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Abstract

Aim: The study aimed to investigate whether textural features of rectal cancer on magnetic
resonance imaging (MRI) can predict long term survival in patients treated with long-course

chemoradiotherapy.

Method: Textural analysis (TA) using a filtration-histogram technique of T2-weighted pre-
and six-week post chemoradiotherapy MRI was undertaken using TexRAD, a proprietary
software algorithm. Regions of interest enclosing the largest cross-sectional area of the
tumour were manually delineated on the axial images and filtration-step extracted features at
different anatomical scales (fine, medium, and coarse) followed by quantification of statistical

features (mean intensity, standard-deviation, entropy, skewness, kurtosis and mean of
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positive pixels [MPP]) using histogram analysis. Cox multiple regression analysis determined
which univariate features including textural, radiological and histological, independently
predicted overall survival (OS), disease free survival (DFS) and recurrence-free survival

(RFS).

Results: MPP (fine-texture, HR: 6.9, 95% CI [2.43—-19.55], p= <0.001), mean (medium-
texture, HR: 5.6 [1.4-21.7], p=0.007) and extramural venous invasion (EMVI) on MRI (HR:
2.96, [1.04-8.37], p=0.041) independently predicted OS while mean (medium texture, HR:
4.53, [1.58-12.94], p=0.003), MPP (fine texture, HR: 3.36 [1.36-8.31], p=0.008) and
threatened circumferential resection margin (CRM) on MRI (HR: 3.1 [1.01-9.46], p=0.046)
predicted DFS. For OS; EMVI on MRI (HR: 4.23 [1.41-12.69], p=0.01) and for DFS; kurtosis
(medium-texture, HR: 3.97 [1.44—-10.94], p=0.007) and CRM involvement on MRI (HR: 3.36
[1.21-9.32], p=0.02) were the independent post-treatment factors. Only TA independently

predicted RFS on pre- or post-treatment analyses.

Conclusion: MR based TA of rectal cancers can predict outcome before undergoing surgery

and could potentially select patients for individualized therapy.
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What does this paper add to the literature?

This study shows that MRI-based textural analysis of rectal cancer can act as a prognostic
imaging biomarker and is an independent predictor of survival in patients with locally
advanced rectal cancer. This finding could contribute to disease risk stratification and allow

therapy to be individualised.
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Introduction

Currently the standard management of locally advanced rectal cancer is neoadjuvant
chemoradiotherapy followed by total mesorectal excision (TME)." This strategy combined
with high resolution magnetic resonance imaging (MRI) has shown considerable
improvement in locoregional control. This is not, however, the case for systemic control and
these strategies may not necessarily improve survival.? Furthermore, restaging of irradiated
rectal cancer is difficult owing to the difficulty MRI has in differentiating fibrosis from viable
tumour.® In addition, a proportion of such patients will have achieved complete clinical
response and could benefit from either a “wait and watch” approach or less invasive local
excision.* There is, however, a poor correlation of a clinical complete response with a true
pathologic complete response.® This has resulted in the recent interest on the quantification
of imaging biomarkers linked to underlying intra-tumour heterogeneity® associated with the
adverse outcomes of treatment failure and drug resistance. ’,® Heterogeneity can be
quantified non-invasively by imaging using textural-analysis (TA). TA assesses the
distribution of pixel grey-level intensity and the coarseness and regularity of digital images.®
In the last decade, TA has been employed in oncological studies of lung', brain'', renal'
and breast'® cancer as a diagnostic, prognostic and treatment response imaging biomarker.
To date there has been no study to assess the potential of MRI-based TA (MRTA) in
predicting survival in rectal cancer but a few studies have explored the potential of
computerised tomography [CT]-based TA as a prognostic tool to assess survival in patients
with colorectal cancer.’,’® The main object of the present study was to investigate whether

MRTA in rectal cancer can predict long term survival.
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Method

Patient Selection

Ethical approval was obtained from the institutional ethics committee. A retrospective cohort
was included of consecutive patients with stage Il and Ill MRI-defined poor risk, histologically
confirmed primary non-metastatic rectal adenocarcinoma originating within 15cm of the anal
verge and treated with long course chemoradiotherapy with curative intent from 01/2006 to
06/2011. MRI-defined features of poor risk were a T3 tumour with > 5 mm infiltration into the
perirectal fat, T4 tumours, N1 or N2- tumours and tumours with a threatened or involved
circumferential resection margin (CRM)."® Details of long course chemoradiotherapy

protocol, technical and operative specifications are described elsewhere.'’

