
Physics and Imaging in Radiation Oncology 18 (2021) 26–33

Available online 13 April 2021
2405-6316/© 2021 The Authors. Published by Elsevier B.V. on behalf of European Society of Radiotherapy & Oncology. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Multi-parametric magnetic resonance imaging assessment of whole tumour 
heterogeneity for chemoradiotherapy response prediction in rectal cancer 

Trang Thanh Pham a,b,*, Gary Liney a, Karen Wong b, Christopher Henderson c, Robba Rai b, 
Petra L. Graham e, Nira Borok f, Minh Xuan Truong f, Mark Lee b, Joo-Shik Shin c,d, 
Malcolm Hudson g, Michael B. Barton a 

a Ingham Institute for Applied Medical Research, South West Sydney Clinical School, Faculty of Medicine, University of New South Wales, Sydney, PO Box 3151, 
Liverpool, NSW 2170, Australia 
b Department of Radiation Oncology, Liverpool Cancer Therapy Centre, Liverpool Hospital, Sydney, Locked Bag 7103, Liverpool BC, NSW 1871, Australia 
c Department of Anatomical Pathology, Liverpool Hospital, Sydney, Locked Bag 7103, Liverpool BC, NSW, 1871, Australia 
d School of Medicine, Western Sydney University, Sydney, Locked Bag 1797, Penrith, NSW 2751, Australia 
e Centre for Economic Impacts of Genomic Medicine, Macquarie Business School and Department of Mathematics and Statistics, Faculty of Science and Engineering, 
Macquarie University, Sydney, Macquarie University, NSW 2109, Australia 
f Department of Radiology, Liverpool Hospital, Sydney, Locked Bag 7103, Liverpool BC, NSW 1871, Australia 
g NHMRC Clinical Trials Centre, Sydney, Locked Bag 77, Camperdown, NSW 1450, Australia  

A B S T R A C T   

Background and purpose: Prediction of chemoradiotherapy response (CRT) in locally advanced rectal cancer would enable stratification of management. The purpose 
was to prospectively evaluate multi-parametric magnetic resonance imaging (MRI) assessment of tumour heterogeneity combining diffusion weighted imaging (DWI) 
and dynamic contrast enhanced (DCE) MRI for the prediction of CRT response in locally advanced rectal cancer. 
Materials and methods: Patients with Stage II or III rectal adenocarcinoma undergoing neoadjuvant CRT and surgery underwent MRI (DWI and DCE) before, during 
(week 3), and after CRT (1 week before surgery). Patients with histopathology tumour regression grade (TRG) 0–1 were classified as responders, and TRG 2–3 were 
classified as non-responders. A whole tumour voxel-wise technique was used to produce apparent diffusion coefficient (ADC) and Ktrans (Tofts model) histograms 
derived from DWI and DCE-MRI, respectively. Logistic regression was used to predict response status for ADC and Ktrans quantiles. 
Results: Thirty-three patients were included in this analysis; 16 responders, and 17 non-responders. On heterogeneity analysis, odds of being a responder were 
significantly higher after CRT (before surgery) for higher ADC 75th (p = 0.049) and ADC 90th (p = 0.034) percentile values. The Ktrans quantiles were lower in non- 
responders than responders before and during CRT, and higher after CRT although no significant association with response status was observed (p ≥ 0.10). 
Conclusions: DWI-MRI after CRT (before surgery) incorporating a histogram analysis of whole tumour heterogeneity was predictive of CRT response in patients with 
locally advanced rectal cancer. DCE-MRI did not add value in response prediction. 
Clinical trial registration: Australian New Zealand Clinical Trials Registry (ANZCTR) number ACTRN12616001690448.   

1. Introduction 

The addition of pre-operative radiotherapy to primary surgery for 
treatment of locally advanced rectal cancer has decreased locoregional 
recurrence rates [1–5], and increased overall survival [2,6]. Neo-
adjuvant chemo-radiotherapy (CRT) has the advantage of tumour 
downstaging, with a pathologic complete response (pCR) achieved in 
15–27% of patients [7]. There is risk of significant treatment morbidity 
and over a third of patients will have a permanent colostomy as a result 

of surgery [1,8]. Tumour responses vary following CRT [9] and there is 
currently no accurate method of predicting CRT response. Current pre-
dictive models require pathological staging, making them unsuitable for 
use as a pre-treatment decision tool [10,11]. 

