value of imaging as a
potential source for these biomarkers, with numerous reports
exploring the potential of metabolic imaging (FDG-PET/CT)
[11–14] and MRI with the addition of functional imaging
sequences such as diffusion-weighted imaging (DWI)
[15–20]. Most studies so far have focused on single-
modality imaging and included only one or a few imaging
markers. Linking multiparametric data from PET and MRI
may be beneficial to provide a more comprehensive insight
into underlying tumour biology. The few reports that have
investigated such a multimodality PET/CT +MRI assessment
in rectal cancer, suggested its potential, in particular when
applying sequential imaging (pre- and post-CRT) and for
higher-order (radiomics) imaging variables [15, 20].

This study aims to further explore the value of combining
baseline FDG-PET/CT and multiparametric MRI to identify
before onset of treatment those patients that will respond well
to neoadjuvant chemoradiation.

Methods

This study was approved by the local institutional review
board. Informed consent was not required due to the retro-
spective nature of this study.

Patients

From 2008 to 2015, a cohort of 104 locally advanced (≥ T3
and/or N+) rectal cancer patients was identified from the local
institutional database of the department of Radiation
Oncology of Maastricht University Medical Center (Maastro
Clinic), that underwent both routine MRI for primary tumour
staging and an additional FDG-PET/CT at baseline (prior to
any treatment), either as part of a previous study protocol (trial
number NCT00969657) or for standard of care radiotherapy
planning. From this cohort, 61 patients were selected based on
the following inclusion criteria: (1) treatment consisting of
long-course CRT followed by surgery or W&W, and (2) suf-
ficient information to establish the treatment response out-
come (histopathology or ≥ 2 years of clinical follow-up in case
of W&W-surveillance). The standard CRT protocol consisted
of 50.4 Gy with concurrent capecitabine-based chemotherapy.
Patients who received a non-standardised treatment, had in-
sufficient quality imaging or mucinous tumour histology were
excluded (see Fig. 1).
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Baseline (pre-treatment) imaging

MRI

MRIs were performed at 1.5 Tesla (Intera (Achieva) n = 43 or
Ingenia n = 18, Philips Healthcare) and included a T2W-
sequence in 3 orthogonal directions, and an axial DWI-
sequence including b-values b = 0 and b = 1000 s/mm2.
Apparent diffusion coefficient (ADC) maps were calculated
by fitting a mono-exponential decay function to the b = 0 and
b = 1000 s/mm2 images. The axial T2W-MRI and DWI were
angled in identical planes, perpendicular to the tumour axis.
Further protocol details are given in Table 1. Patients received
no spasmolytic or bowel preparation/filling.

FDG-PET/CT

18F-FDG-PET/CT was performed on a Siemens Biograph 40
TruePoint PET/CT scanner (SIEMENS medical). A bolus of
2-deoxy-2-[18F]fluoro-D-glucose (18F FDG, from here on:
FDG) of 2.5 MBq/kg (n = 52) or 4.0 MBq/kg (n = 9) was
administered intravenously, after a 6-h fast (blood glucose
level < 10 mmol/L). Scanning started after an incubation time
of 60 (± 5) min, with 5 min per bed position, and ran from the
skull base to upper-thighs (reconstructed to 3 mm slice thick-
ness, 4.07 mm in-plane resolution). A non-enhanced CT scan
(120 KVp, 113–297 mAs with automatic dose modulation)

was acquired for attenuation correction, anatomical correla-
tion and radiotherapy planning (reconstructed to 3 mm slice
thickness, 0.98 mm in-plane resolution).

Quantitative MRI and PET/CT parameters

The image analysis workflow is illustrated in Fig. 2. PET/
CT and MR images were transferred to an offline worksta-
tion for tumour segmentation, performed using dedicated
software (3D Slicer, version 4.8.1). Feature extraction was
performed using the open-source software PyRadiomics
(version 2.1.2) [21].

A board-certified radiologist (D.L., > 9 years of rectal
MRI experience) manually delineated whole-tumour vol-
umes on the axial T2W-MRI and b1000-DWI, respec-
tively, to calculate the following features: volume on
T2W (T2Wvolume, mesh-volume in PyRadiomics), entro-
py of the T2W signal intensity histogram (T2W-signal-

entropy), volume on DWI (DWIvolume, mesh-volume in
PyRadiomics), mean ADC (ADCmean) and entropy of
the ADC intensity histogram (ADCentropy).