MR protocols and acquisition parameters

MRI was performed with the same GE Sigma Genesis 1.5-T (software version 9.0) whole-
body system using a torso coil (phased array) and a standard imaging protocol without
intravenous contrast enhancement (Appendix-1). Restaging CT of the chest, abdomen and a
pelvic MRl scan were performed approximately six weeks after the completion of
chemoradiotherapy (CRT). Following MDT review, a date for surgery was arranged for
patients with no response or with evidence of substantial downstaging,. Those with a partial
response were further followed and a second MRI was performed four weeks after the first

staging MRI, to optimise the timing of surgery at the point of maximal response.®

Image Interpretation

T-staging of tumour at pre-treatment (mrT) and post treatment (ymrT) were standardized
(Appendix-2) and based on the interpretation of local extent of persistent tumour signal
intensity relative to the layers of bowel wall on T2 weighted images.”®,?*® Nodal stage at
baseline (mrN) and after CRT (ymrN) was based on the interpretation of lymph node border
characteristics and signal intensity. A node was regarded as positive if either an irregular
border or mixed signal intensity was demonstrated.?’ Pre- and post-treatment circumferential

resection margin (CRM) involvement (mrCRM and ymrCRM) was predicted to be clear if the
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distance of the tumour from the mesorectal fascia was greater than or equal to 1Tmm. Pre-
and post-treatment extramural venous invasion (mrEMVI and ymrEMVI) was visualised as
an intermediate signal intensity apparent within vessels with accompanying nodular
expansion of the vessel or an irregular vessel contour.?? The tumour response to CRT was
defined by MRI both on the pathological tumour regression grade (TRG) originally described
by Dworak (Appendix-3)'®,?® and a modified Response Evaluation Criteria in Solid Tumours
(RECIST) based on the maximum tumour length measured in the sagittal plane.?*,* For
RECIST, a partial response to treatment was defined as at least a 30% decrease in tumour
length in relation to the baseline tumour length. Progression of disease was defined as at
least a 20% increase in tumour length and stable disease was defined as neither sufficient
shrinkage to qualify for a partial response nor a sufficient increase to qualify for progression
of disease. MRI scans were reviewed by two independent radiologists (AA, UP) blinded to

the clinical outcome. Any discrepancy in reporting was resolved by discussion and

consensus when required.

MR Textural Analysis (MRTA)

T2-weighted pre-treatment and a 6-week post CRT MRI were used for MRTA. Regions of
interest (ROIs) enclosing the largest cross-sectional area of tumour area were manually
delineated on the axial images under the supervision of a gastrointestinal radiologist (AA)
with seven years’ experience. The ROIs underwent textural analysis under the supervision of
an imaging scientist (BG) with nine years experience in texture analysis using proprietary
commercially available TexRAD research software (version 3.3, TexRAD Lid

www.texrad.com, part of Feedback Plc, Cambridge, UK)*

. MRTA comprised an image
filtration-histogram approach where the filtration step employed a Laplacian of Gaussian
band-pass spatial scale filter (SSF) to highlight features ranging from SSF=2mm (fine) to
SSF=6mm (coarse) in radius with SSF=3mm-5mm in radius corresponding to medium-

texture scales (Figure 1). This scale can be considered as the width at which structures in

the image will be highlighted and enhanced, while structures less than this width will become
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blurred.® Histogram analysis comprised quantifying first-order statistics of mean grey level
intensity, standard-deviation, entropy, mean of positive pixels (MPP), kurtosis and skewness
of the rectal ROI. A recent paper*’describes the above parameters in detail and what these
parameters mean in terms of image features. These parameters have further been shown to
be associated with underlying histological features reflecting tumour heterogeneity (solid

cancerous tissue, necrosis, angiogenesis, hypoxia and fibrosis® %), predicting the response

to neoadjuvant chemoradiotherapy®and survival®, *°as a potential imaging biomarker.

Histopathological examination of the resected specimen

The histopathological information was retrieved from the institutional pathology database. All
the reports contained a standard data-set of histopathology results such as post-treatment
pathological T and N stage (ypT and ypN) and included the information regarding the
circumferential resection margin (ypCRM) involvement according to rectal carcinoma

guidelines of Royal College of Pathologists.®’

Survival

Overall survival (OS), disease free survival (DFS) and relapse free survival (RFS) were
measured. All observations were censored at the date of the last follow-up or at the time lost
to follow up. The duration of follow up was calculated from the date of diagnosis to death,
last contact or date of conclusion of the study (21.03.2014) whichever came first. Overall
survival was defined as the “time from the date of diagnosis to death from any cause”.
Disease free survival was defined as the “time from the date of diagnosis to any event,
irrespective of the cause”. Relapse free survival was defined as the “time from the date of
diagnosis to any event except for second primary same or other cancers that were
ignored”®. Local recurrence was defined as evidence of recurrent tumour mass within the

pelvis or in the perineum after a surgical resection®.
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Data analysis
Clinical, MR and histopathological variables were categorized in a binary fashion to enable