Early imaging prediction of CRT response would enable a personal-
ised treatment approach to improve therapeutic response and avoid 
treatment morbidity. Prediction of a complete response to CRT prior to 
surgery would enable a ‘watch-and-wait’ approach, avoiding the 
morbidity of surgery. Prediction of non-responders prior to CRT could 
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allow these patients to proceed directly to surgery thereby avoiding 
toxicity of futile treatment. If non-responders are detected after CRT 
(prior to surgery), a radiotherapy boost could be added in order to 
improve complete response rate. Functional magnetic resonance imag-
ing (MRI) biomarkers have greater potential compared to standard T2- 
weighted sequences for therapeutic response prediction in locally 
advanced rectal cancer [12,13]. Studies have demonstrated apparent 
diffusion coefficient (ADC) derived from diffusion weighted imaging 
(DWI) to be useful for the prediction of CRT response [14–16]. The 
ability of ADC to differentiate viable tumour (low ADC) from necrosis 
(high ADC) makes it a useful biomarker to monitor early effects of 
radiotherapy [17]. Dynamic contrast enhanced (DCE) MRI studies in 
rectal cancer have shown correlation of DCE parameters such as Ktrans 

with tumour angiogenesis, as indicated by micro-vessel density and 
vascular endothelial growth factor, and tumour downstaging [18–22]. 
However, most published MRI response prediction studies in rectal 
cancer report single summary parameters such as the mean value from 
either diffusion or perfusion MRI and do not provide information on 
tumour heterogeneity. 

Tumours are biologically heterogeneous, and multi-parametric MRI 
combining DWI and DCE would provide a more comprehensive bio-
logical assessment of cellularity and perfusion. A whole tumour assess-
ment such as histogram analysis [23], would capture information on 
tumour heterogeneity that may affect therapeutic response. There are 
limited studies in multi-parametric MRI in the prediction of CRT 
response in locally advanced rectal cancer [24,25]. There are currently 
no published prospective studies assessing DWI and DCE-MRI with a 
whole tumour heterogeneity analysis for the prediction of therapeutic 
response in locally advanced rectal cancer. 

The aim of this study was to prospectively evaluate multi-parametric 
MRI whole tumour heterogeneity analysis using DWI and DCE-MRI at 
3.0 T performed before, during and after CRT for therapeutic response 
prediction in locally advanced rectal cancer. 

2. Materials and methods 

2.1. Patients 

This prospective study was approved by the local Human Research 
and Ethics Committee. Informed consent was obtained from all patients. 
Patients with Stage II or III rectal adenocarcinoma undergoing neo-
adjuvant CRT followed by primary surgery were eligible. The inclusion 
criteria were (i) age >18 years, (ii) locally advanced rectal adenocar-
cinoma Stage II or III (T3 – T4 and/or N1 – 2), without distant metastases 
staged as per tumour node metastatsis (TNM) American Joint Commit-
tee on Cancer (AJCC) 7th edition [26], (iii) neoadjuvant CRT and pri-
mary surgery. The exclusion criteria were: (i) prior malignancy, (ii) 
active inflammatory bowel disease, (iii) contraindication to MRI. Pa-
tients with mucinous adenocarcinomas confirmed on subsequent histo-
pathology were excluded from the analysis due to these tumours having 
predominately mucin and therefore different MRI characteristics to non- 
mucinous adenocarcinomas. All patients received standard treatment 
consisting of neoadjuvant CRT (radiotherapy to pelvis 45 Gy/25#, 
boosting tumour to 50.4 Gy/28#, 3D-conformal, IMRT or VMAT, con-
current infusional 5-fluorouracil (1575 mg/m2 over 7 days) or oral 
capecitabine (825 mg/m2 bd), followed by surgery (total mesorectal 
excision, low/ultra-low anterior resection or abdomino-perineal resec-
tion) 6–12 weeks after completion of CRT. Of 39 patients recruited, 6 
had Stage IIA, 1 had Stage IIIA, 25 had Stage IIIB, and 7 patients had 
Stage IIIC disease at diagnosis. All 39 patients had MRI before CRT, 37 
patients had MRI during CRT (2 refused MRI), and 32 patients had MRI 
after CRT (7 refused MRI). Of the 39 patients, 2 patients were unable to 
undergo DCE-MRI due to renal contraindication to gadolinium contrast. 
Two patients refused surgery; of these 1 was lost to follow-up and 
excluded from analysis. Five patients with mucinous histopathology 
were excluded from this analysis, leaving 33 patients with non- 