Metabolic tumour volumes (MTV42%) on PET/CT were
semi-automatically segmented by one of the researchers ex-
perienced in PET segmentation (NS) by placing a volume of
interest (VOI) over the tumour while taking care to avoid
inclusion of physiologic uptake in the bladder. From this
VOI, the metabolic tumour volume was calculated using a

n=13

n=21

n=5

n=4

Non-standard neoadjuvant treatment

n=16; CRT < 45 Gy

n= 1;  short course RTx (5x5Gy)

n= 1;  palliative w/o follow up

Incomplete/inadequate imaging

n=3; no DWI sequence available 

n=5; severe artefacts on T2

n=5; severe artefacts on DWI

n=61 
patients included

n= 3;  adjuvant chemo administered pre-surgery

n=1; delayed surgery due to metastasised disease

n=2; TRG not reported
No valid standard of reference

n=1; patient waived surgery

n=1; W&W recurrence <2 years after CRT

 mucinous tumour*

n=104 
LARC patients with

pre-therapy PET/CT and MRI

Fig. 1 Patient in- and exclusion
flowchart. CRT
chemoradiotherapy, LARC locally
advanced rectal cancer (≥ T3 and/
or N+), RTx radiotherapy, TRG
tumour regression grade
(Mandard’s), W&W watch-and-
wait. * predominantly mucinous
tumours were excluded because
these typically exhibit distinctly
different characteristics on PET
and MRI and show a different
response to CRT
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threshold of 42% of the maximum standardised uptake value
(SUVmax), according to methods previously described
[22–24]. The MTV42% was used to calculate the mean
standardised uptake value (SUVmean) and total lesion glycol-
ysis (TLG; defined as SUVmean × MTV42%). The MTV42%

segmentation was transferred to CT to calculate the mean
Hounsfield unit (HU) (CT-HUmean).

The specific MRI and PET features described above were
chosen as they represent relatively straightforward (1st order)
variables reflecting tumour size, heterogeneity, cellularity and

metabolism, which have all shown potential in previous reports
and which are relatively simple to reproduce [16, 25–29].

Baseline patient characteristics

The following clinical baseline patient characteristics were
documented: sex, age and T- and N-stage derived from routine
clinical staging with MRI (further referred to as mrT-stage and
mrN-stage). The latter were dichotomised as mrT3c-4 vs.
mrT1-3b and mrN+ vs. mrN0, respectively.

Candidate baseline and imaging variables: 

Baseline:
• Age
• Sex
• mrT-stage
• mrN-stage
• Interval

61 LARC pa�ents with pre-therapy mul�-parametric MRI and FDG-PET/CT

GOOD response 
(TRG1+2)

POOR response
(TRG3-5)
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mi  dna n oitatne
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noitinifed e

moctu o e snopser

st
a�

s�
ca

l a
na

ly
sis

pre-therapy T2-weighted MRI

T2Wvolume
T2W-signalentropy

pre-therapy DWI

DWIvolume
ADCmean

ADCentropy

Mul�variable stepwise logis�c regression

A. Comparison of baseline + imaging models:
• Baseline pa�ent characteris�cs
• MRI 
• PET/CT 
• Baseline + MRI
• Baseline + PET/CT
• Baseline + MRI + PET/CT

B. Op�mal predic�on model

PET/CT:
• SUVmean
• SUVmax
• MTV42%
• TLG
• CT-HUmean

pre-therapy PET/CT

SUVmean
MTV42%

TLG

CT-HUmean

MRI:
• T2Wvolume
• T2W-signalentropy
• DWIvolume
• ADCmean
• ADCentropy

Fig. 2 Schematic study outline

Table 1 MRI protocol
T2-weighted Diffusion-weighted

Echo time (ms) 130–150 65.74–84.88

Repetition time (ms) 3427–16,738 2480–5545

Echo train length 25–28 53–87

Slice thickness (mm) 3–5a 5

Slice gap (mm) 3.3–7.03 4–6.02

In-plane resolution (mm) 0.78125 1.25–1.71875

Number of averages 2–6 3–10

b-values (s/mm2) – 0, 1000b

Fat suppression – STIR (n = 32), SPIR (n = 7), SPAIR (n = 22)