comparison by multivariate analysis. Clinical variables included age, gender, adjuvant
chemotherapy and major post-operative complications based on the Clavien-Dindo
classification for surgical complications.* Tumours were categorized into “favourable” and
“unfavourable” responders to enable binary comparison by multivariate analysis. Based on
the known histopathological outcome, “favourable” mrT and ymrT stages were defined as
stages TO, T1, T2 and T3a and “unfavourable” were defined as mrT and ymrT stages- T3b,
T3c, T3d or T4. Stage T3a and T2 tumours have a similar outcome and therefore were both
classified as “favourable”. “Favourable” mrN, ymrN and ypN were defined as NO, while node
positivity was unfavourable. “Favourable” mrEMVI, ymrEMVI was defined as having no
EMVI, while the presence of EMVI was “unfavourable”. A “favourable” MRI tumour
regression grade (mrTRG) was defined as grades 1, 2 & 3 that included tumours with a
fibrotic stroma of 50% or more while “unfavourable” was defined as grades 4 and 5 that
included tumours in which cancer predominated with minimal or no fibrosis. Similarly a
“favourable” histopathological TRG was defined by Dworak stages 2, 3 and 4 while an
“unfavourable” TRG was defined as grades 0 and 1. For analysis of the length of the tumour,
a partial response was categorised as “favourable”, while stable or progression of disease

was “unfavourable”.

Statistical Analysis

Continuous variables were expressed as means and SDs and categorical variables were
expressed as percentages and 95% confidence intervals. Univariate Kaplan-Meier survival
analysis was employed to identify which texture parameter predicted survival, which further
required the identification of the best "optimal" cut-off at which the good and poor survival
patient groups were optimally separated (lowest p value from the Log-rank test which
assessed the difference between the Kaplan-Meier curves) for each parameter. A p-value of

less than 0.05 was considered to be significant. Due to small numbers, significant textural
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parameters yielding less than 10 patients per group for comparison were not reported and
hence were censored. Multivariate Cox regression analysis (Forward-Wald) was used to
determine which of the significant univariate variables were independent predictors of
outcome. Analysis was performed separately for pre and post-treatment variables. The
hazard ratio (HR) was determined for the variables where HR >1 indicated increased risk of
an event associated with the variable and HR <1 indicated a reduced risk related to survival.
Statistical analysis was performed using R software (version 2.14.2; R Foundation for

Statistical Computing, Vienna, Austria) and SPSS (version 20).

Results

The study population consisted of 56 patients (34 male, 22 female) with meanage of 64 +
8.8. Complete pathological response (TONO) was observed in 21% of patients (n-12). Overall
recurrence was observed in 23% of patients (n-13). The rate of distant and local recurrence
was 20% and 5% (Table 1). Pre- and post-treatment MR TNM staging is shown in Table 2.
The average follow up for the entire cohort was 47.2 + 18.2 months. Thirty six (36/50, 64%)
patients were alive and censored when the data were analysed at an average follow up of
56+11.6 months . The mean overall survival was 65.7% (95% CI, 57.9 -73.8 and the five
year cumulative survival time was 64%. The mean DFS and five year cumulative DFS were
similar i.e. 60 months (95% CI, 51.2-69.2). The mean RFS was 70.8 (95% ClI, 62.4 — 79.2)
months. All relapses had occurred by 21 months at which time the cumulative survival time

was 75%.
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Survival

a. Overall Survival

Pre-treatment variables

MRTA was a significant marker of OS on univariate analysis with MPP (fine texture scale)
being the best (p=0.008, Table 3). Positive mrEMVI status (p=0.017, Table 4) and
threatened mrCRM (p=0.036, Table 4) were also significant MR factors. The clinical variable
of a major complication also predicted a worse OS (p=0.002) but as this was a post-
operative rather than a pre-treatment or post-treatment factor, it was not included in the
multivariate analysis. On multivariate analysis, MPP on fine texture-scale (HR: 6.9, 95% CI:
2.4 — 19.5, p<0.001), MPP on medium texture-scale (HR: 5.7, 95% CI: 1.6 — 20.2, p=0.007)
and mrEMVI positive status (HR: 2.9, 95% CI: 1. — 8.3, p=0.041) were the only independent

predictors of OS (Table 5, Figures 2-a, 2-b and 2-c).