mucinous adenocarcinoma in the analysis. Three DCE-MRIs at a single 
time-point were excluded from analysis due to poor image quality from 
technical issues. 

2.2. MRI technique and analysis 

Patients underwent MRI at 3.0 T consisting of DWI (RESOLVE, b- 
values 50 and 800 s/mm2) and DCE (pre-contrast VIBE with flip angles 
2◦ and 15◦ followed by gadoversetamide (Optimark) (0.1 mM/kg) in-
jection and 60 phases using TWIST, 5 s temporal resolution) with 
butylscopolamine (Busocapan) to halt rectal peristalsis at 3 time-points: 
(i) Before CRT, (ii) during CRT (week 3 of CRT), and (iii) after CRT 
(within 1 week prior to surgery). Further details on MRI technique are in 
the study protocol [27] and Appendix 1. ADC maps and calculated b =
1400 mm/s2 images were produced as part of protocol. Rigid body 
manual registration of flip-angle images to dynamic images was per-
formed in 3D (Siemens version 40.1). Flip angle 2◦ and 15◦ images were 
used to calculate native T1. Tissue4D (Siemens version 1.0) was used to 
produce Ktrans maps by first pre-selecting an appropriate arterial input 
function, scaled by dose, based on chi-squared goodness of fit, and using 
a two-compartment Tofts model. ADC (derived from DWI) and Ktrans 

(derived from DCE) parameter maps were exported in DICOM format 
and registered to T2-w axial orthogonal images in OncoTreat (works-in- 
progress, Siemens version 3.1.1). Semi-automated segmentation was 
used to define the region of interest (ROI) from the entire hyper-intense 
tumour on the b-value 1400 mm/s2 images. One observer with sub- 
specialisation in gastrointestinal malignancies performed all segmenta-
tions. A voxel-by-voxel technique was used to produce colour-coded 
maps and histograms of ADC and Ktrans, and combined scatterplots for 
each time-point. The raw voxel-wise data was exported from OncoTreat 
WIP for statistical analysis. 

2.3. Histopathology 

Two pathologists with gastrointestinal sub-specialisation examined 
each case and reached a consensus on tumour regression grade (TRG). 
Specimen examination followed the guidelines in the Royal College of 
Pathologists of Australasia Structured Reporting Protocol for Colorectal 
Cancer [28]. The entire original tumour site was embedded for micro-
scopic assessment. TRG was recorded using the modified classification of 
Ryan et al [29] in the AJCC Cancer Staging Manual, 7th Edition [26] as 
follows: 

TRG 0 (complete response) – no viable cancer cells 
TRG 1 (moderate response) – single cells or small groups of cancer 

cells 
TRG 2 (minimal response) – residual cancer outgrown by fibrosis 
TRG 3 (poor response) – minimal or no tumour kill; extensive re-

sidual cancer. 
Patients with TRG 0–1 were categorised as ‘responders’ and those 

with TRG 2–3 were categorised as ‘non-responders’ to CRT. Histology 
type was categorised as adenocarcinoma, mucinous adenocarcinoma. 
Tumours with >50% mucin were classified as mucinous adenocarci-
noma as per WHO definition. 