STIR short-TI inversion recovery, SPIR spectral presaturation with inversion recovery, SPAIR spectral attenuated
inversion recovery
a n = 23 patients were scanned with 5 mm and n = 38 with 3 mm axial slice thickness
b Protocols included 3–7 b-values ranging from b0 to b2000 s/mm2 , but for the purpose of this study only the b =
0 and b = 1000 s/mm2 series were used for analyses and to calculate the ADC map
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Response to chemoradiotherapy (standard
of reference)

The primary outcome was the histopathological tumour re-
gression grade (TRG) by Mandard [30]. Patients were classi-
fied as good responders (TRG1–2) or poor responders
(TRG3–5). For W&W patients, a recurrence-free follow-up
of ≥ 2 years was used as a surrogate endpoint of a complete
response. For the purpose of this study, these patients were
considered complete responders (TRG1) and classified in the
good responders group.

Statistical analysis

Statistical analysis was performed using R software (version
3.4.3; R Foundation for Statistical Computing).

The value of the quantitative MRI and PET/CT features
and baseline patient characteristics to predict a good response
was analysed by multivariable logistic regression, consisting
of a forward stepwise feature selection method based on the
Akaike Information Criterion (AIC). The AIC describes mod-
el quality as a tradeoff between model fit and model complex-
ity (i.e. the number of variables). A lower AIC indicates a
better model, and is achieved by a better goodness of fit or
fewer variables [31, 32]. The analysis workflow is
summarised as follows:

– As described above, only a limited number of parameters
(T2Wvolume, T2W-signalentropy, DWIvolume, ADCmean,
ADCentropy, MTV42%, SUVmax, SUVmean, TLG, CT-HU,
mrT-stage, mrN-stage, age, sex) were assessed to limit
overfitting. These parameters were defined before the onset
of the study based on previous literature showing their po-
tential promise as predictors of response [16, 25–28]. The
interval between the last radiotherapy fraction and the final
response evaluation (dichotomised as ≤ 10 vs. > 10 weeks)
was added as an additional variable, as longer intervals have
been reported to result in higher response rates and could
thus act as a potential confounder [33].

– When two features showed a strong correlation
(Pearson’s correlation coefficient ρ ≥ 0.8), only one was
entered in the feature selection process to reduce effects
of multicollinearity.

– The multivariable modelling process was repeated sepa-
rately for different subsets and combinations of baseline
and/or imaging variables (baseline only, MRI only, PET/
CT only, baseline + MRI, baseline + PET/CT, baseline +
PET/CT + MRI). To limit effects of overfitting, the num-
ber of variables selected for each model was set to a
maximum of 1 feature per 10 patients in the smallest
outcome group (3 features in total).

– Predictive performance of each model was assessed by
calculating the area under the receiver operating curve

(AUC). Since our cohort size did not allow splitting of
the data in a test and validation set, performance in an
‘independent’ dataset was estimated by performing
leave-one-out cross-validation (LOOCV) with 500 boot-
strap samples (to calculate confidence intervals). LOOCV
involves building a model using the original dataset mul-
tiple times, while excluding one different patient each
time to predict the outcome. The cross-validated AUC is
determined on the collective of these different predic-
tions, and approximates the AUC in independent data.

To provide a complete overview of all investigated fea-
tures, additional univariable logistic regression analysis was
performed for each baseline and quantitative imaging vari-
able. This was done independent of the multivariable analysis.
P values < 0.05 were considered statistically significant.

Results

Patient characteristics

Baseline patient characteristics are reported in Table 2. In to-
tal, 54/61 patients underwent surgery: 6 (10%) had a TRG1,
18 (30%) TRG2, 19 (31%) TRG3, 11 (18%) TRG4 and 0
(0%) TRG5. The remaining seven patients (12%) were mon-
itored with W&W and had a sustained clinical complete re-
sponse (median follow-up of 59 months, range 26–89). This
resulted in 31 good responders (51%, TRG 1–2) and 30 poor
responders (49%, TRG 3–5).