Post-treatment variables

Texture feature, skewness at fine texture-scale, was the only univariate marker of OS on
post-treatment MRTA (p=0.034, Table 3). Positive ymrEMVI status (p=0.002, Table 4),
threatened ymrCRM (p=0.027, Table 4) and poorer ymrTRG (p=0.002, Table 4) predicted a
worse OS. Among the histological variables, only ypCRM involvement (p=0.007, Table 4)
predicted the OS. On multivariate analysis, positive ymrEMVI status (Table 5, Figure 2-d)

was the only independent predictor of OS (HR: 4.2, 95% CI: 1.4- 12.6, p=0.01)

b. Disease free survival
Pre-treatment variables
A threatened mrCRM (p=0.006, Table 4) and MRTA (best feature-mean at medium texture,
p=0.007, Table 3) were significant markers for DFS on univariate analysis. On multivariate

analysis, MPP at fine texture-scale (HR: 3.3 95% CI: 1.3 — 8.3, p=0.008), mean MPP at
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medium texture-scale (HR: 4.5, 95% CI: 1.5 — 12.9, p=0.003), and threatened mrCRM (HR:
3.1, 95% CI: 1. — 9.4 p=0.046) were the only independent predictors of DFS (Table 5,

Figures 3a, 3b and 3c).

Post-treatment variables

Post-treatment MRTA (best was kurtosis at medium texture-scale, p=0.009, Table 3),
positive mrEMVI status (p=0.017, Table 4), threatened mrCRM (p=0.019, Table 4), mTRG
(p=0.02, Table 4) and ypCRM (p=0.035, Table 4) were significant markers of DFS on
univariate analysis. On multivariate analysis, kurtosis at medium texture-scale (HR: 3.9, 95%
Cl: 1.4 - 10.9, p=0.007) and ymrCRM involvement (HR: 3.3 95% CI: 1.2 — 9.3, p=0.02) were

the only independent predictors of DFS (Table 5, Figures 3d and 3e).

c. Relapse free survival

Pre-treatment variables

A threatened mrCRM (p=0.016, Table 4) and MRTA were significant markers for RFS on
univariate analysis (Table 3).The best textural features were standard deviation and entropy
at coarse-textures (p=0.011) and MPP at fine and medium-textures (p=0.011).Using
multivariate analysis, texture parameters of MPP at fine texture-scale (HR: 8.9, 95% CI: 2.3
—-33.1, p= 0.001) and kurtosis at medium texture-scale (HR: 7.7 95% CI: 2. - 29., p=0.002)

were the only independent predictors (Table 5, Figures 4a and 4b).

Post-treatment variables

Post-treatment MRTA (best was entropy at coarse-texture, p=0.002, Table 3), ymrN-stage
(p=0.024, Table 4), ypCRM involvement (p=0.009, Table 4) and pCR (p=0.034, Table 4)
were significant markers of survival on univariate analysis. On multivariate analysis, texture
parameters, entropy at coarse texture-scale (HR: 8.6, 95% CI: 1.8 — 39.8, p=0.005) and
kurtosis without filtration (HR: 4.2, 95% CI: 1.4- 13., p=0.01) were the only independent

predictors of RFS (Table 5, Figures 4c and 4d).
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Discussion

This is the first study to assess the prognostic significance of texture features in addition to
morphological MRI and histopathological parameters of rectal cancer undergoing CRT. On
pre-treatment MRTA a lower MPP at fine-texture was an independent predictor for all three
forms of survival. A lower mean MPP at medium-texture was an independent predictor of OS
and DFS and kurtosis at medium-texture was an independent predictor of RFS. Intra-tumour
heterogeneity has been attributed to various factors such as hypoxia, necrosis, angiogenesis
and genetic variations.*® % Both hypoxia and necrosis reflect increased numbers of dark
tumour regions which tend to give a negative mean.*® MPP considers only pixels greater
than zero and reduces the impact of dark areas on the mean histogram value. MPP has
been correlated negatively with hypoxia in colorectal cancers exhibiting K-RAS mutations.*”
Lower than threshold MPP values in predicting an inferior outcome are consistent with the
possibility of predominance of hypoxic areas in rectal cancer rather than angiogenesis in our
study. The finding of lower kurtosis at medium texture predicting poorer DFS and RFS on
post-treatment MRTA may suggest more focal radiation induced inactive fibrosis which has
previously been associated with an inferior outcome in lung cancer.®® Post-treatment MR
EMVI status was an independent predictor of OS on multivariate analysis. These results are
similar to those of Chand et al.** In this database patients with ymrEMVI-positivity had a
significantly worse DFS at three years (42.7%) compared with ymrEMVI-negative tumours
(79.8%). MRI CRM status at pre- and post CRT was noted to be significant on multivariate
analysis for DFS, while mrTRG and ymrEMVI were also significant for DFS on univariate

analysis. This is similar to previous datasets from Patel et al. *

(where mrTRG was
significant on multivariate analysis for OS and DFS) and Taylor et al. *° (where involvement
of CRM on baseline MRI independently predicted OS, DFS, and LR on multivariate

analysis). Significant univariate histopathological parameters such as ypCRM, pCR and

ypTRG did not predict survival independently on multivariate analysis.
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Limitations of the study

There is a lack of validated published histological correlations of tumour heterogeneity for
different MR texture scales in rectal cancer. This is a first exploratory and hypothesis-
generating study with regard to MRTA in survival after treatment of rectal cancer. The data
are, however, based on small numbers of patients from one centre. Using the same data to
identify optimal cut-off values for each marker to divide the population into good and bad
prognostic groups could lead to the overstatement of significant results. Acquisition
parameters with MRI can introduce higher signal intense variability compared with
computerised tomography (CT) or positron emission tomography (PET) which in theory

could affect reproducibly of the results.