2.4. Statistical analysis 

Analyses were performed using R version 4.0.2. Whole tumour voxel- 
wise raw data was used for analysis. In the case of Ktrans, transformation 
of the ROI values (after first excluding voxels with Ktrans of 0) using the 
cube-root (symmetrising) transformation was undertaken. A continuous 
variable analysis was performed. Whole tumour ADC and Ktrans distri-
butions were produced for each patient, and histogram quantiles (10th, 
25th, 50th, 75th, 90th), skewness (measure of asymmetry of the distri-
bution [23]) and kurtosis (sharpness of the peak and shape of the dis-
tribution [23]) were extracted from ADC and Ktrans distributions in order 
to determine if the quantile statistics differed between groups by 
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response status or changed time. Tumour heterogeneity was assessed by 
using objective cut-points defined by quantiles. The mean of each 
quantile, skewness and kurtosis was summarised by response status and 
time point. 

Linear mixed-effects models were used to analyse temporal change in 
medians of ADC and Ktrans with a random intercept to control for the 

repeated measurements on each patient over time. Dunnet multiple 
comparison with control (before CRT) tests were used to determine the 
mean difference from before to during CRT, and from before to after CRT 
for the whole cohort. Mixed-effects models utilise all available data to 
produce unbiased effect estimates, even in the presence of missing data, 
provided the missing values can be assumed to be missing at random. 

Fig. 1. Multi-parametric MRI at 3 time-points for a responder (TRG 0, pathologic complete response). The arrow indicates the rectal tumour. Tumour response 
during and after CRT was seen more clearly on the DWI and ADC map than the T2-weighted images. The Ktrans maps showed the tumour had low perfusion at all 
time-points. 

T.T. Pham et al.                                                                                                                                                                                                                                 



Physics and Imaging in Radiation Oncology 18 (2021) 26–33

29

Univariate logistic regression was performed to investigate the odds 
ratio (OR) (ie. odds of a being a responder versus non-responder) for 
each of the ADC and Ktrans histogram parameters 10th, 25th, 75th and 
90th quantiles, skewness, and kurtosis by time-point. While adopting 
mixed-effects logistic models were of interest here, convergence issues 
precluded their use. As such analysis by separate time point was 
necessary. Area under the receiver operating curve (AUC) was calcu-
lated for each model and presented with 95% bootstrap confidence in-
tervals. AUC close to 0.5 imply no discrimination ability of the predictor 
while values close to 1 imply outstanding discrimination. P-values <
0.05 were considered statistically significant. 

3. Results 

Three patients had pCR TRG 0 (9%), 12 had TRG 1 (36%), 14 had 
TRG 2 (42%), and 3 had TRG 3 (9%). One patient (3%) who refused 
surgery had a clinical complete response on colonoscopy and biopsy 
performed at 18 months, which was considered as a surrogate endpoint 
for pCR and classified as TRG 0. Sixteen patients were classified as re-
sponders (TRG 0–1), and 17 were classified as non-responders (TRG 2 – 
3). The median time from completion of CRT to surgery was 64 days 
(range 40–119). 

Representative MR images and the corresponding ADC and Ktrans 

maps, histograms, and multi-parametric scatterplots for the whole 
tumour for a responder (TRG 0, pathologic complete response) are 
shown in Figs. 1 and 2, respectively, and for a non-responder (TRG 2, 
minimal response) are shown in Figs. 3 and 4, respectively. The repre-
sentative DWI ADC histograms showed that the magnitude of shift in 
ADC voxels to higher values over time, indicating a reduction in tumour 
cellularity in response to CRT, was greater in the responder than non- 
responder. The DCE Ktrans histograms showed that perfusion was 
greater after CRT in the non-responder indicating increased tumour 
perfusion. 

For all patients with non-mucinous adenocarcinoma, a temporal 
change in ADC was found, but not for Ktrans (Table 1). There was a 
significant mean increase in all ADC quantiles (10th, 25th, 50th, 75th 
and 90th) from before to during CRT, and after CRT (p < 0.01). There 
was no significant mean change in any Ktrans quantiles (p ≥ 0.12), 
skewness (p ≥ 0.10) or kurtosis (p ≥ 0.06) over time-points. There was a 
significant reduction in skewness in ADC histograms from before to after 
CRT (p < 0.01). 