Comparison of different baseline and imagingmodels
and their combinations

Results of the stepwise feature selection process including the
different combinations of baseline patient characteristics, MRI
and PET/CT variables are shown in Table 3, A. The best
fitting model (based on the smallest AIC) was the baseline +
MRI model. The PET/CT-only model had the poorest fit and
addition of PET/CT features to the ‘baseline-only’ or ‘baseline
+ MRI’model was not beneficial. AUCs were 0.81 (baseline-
only), 0.70 (MRI-only), 0.50 (PET/CT-only), 0.88 (baseline +
MRI), 0.81 (baseline + PET/CT) and 0.88 (baseline + MRI +
PET/CT), respectively.

Optimised multivariable model

The optimised baseline + MRI model is summarised in
Table 3, B, and included mrT-stage (OR 0.004; 95% CI
0.00–0.09 for cT3c-4 vs. cT1-3b), T2W-signalentropy (OR per
IQR 4.33; 95% CI 1.47–12.77) and T2Wvolume (OR 1.028 per
cm3; 95% CI 1.00–1.05). The model had an AUC of 0.88 to
predict good responders within our dataset, with a sensitivity
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of 0.68 (95% CI 0.49–0.83) when the ROC threshold was set
at a specificity of 0.90. With leave-one-out cross-validation
the found AUC was 0.83 (95% CI 0.70–0.96) with a sensitiv-
ity of 0.61 (95% CI 0.42–0.78) at a specificity of 0.90.

Supplementary Table 1 illustrates the results of the
univariable analysis (which was performed independently of
the multivariable feature selection process) and correlation
analysis for all baseline and imaging variables. Since there
was a strong correlation between DWIvolume and T2Wvolume

(ρ = 0.96), SUVmax and SUVmean (ρ = 0.99) and MTV42% and
TLG (ρ = 0.80), only T2Wvolume, SUVmean and TLG were
entered in the multivariable selection process described above.

Discussion

This study explores the value of combining quantitative im-
aging features from baseline, pre-treatment FDG-PET/CT and
MRI with common baseline patient characteristics to predict
response to neoadjuvant CRT in rectal cancer. Our findings
demonstrate that a multivariable model incorporating mrT-
stage, combined with (semi-) quantitative MRI features
(T2W-signalentropy and tumour volume) can aid in identifying
good responders before the start of treatment, with an estimat-
ed predictive performance of AUC 0.83. Addition of FDG-
PET/CT variables was not beneficial.

Table 2 Baseline characteristics
of study population Baseline + staging Male/female 47 (77%)/14 (23%)

Age mean (sd) 68 (9)

MRI-based T-stage (mrT-stage)

Early stage (mrT1-3b)

mrT1–2 5 (8%)

mrT3a 0 (0%)

mrT3b 34 (56%)

Advanced stage (mrT3c-4b)

mrT3c 15 (25%)

mrT3d 1 (2%)

mrT4a 2 (3%)

mrT4b 4 (7%)

MRI-based N-stage (mrN-stage)

mrN0 16 (26%)

mrN1 30 (49%)

mrN2 15 (25%)

Treatment post-CRT

Surgery 54 (88%)

W&W 7 (12%)

Outcome TRG (Mandard)

1a 13 (21%)

2 18 (30%)

3 19 (31%)

4 11 (18%)

5 0 (0%)

Good response (= TRG1–2)/poor response
(= TRG3–5)

31 (51%)/30 (49%)

Treatment intervals RT treatment duration 37 (36–51)

(Median No days and
interquartile range)

Time from MRI to start of CRT 27 (9)

Time from PET to start of CRT 7 (2)

Time between PET and MRI 20 (9)

Time from last RT fraction to surgery
(n = 54 patients)

71 (8)

Time from last RT fraction to W&W inclusion (n = 7 patients) 56 (4)