The study suggests that high resolution pre- and post-treatment MRI-based assessment of
CRM and EMVI status and MRTA are superior to Independent imaging markers for
predicting survival in locally advanced rectal cancer than the standard TNM-based MR
criteria. Treatment for this group could be tailored for example, with more intensive
individualized neoadjuvant treatment before undergoing surgery and adjuvant

chemotherapy.
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Table 1 Baseline characteristics of the patients

TEMS= transanal microsurgery
TME=total mesorectal excision
NA= not available

TRG= tumour regression grade

Male

Female 34 (61%)
22

Age (years median + SD) 64+8.82

Interval to surgery after completing long | 13+3.42

course chemo-radiotherapy (weeks median =

SD)

Operation

Anterior resection 33 (59%)

Abdominoperineal resection 16 (28%)

Hartmann’s procedure 2 (4%)

TEMS 1 (2%)

inoperable at surgery 3 (5%)

No surgery (disease progression) 1 (2%)

TME Laparoscopic
Open

47 (84%) (4 converted to open)
4 (7%)

Height of tumour from anal verge(cm)

>5 39 (70%)
<5 14 (25%)
ypCRM involvement 6 (11%)
yp T-stage

TO 14 (25%)
T2 14 (25%)
T3 20 (36%)
T4 4 (7%)
yp N-stage

NO 36 (64%)
N1 14 (25%)
N2 2 (4%)
Complete pathological response TONO 12 (21%)
RO resection

Yes 46 (82%)
No 6 (11%)
yp tumour regression grade( 0-4p

0 3 (5%)
1 12 (21%)
2 10 (18%)
3 1 (2%)
4 14 (25%)
NA 4 (7%)
Not documented 12 (21%)
yp tumour regression grade

Good responders (TRG 2-4) 25 (47%)
Bad responders (TRG 0-1) 15 (27%)
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Adjuvant Chemotherapy

Yes 11 (20%)
No 42 (75%)
Major post-operative complication P

Yes 17 (30%)
No 35 (63%)
Anastomotic leakage

Yes 6 (18%)
No 27
Overall Recurrence 13 (23%)
Local Recurrence 3 (5%)
Distant Recurrence 11 (19%)

a Dworak 5-stage TRG (tumour regression grade) system?®

b Clavien classification of surgical complications34

Table 2 Magnetic resonance imaging (MRI) pre and post chemorqgdiotherapy

TRG= tumour regression grade in locally advanced rectal cancer.

Pre-treatment MRI

Post-treatment MRI

T-stage

TO 3 (5%)
T1 2 (4%)
T2 4 (7%) 7 (13%)
T3a 3 (5%) 1 (2%)
T3b 11 (20%) 13 (23%)
T3c 12 (21%) 14 (25%)
T3d 10 (18%) 5 (9%)
T4 14 (25%) 9 (16%)
N-stage

NO 14 (25%) 40 (71%)
N1 24 (43%) 12 (21%)
N2 16 (29%) 0
Circumferential resection | 31 (55%) 24 (43%)
margin (CRM) threatened

Median tumour height from | 8.4 8.7

anal verge (cm)

Tumour regression grade

(mrTRG) (grade 1-5p

1 6 (11%)
2 17 (30%)
3 13 (23%)
4 16 (29%)
5 2 (4%)
Tumour regression (mrTRG)

Good responders (1-3) 36 (64%)
Bad responders (4-5) 18 (32%)
Complete responder TONO 6 (11%)

Extramural vascular invasion
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(EMVI)
Yes
No

14 (25%)
40 (71%)

8 (14.2%)
44 (79%)

aMRI TRG was based on similar principles to the pathological TRG originally described by
Dworak (Appendix-3)

Table 3 Magnetic resonance imaging (MRI) Textual analysis.Significant parameters

predicting overall survival (OS), disease free survival (DFS) , and recurrence free

survival (RFS) on univariate analysis

MPP=mean of positive pixels

EMVI= extramural vascular invasion

Textural parameter | Filter value | Threshold value | Number Mean 95% p value
of Survival | Confidence
patients interval
above
and
below the
threshold
value