On analysis by time-point and response status (responder versus non- 
responder) (Table 2), the odds of being a responder was significantly 
higher for every unit increase in ADC 75th percentile value (p = 0.049) 
and ADC 90th percentile value (p = 0.034) after CRT (before surgery). 
The AUC for the 75th and 90th percentiles was 0.71 and 0.76, respec-
tively, indicating acceptable discrimination. The mean whole tumour 
Ktrans histogram quantiles were all higher before and during CRT, and 
lower after CRT in responders compared to non-responders, however 
there was no significant association with response status (p > 0.10). 
There was no significant association between ADC or Ktrans skewness (p 
≥ 0.16 and p ≥ 0.22, respectively) or kurtosis (p ≥ 0.51 and p ≥ 0.47, 
respectively) and response status at any time-point. 

4. Discussion 

This study investigated the use of DWI and DCE MRI in combination 
with a whole tumour heterogeneity analysis for the prediction of CRT 
response in patients with locally advanced rectal cancer. To the best of 
our knowledge, this is the first prospective study to incorporate a whole 
tumour heterogeneity assessment for both DWI and DCE-MRI. For the 
overall group, temporal changes in tumour heterogeneity were seen over 
the course of CRT; all ADC quantiles significantly increased over the 
time-points indicating reduced cellularity, ADC skewness significantly 
reduced from before to after CRT. After CRT (before surgery), the ADC 
75th and 90th quantiles were found to be the most promising parameters 
for predicting response with higher ADC 75th and 90th quantile values 
significantly associated with responder status. Ktrans quantile values 
were lower before and during CRT, and higher after CRT in non- 
responders compared with responders suggesting increased angiogen-
esis after CRT in non-responders, although this was not statistically 
significant. 

This study demonstrated the benefit of considering measures other 
than the median to evaluate response and highlights the potential of 
intra-tumour heterogeneity analysis. There was no significant associa-
tion of the median ADC with response outcome in this study. However, 
on analysis of whole tumour heterogeneity ADC histograms, ADC 75th 
and 90th percentiles after CRT (before surgery) were higher in the 
responder group than the non-responder group. The higher ADC 75th 
and 90th percentile values after CRT in responders were likely due to 
treatment-induced cell lysis and necrotic cells in the tumour bed 
resulting in presence of a fraction of cells in the tumour bed having very 

Fig. 2. Whole tumour ADC and Ktrans color-coded maps, histograms, and multi-parametric scatterplots from OncoTreat for a responder (TRG 0, pathologic complete 
response). The ADC histograms demonstrated a shift in the distribution of ADC voxels to higher values, indicating reduced cellularity, over subsequent time-points. 
The Ktrans histograms showed low Ktrans values, indicating poor perfusion, and minimal change in Ktrans over time-points. ADC histograms: blue voxels – ADC < 1000 
× 10− 6 mm2/s, green voxels – ADC 1000–1500 × 10− 6 mm2/s, red voxels – ADC > 1500 × 10− 6 mm2/s. Ktrans histograms: blue voxels – Ktrans values < 100 ×
10− 3mL/g/min, green voxels Ktrans 100–200 × 10− 3 mL/g/min and red voxels Ktrans > 500 × 10− 3 mL/g/min. The percentage values indicate where the majority of 
voxel values lie. The multi-parametric scatterplots indicate the shift of ADC and Ktrans values of voxels within the whole tumour over the time-points with the majority 
of voxels circled in red. 
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high ADC values in responders after CRT (before surgery). This study 
suggests that ADC 75th and 90th percentiles after CRT could be useful 
for selection of responders (TRG 0–1) for an organ preservation 
approach with either ‘watch-and-wait’ or local excision, thereby 
avoiding surgical morbidity such as permanent colostomy. 