CRT chemoradiotherapy, W&W watch-and-wait follow-up, TRG tumour regression grade, RT radiotherapy
a 7/13 patients were followed up according to a watch-and-wait program and had a sustained clinical complete
response for at least 2 years (median follow-up 59 months, range 26–89). This was used as a surrogate endpoint
for a pathological complete response (TRG1)
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Our results indicated mrT-stage as the strongest baseline
predictor of response, with a higher mrT-stage resulting in a
lower probability of achieving a good response. This is in line
with previous studies, including a pooled analysis of > 3000
patients that showed that higher T-stage is negatively associ-
ated with complete response rates after CRT [1]. More recent
large retrospective cohort studies by Joye et al and Al-Sukhni
et al confirmed T-stage to be amongst the main baseline pre-
dictors of response [34, 35]. In these two previous works,
contradictory results were reported for the predictive value
of N-stage: while Joye et al reported higher N-stage to be
associated with a favourable response, Al-Sukhni reported
the opposite. mrN-stage was not identified as a significant
predictor in our study. These conflicting findings are likely
related to the known inaccuracies of imaging for lymph node
staging [36, 37]. Al-Sukhni et al also found a longer interval
between CRTand surgery to be associated with a higher prob-
ability of response, which is consistent with several other re-
ports [33, 38–42]. For this reason, we chose to include time to
surgery as a potential confounder in our analyses (although it
can clearly not be used as a pre-therapy predictor). While it
was indeed associated with response, it was not amongst the
strongest parameters ultimately included in the optimal pre-
dictive model.

In addition to mrT-stage, only the MRI-based quantitative
features significantly contributed to the optimal prediction
model. A positive predictive effect was observed for T2W-
signalentropy, indicating that tumours with a higher entropy

(i.e. a more heterogeneous texture) have a higher probability
of achieving a good response. Similarly, a recent prospective
study by Shu et al found entropy on pre-CRT T2WMRI to be
higher in patients who achieved a complete response after
CRT [25]. In contrast, Meng et al found lower pre-treatment
T2W entropy to be associated with complete response [43],
while a third report by De Cecco et al found no significant
differences at all in baseline tumour entropy between response
groups [44]. Although in literature tumour heterogeneity is
generally regarded as a factor associated with tumour aggres-
siveness, the precise relation between heterogeneity (as
assessed on imaging) and response to treatment is not well
understood. In addition, variations in methodology
concerning patient selection, image processing, outcome def-
inition and statistics may have contributed to inconsistent
findings between reports. The baseline tumour volume
(T2Wvolume) was the third independent predictor included in
the model, though its effect was relatively small. This is in line
with data from previous studies that reported suboptimal per-
formance for pre-therapy tumour volumetry to predict re-
sponse [45–53].

Interestingly, our study showed limited predictive value
for baseline PET and DWI variables. This confirms previ-
ous evidence showing disappointing or conflicting results
for pre-treatment response prediction based on DWI (using
mainly ADC) and PET (SUVmean and SUVmax) [16, 17]. In
a systematic review by Joye et al, suboptimal pooled pre-
dictive performance was reported in the pre-treatment

Table 3 Multivariable stepwise logistic regression analysis

A. Comparison of baseline + imaging models

Candidate variable subset AIC AUC (training dataset) Selected variables

I. Baseline patient characteristics 67.9 0.81 mrT-stage (mrT1-3b vs. mrT3c-4d),
time to surgery (≤ 10 vs. > 10 weeks)

II. MRI 83.7 0.70 T2W-signalentropy (per unit), ADCentropy (per unit)

III. PET/CT 86.5 0.50 –a

IV. Baseline + MRI 58.0 0.88 mrT-stage (mrT1-3b vs. mrT3c-4d)
T2W-signalentropy (per unit), T2Wvolume (per cm

3)

V. Baseline + PET/CT 67.9 0.81 mrT-stage (mrT1-3b vs. mrT3c-4d),
time to surgery (≤ 10 vs. > 10 weeks)

VI. Baseline+ MRI + PET/CT 58.0 0.88 mrT-stage (mrT1-3b vs. mrT3c-4d),
T2W-signalentropy (per unit), T2Wvolume (per cm

3)

B. Optimal prediction model (baseline + MRI model)

Modality Selected variable Odds ratio (95% CI) p value

Baseline mrT-stage (mrT1-3b vs. mrT3c-4d) 0.004 (0.00017–0.092) < 0.001

MRI T2W-signalentropy (per unit) 7.810 (1.713–35.612) 0.0079

T2Wvolume (per cm
3) 1.028 (1.001–1.054) 0.0389

AUC (training dataset) 0.88

AUC (LOOCV) 0.83 (bootstrap 95%CI: 0.70–0.96)