Overall Survival: Significant pre-treatment texture parameters

Mean 3 <-8.2 Poor | 27 | 45.4 38.4-52.3 0.03
Good | 29 | 72.8 62.5-83.2

MPP 2 <63.7 Poor | 17 | 40.7 29.2-52.2 0.008
Good | 39 | 72.2 63.5-80.9

3 <75.2 Poor | 19 | 43.5 32.5-54.4 0.029
Good | 37 | 71.6 62.7-80.5

4 <82.3 Poor | 22 | 45.6 35.8-55.3 0.019
Good | 34 | 74.3 65.6-83

Overall Survival: Significant post-treatment texture parameters

Skewness 2 >0.3 Poor | 36 | 38.9 27.3-50.6 .034
Good | 18 | 65.7 55.-76.3

DFS: Significant pre-treatment texture parameters

Mean 2 <-3.5 Poor | 25 | 39.2 30.6-47.7 0.031
Good | 31 | 68.6 57.3-79.8

3 <-8.2 Poor | 27 | 38.2 30.1-46.3 0.007
Good | 29 | 71.3 60.0-82.5
4 <-14.9 Poor | 27 | 39.4 31.2-47.7 0.027
Good | 29 | 69.2 57.75-80.8
6 <-37 Poor | 28 | 40.2 32.11-48.3 | 0.043
Good | 28 | 68.6 56.81-80.4
MPP 2 <64.4 Poor | 18 | 37.1 25.38-48.9 | 0.022
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Good | 38 | 66.8 56.66-77.
3 <75.2 Poor | 19 | 38.7 27.2-50.3 0.045
Good | 37 | 66.3 55.9-76.7
4 <84.7 Poor | 24 | 40.3 30.2-50.4 0.022
Good | 32 | 69.7 59.1-80.3
5 <93.5 Poor | 28 | 42.2 32.7-51.6 0.047
Good | 28 | 69.6 58.4-80.8
6 <102.4 Poor | 28 | 42.2 32.7-51.6 0.047
Good | 28 | 69.6 58.4-80.8
Skewness 2 <0.2 Poor | 28 | 42.3 33.2-51.4 0.044
Good | 28 | 69.2 57.7-80.7
DFS: Significant post-treatment texture parameters
MPP 2 >69.5 Poor | 37 | 43 34.9-51.1 0.032
Good | 17 | 74 61.1-86.8
Skewness 2 >0.3 Poor | 18 | 38.9 27.3-50.6 0.034
Good | 36 | 65.7 55-76.3
Kurtosis 3 <-0.1 Poor | 20 | 36.8 28-45.2 0.042
Good | 34 | 65.7 54.4-76.9
4 <-0.4 Poor | 18 | 34.7 25.9-43.5 0.009
Good | 36 | 67 56.3-77.7
RFS: Significant pre-treatment texture parameters
Mean 3 <-870000 Poor | 26 | 43.4 35.1-51.7 0.0169
Good | 30 | 80.7 72.3-89.1
4 <-14.9 Poor | 27 | 441 36-52.1 0.026
Good | 29 | 80.4 71-89.1
Standard Deviation | 0 <39.7 Poor | 21 | 47.3 35.9-58.7 0.032
Good | 35 | 77.6 68.8-86.5
2 <137.5 Poor | 38 | 64.1 52.9-75.4 0.034
Good | 18 | 64.5 58.7-70.3
4 <1514 Poor | 28 | 50.5 39.7-61.3 0.018
Good | 28 | 80.7 72.2-89.1
5 <164.8 Poor | 32 | 61.5 48.8-74.2 0.017
Good | 24 | 63.2 57.5-69
6 <162.2 Poor | 31 | 50.8 40.7-61 0.011
Good | 25 | 82.7 74.9-90.5
Entropy 0 <5.1 Poor | 33 | 52.6 43.1-62.1 .034
Good | 23 | 81.7 72.6-90.8
4 <6.3 Poor | 32 | 61.5 48.8-74.2 0.016
Good | 24 | 63.2 57.5-69
5 <6.3 Poor | 32 | 61.5 48.8-74.2 0.016
Good | 24 | 63.2 57.5-69
6 <6.3 Poor | 31 | 50.8 40.7-61 0.011
Good | 25 | 82.7 74.9-90.5
MPP 2 <63 Poor | 16 | 42.8 29.4-56.2 0.011
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Good | 40 | 77.3 69-85.6
5 <118 Poor | 31 | 50.8 40.7-61 0.011
Good | 25 | 82.7 74.9-90.5
6 <99 Poor | 27 | 47.9 38.1-57.7 0.019
Good | 29 | 80.5 71.9-89.1
Skewness 2 <0.4 Poor | 38 | 50.8 42.9-58.8 0.037
Good | 18 | 84 75.4-92.6
Kurtosis 4 <0.09 Poor | 17 | 40.1 30.9-49.4 0.047
Good | 39 | 76.4 67.5-85.3
RFS: Significant post-treatment texture parameters
Standard deviation | 5 <128.5 Poor | 18 | 56.2 39.4-73 0.018
Good | 36 | 60.9 54.6-67.2
6 <158.1 Poor | 30 | 61.1 48.3-73.9 0.021
Good | 24 | 63.5 57.3-69.6
Entropy 3 <6.1 Poor | 28 | 61.6 48.3-74.9 0.042
Good | 26 | 61.8 55.1-68.5
4 <6.1 Poor | 26 | 57.9 44 1-71.7 0.005
Good | 28 | 64.1 58.6-69.5
5 <6.1 Poor | 25 | 56.7 42.6-70.8 0.003
Good | 29 | 64.2 59.0-69.5
6 <6.1 Poor | 24 | 55.4 40.9-69.8 .002
Good | 30 | 64.4 59.3-69.4
Kurtosis 0 >0.7 Poor | 17 | 45.5 32.8-58.2 .034
Good | 37 | 76.1 67.1-85.2