The DCE-MRI showed that non-responders had lower Ktrans values 
before and during CRT, and higher Ktrans values after CRT suggesting 
increased angiogenesis as a mechanism for therapeutic resistance. After 

CRT, the presence of high perfusion and Ktrans in the tumour bed is 
suggestive of angiogenesis, persistent leaky vasculature and residual 
tumour. Ktrans was not significantly associated with response however 
the study may have been underpowered due to small sample size. Ktrans 

was selected for analysis in this study based on prior studies demon-
strating Ktrans to be promising in the prediction of CRT response [18,30], 
although there are no studies comparing which (semi)quantitative 
parameter is best for analysis. A systematic review by Dijkhoff et al. [31] 

Fig. 3. Multi-parametric MRI at 3 time-points for a non-responder (TRG 2, minimal response). The arrow indicates the rectal tumour.  

T.T. Pham et al.                                                                                                                                                                                                                                 



Physics and Imaging in Radiation Oncology 18 (2021) 26–33

31

on DCE studies found that a higher Ktrans before CRT in good responders 
to CRT was the most frequent finding. In DCE following CRT, a reduction 
of Ktrans was found to be associated with good or complete response, and 
2 studies found that Ktrans after CRT was lower in good responders. 

This study adds to the small number of published studies combining 
DWI and DCE-MRI for CRT response prediction in rectal cancer and adds 
to the validation of promising imaging biomarkers in rectal cancer 
[24,25,32], with the uniqueness of this study being the incorporation of 
whole tumour heterogeneity analysis for both DWI and DCE-MRI. Intven 

et al [24] assessed the combination of DWI and DCE-MRI at 2 time- 
points before CRT and after CRT for response assessment in rectal can-
cer in 55 patients and found that ADC was a promising tool for predic-
tion of good response to CRT. However, the inclusion of Ktrans did not 
increase the accuracy for response prediction. Our study similarly found 
that Ktrans did not add any value in the prediction of CRT response. 

A limitation in this study was the small number of patients particu-
larly after CRT. There was considerable variability in histogram distri-
butions. Multiple comparison adjustments were not employed. The 
findings require validation in a larger external cohort. Segmentations in 
this study were performed by a radiation oncologist with rectal cancer 
and MRI in radiotherapy expertise, and not a radiologist, which could be 
considered a limitation; however radiation oncologists have expertise in 
tumour delineation and are the likely clinicians to delineate MRI vol-
umes for radiotherapy boosting. Scan reproducibility is a desirable 
characteristic to ensure stability of measured MRI biomarkers. The 
current dataset is undergoing further testing to assess the stability and 
reproducibility of MRI biomarkers across the different time-points. 

The ability of MRI to map spatial and temporal functional hetero-
geneity in this study has future clinical utility in the targeting of tumour 
heterogeneity. MRI could be used to select patients with incomplete 
response, and spatial mapping of regions of incomplete response used to 
delineate the radiotherapy target for boosting with either photons (eg. 
MRI-Linac) or brachytherapy (contact X-rays, HDR endoluminal or 
interstitial brachytherapy), in order to increase the proportion of pa-
tients achieving a clinical complete response. Functional areas of 
persistent increased cellularity (low ADC) and perfusion (high Ktrans) 
after CRT could be delineated for boosting. 

This study used a simple manual two-parameter histogram analysis 
method in the MRI assessment of tumour heterogeneity that can be 
performed by the clinician. Radiomics is emerging as an alternative 
strategy to analyse MRI for response prediction that extracts information 
not visible to clinicians and this may improve response prediction. 
Radiomics is computational, high-throughput analysis of images that 
can extract thousands of parameters to characterise tumours. Nie et al 
used radiomics to extracted 103 imaging features, including histogram 
features, from baseline MRI (DWI and DCE) of 48 patients undergoing 
CRT in rectal cancer [33]. They found that a voxelised heterogeneity 
analysis had better prediction than a volume-averaged analysis. Bibault 
et al extracted 1683 radiomics features from 95 rectal cancer patients 
and created a deep neural network to that predicted pCR with 80% 
accuracy [34]. The challenges for the clinical translation of radiomics 
and deep learning models include complex computing workflows that 
are difficult to reproduce, low patient numbers for training and 