AIC Akaike Information Criterion, which reflects the relative efficiency of a statistical model compared to other models, with a lower value indicating a
more efficient model, AUC area under the receiver operating characteristic curve, LOOCV leave-one-out cross-validation, CI confidence interval
a No variables were selected as predictors when only PET/CT variables were offered to the model
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setting for both PET (SUVmax pooled sensitivity 0.78;
pooled specificity 0.35) and DWI (ADCmean pooled sensi-
tivity 0.69; pooled specificity 0.68) [17]. More positive
results for PET or DWI were mainly reported when
(sequential) imaging data acquired during and/or after
completion of CRT, rather than at baseline was used [16,
17, 19]. To our knowledge, only two other groups have
performed a multivariable analysis combining pre-
treatment PET/CT and MRI to predict rectal tumour re-
sponse. Joye et al combined PET/CT and DWI features
measured before, during and after CRT, together with vol-
ume on T2W-MRI. Their multivariable model reached an
AUC of 0.83 to predict a good response (ypT0-1N0).
However, only features dependent on post-treatment mea-
surements (post-CRT and ΔCRT) were selected as predic-
tors and no pre-treatment features were included, again
indicating the limited value of PET- and DWI in the pre-
therapy setting [15]. The second study, by Giannini et al
specifically focused on image texture and combined first-
order and second-order texture features derived from pre-
treatment PET, DWI and T2W-MRI together with PET
volume. Their multivariable model reached an AUC of
0.86 in which notably 5 out of 6 selected variables were
based on PET. However, this good result was achieved in a
test dataset without further (cross-)validation [20].
Validation is required to estimate the performance of a
model in actual clinical practice (unseen data), since the
accuracy as established in a test dataset will likely be an
overestimation. Unfortunately, our current dataset was too
small to allow splitting of the data into a test and validation
set. Therefore, we chose to simulate validation on an ‘in-
dependent’ dataset by performing leave-one-out cross-
validation (LOOCV), which resulted in an AUC of 0.83.
Apart from the relatively small size, our study is limited by
its retrospective nature. As a consequence, variations in
scanning protocols (in particular MRI) and hardware used
over time may have introduced heterogeneity not related to
the treatment outcome. The study further used a single-
reader design for image segmentation, which does not ac-
count for inter-observer variations, particularly for the
manual (MRI) delineations. These effects are expected to
be limited, however, based on previously reported excel-
lent inter-reader reproducibility [45, 46, 48]. Along the
same line, some of the baseline characteristics included in
the analyses were based on radiological staging (mrT-stage
and mrN-stage) which are also known to be subject to
inter-observer variations. An in-depth analysis of such ef-
fects, however, was beyond the scope of the current study.
Histopathologic response evaluation was not available for
all patients due to the inclusion of W&W patients, for
which the surrogate endpoint to establish the treatment
outcome was a recurrence-free follow-up of at least 2-
years (median 59 months). Since locoregional regrowths

indicating incomplete response occur almost exclusively
within these first 2 years, we believe this can be considered
an acceptable endpoint in these cases [5]. Future validation
and replication of this work may be limited by the fact that
PET/CT is typically not routinely performed as a first-line
staging modality. Finally, for this study we deliberately
chose to explore the predictive value of only a selective
number of relatively well-known and reproducible vari-
ables (reported to be of potential value in previous litera-
ture), to prevent overfitting of a large number of features to
a small sample size. As a result, alternative useful predic-
tors may have been neglected. This would be an interesting
area for further research in larger datasets (using radiomics
or deep learning approaches) and should also include a
more comprehensive integration of imaging features with
other clinical, immunological, histological and genetic
variables.

Conclusion and clinical outlook

Prediction of response to neoadjuvant treatment is an in-
creasingly relevant issue in rectal cancer, especially given
the growing interest in organ-preserving treatment pro-
grams. Our findings demonstrate that a model incorporat-
ing (semi-)quantitative imaging features from routine
staging MRI combined with mrT-stage can aid in identi-
fying patients likely to show a good response to neoadju-
vant chemoradiation. Addition of PET/CT variables was
not beneficial, indicating that pre-treatment PET/CT
(which is currently not typically used as a first-line mo-
dality for rectal cancer staging) probably has a limited
added value for pre-therapy response prediction. These
results are an encouragement for further development of
clinical response prediction models incorporating routine
pre-therapy MR imaging in rectal cancer, which will need
to be further studied and validated in large prospective
patient cohorts.
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