Table 4 Clinical, MRI and histopathological parameters significantly predicting overall
survival (OS), disease free survival (DFS) , and recurrence free survival (RFS) on
univariate analysis

B, omotors [mean 0s p- Mean DFS | P- Mean P-
n= | (95% CI) valu | (95% C1) valu | RFS(95% valu
e e Cl) e
Clinical parameters
50.7 (42.8- 46.3(37- 51.7(42.5-
Age <65 years 29 58.6) 271 55.5) 444 61) .150
69.3 (58- 63.5(51- 77.1(66.8-
265 years 27 80.6) 75.9) 87.3)
52.4 (44.1- 47.1 (37.2- 52 (42.1-
cox Female 22 60.7) .633 57) 711 61.9) .360
Male 34 | 657 (56.5- 61.7(50.1- 74.2(64-
77.5) 73.3) 84.5)
Adjuvant Positive 19 | 359427 | gpg | 52:4(36.4- | g4g | 52.4(364- | 55
v 69.1) 68.3) 68.3)
by Negative 42 | 69.1(60.3- 62.7(52.6- 72.5(63.2-
9 77.9) 72.8) 81.8)
Major Positive 17 | 39.9(30.6- .002 | 35.7(25.7- .007 | 42.7(31.9- 132
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complication 49.2) 45.8) 53.5)
T O
e [ o |25 e | 2555 | | 215 | o
S e [ | [piee | g
Pre-treatment MRI parameters
mrT Stage | \r113a |7 Sf:g§53'1' 256 232;538'4' 493 232;538'4' 989
e [ |53 | B | e
miN stage | 1 No 14 22:343'3' 799 ‘6‘3:2535 5 | 714 232%43'8' 895
iz o[ S5 | 21| g
;’;;’Z’I‘ZV’ Positive 14 gg:;f’%' 017 ‘512:%28'9' .097 2;2536'8_ 221
Nogatve | 40 g:ges.g- %8(55 6- 22:3564.1 i
Height <50m 14 22:337'9' 315 ‘5‘;:2530'6' 226 2?2?539'5' 973
[ [ 2| [
mCAM | Clear 23 ;;:%67.6— 036 23:2566'5' .006 35:2574.2- 016
Threatened | 3 6502..51)(43.8- 451;(234- 51 541 (41.3-
Post-treatment MRI parameters
ymri stage |\ T1-T3a | 13 ?gj”f&‘" 056 23%47'3' 194 28%51- 306
e [ [ 2955 | |57 | [
ymrN stage | o iNo 41 ;8:361'7' A7 32(15)4'9' 278 222‘2‘566'5' 024
s L[ 8o | [meme | e
A gfs"” VI" | positive 8 22:%23'8_ 002 ig §§1 82- | 017 22(2)7 S R
e [ |20 | [ i
Height <50m 13 23%39'2' 661 ‘5‘3 ;;31 445 ‘6‘?)5(38 895
o |5 [ (e
}s’gstM Clear 29 | 76(67-85) | .027 ;; g;so 2| 019 ;%7(65'5' 141
Threatened | 24 ‘5‘8:2;40' ‘5‘2)4(32 8 gg:;g‘” o
mrTRG mrTRG1- 57.8(49.8-
status 3(Good 36 [63.9(58-60.9) | .002 75} 022 |61.5(54-69) | .205
responders)
mITRG 45 | 5 | 50.3(35.8- 47(31.5- 62.2(45.3-
(Bad 64.7) 62.6) 79)
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responders)
mrRECIST | Partial 69.4(59.9- 62.1(51.2- 71.9(61.8-
tumour response 36 78.8) 319 73) 625 82.1) 417
response Stable 16 51.3(38.6- 47.9(34- 53.9(40.5-
disease 63.9) 61.9) 67.4)
Histopathological parameters
ypT stage i 64.3(58.4- 57.3(47.3- 60.2(51-
ypTO-T2 13 70.1) .056 67.4) 194 69.4) .306
] 62.9(53.4- 58.1(47.4- 67.8(57.5-
ypT3-T4 411 72.4) 68.8) 78.2)
ypN stage 73(64.2- 67.6(57.3- 74.2(64.7-
ypNO 36 81.8) 126 78) 142 83.7) 138
48.9(38.3- 42.8(30.6- 47.1(34.6-
ypN1-2 16 | 59.4) 55) 59.5)
ypCRM 72.3(64.3- 66.1(56.7- 73.9(65.3-
involvemen | C'e&r 46 1 80.2) 007 | 25 5 058 | 85 5) 009
t 35.1(23.1- 30.6(16.2- 30.6(16.2-
Threatened | 6 47.1) 45) 45)
pCR " 82.4(70.9- 82.4(70.9- All cases
(ypTONOMO Positive 12 93.9) .073 93.9) .035 censored .034
) : 56.2(49.4- 49.4(41.1-
Negative 40 63) 57.6)
Good
responder o5 72.8(61.7- 934 71.6(59.7- 949 82.2(73.7- 159
(PTRG 2-4) 83.9) 83.5) 90.7)
pTRG Bad
reas onder(p | 15 61.2(51.2- 58.3(46.2- 58.3(46.2-
0_1';’ P 71.1) 70.4) 70.4)
Complete
response 14 77.8(63.9- 354 77.8(63.9- 301 All cases 072
(PTRG 4) 91.6) 91.6) censored
pTRG Ip -
O”rcr?(;“p ete 06 | 60:362.7- 57.4(48-
67.9) 66.7)
response