Fig. 4. Whole tumour ADC and Ktrans color-coded maps, histograms and multi-parametric scatterplots from OncoTreat for a non-responder (TRG 2, minimal 
response). The ADC histograms showed a shift in ADC voxels to medium values in response to CRT. The Ktrans histograms showed an increase in tumour perfusion 
after CRT. ADC histograms: blue voxels – ADC < 1000 × 10− 6 mm2/s, green voxels – ADC 1000–1500 × 10− 6 mm2/s, red voxels – ADC > 1500 × 10− 6 mm2/s. Ktrans 

histograms: blue voxels – Ktrans values < 100 × 10− 3 mL/g/min, green voxels – Ktrans 100–200 × 10− 3 mL/g/min, red voxels – Ktrans > 500 × 10− 3 mL/g/min. 

Table 1 
Estimated change for all patients from baseline (95% CI) for a linear mixed- 
effects model of change over time for ADC and Ktrans quantiles, skewness and 
kurtosis. P-values are from Dunnet multiple comparison with control (baseline 
value before CRT) test.   

ADC (x 10− 6): estimated 
change from before CRT to 

Ktrans (x 10− 3): estimated 
change from baseline to 

Histogram 
quantile/ 
statistic 

During CRT 
(95%CI) 
p-value 

After CRT 
(95%CI) 
p-value 

During CRT 
(95%CI) 
p-value 

After CRT 
(95%CI) 
p-value 

10% 207 (145, 
270) 
p < 0.01 

299 (233, 
364) 
p < 0.01 

1.8 (− 15.8, 
19.3) 
p = 0.97 

− 6.1 (− 24.1, 
12.0) 
p = 0.68 

25% 216 (163, 
269) 
p < 0.01 

326 (271, 
382) 
p < 0.01 

− 4.9 (− 49.9, 
40.1) 
p = 0.96 

− 18.6 
(− 65.0, 27.7) 
p = 0.58 

50% 213 (151, 
275) 
p < 0.01 

339 (274, 
404) 
p < 0.01 

10.1 (− 78.9, 
99.2) 
p = 0.96 

− 31.3 
(− 123.0, 
60.4) 
p = 0.67 

75% 203 (133, 
272) 
p < 0.01 

321 (248, 
394) 
p < 0.01 

91.0 (− 86.4, 
268.4) 
p = 0.42 

− 37.7 
(− 220.5, 
145.0) 
p = 0.86 

90% 195 (118, 
272) 
p < 0.01 

305 (225, 
386) 
p < 0.01 

223.0 
(− 71.4, 
518.2) 
p = 0.17 

− 24.4 
(− 328.1, 
279.3) 
p = 0.98 

Skewness − 0.17 
(− 0.37, 
0.03) 
p = 0.12 

− 0.29 
(− 0.50, 
− 0.08) 
p < 0.01 

− 0.59 
(− 1.26, 0.08) 
p = 0.10 

0.17 (− 0.53, 
0.87) 
p = 0.82 

Kurtosis − 0.18 
(− 0.69, 
0.34) 
p = 0.67 

0.17 (− 0.37, 
0.70) 
p = 0.71 

− 11.72 
(− 23.83, 
0.40) 
p = 0.06 

− 3.88 
(− 16.41, 
8.65) 
p = 0.72 

CRT: chemoradiotherapy, CI: confidence interval. 
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validation sets, and need for clinical validation [35,36]. Radiomics and 
deep learning models that have been clinically validated in large patient 
datasets may be useful for response prediction and warrant further 
investigation. 

In conclusion, DWI ADC and DCE Ktrans histograms demonstrated 
intra-tumour heterogeneity in response to CRT. DWI-MRI ADC 75th and 
90th quantiles after CRT were the most promising parameters for pre-
diction of CRT responder status prior to surgery in patients with locally 
advanced rectal cancer. DCE-MRI Ktrans did not add value in response 
prediction. 
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