Table 5 Parameters significantly predicting overall survival (OS), disease free survival
(DFS) ,and recurrence free survival (RFS) on univariate analysis

Pre-treatment multivariate analysis

Survival endpoints | parameters p-value | Hazard ratio | 95% confidence interval
os Mean (SSF-3) 0.007 5.7 1.6 -20.2
MPP(SSF-2) <0.001 6.9 24-19.5
mrEMVI status 0.041 2.9 1-8.37
DFS Mean(SSF-3) 0.003 4.5 1.5-12.9
MPP(SSF-2) 0.008 3.3 1.3-8.3
mrCRM status 0.046 3.1 1-94
RFS MPP(SSF-2) 0.001 8.9 2.3 —33.1
Kurtosis(SSF-4) | 0.002 7.7 2-29
Post-treatment multivariate analysis
os ymrEMVI status 0.01 4.2 1.4-12.6
DFS Kurtosis(SSF-4) | 0.007 3.9 1.4-10.9
ymrCRM status 0.02 3.3 1.2-93
RFS Entropy(SSF-6) | 0.005 8.6 1.8-39.8
Kurtosis(SSF-0) 0.01 4.2 1.4-13
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Baseline

Kurtosis= MPP =

3.3578 113.089
Skewness = SD =

1.3688 127.21

Figure 1a- Textural analysis of rectal cancer at medium-texture scale for baseline magnetic
resonance imaging (MRI)
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Medium texture (4mm)

Figure 1b

Kurtosis= MPP =

-0.4291 183.763
Skewness = SD =

0.2159 191.58

Figure 1b- Textural analysis (MRTA) of rectal cancer at medium-texture scale for interim
magnetic resonance imaging (MRI)
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Figure 2b - Overall survival - months
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Figure 2d - Overall survival - months

Figure 2- Kaplan-Meier curves show a significant difference in overall survival for (a) pre-treatment mean positive pixel
(MPP) at fine texture (b) pre-treatment mean at medium texture (c) pre-treatment extramural venous invasion
(mrEMVI) and (d) post-treatment extramural venous invasion (ymrEMVI) with log-rank p values of 0.008, 0.03, 0.017 and
0.002 respectively
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Figure 3e- Diseae free survival months

Figure 3-Kaplan-Meier curves show a significance difference in disease free survival for (a) pre-treatment mean positive
pixel (MPP) at fine texture (b) pre-treatment mean at medium texture (c) pre-treatment circumferential resection
margin involvement (mrCRM) (d) post-treatment kurtosis at medium texture (e) post-treatment circumferential
resection margin involvement (ymrCRM) with log-rank p values of 0.022, 0.007, 0.006, 0.009 and 0.019 respectively.
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Figure 4-Kaplan-Meier curves show a significance difference in recurrence free survival for (a) pre-treatment mean
positive pixel (MPP) at fine texture (b) pre-treatment kurtosis at medium texture (c) port-treatment entropy at coarse
texture and (d) post-treatment kurtosis without filtration with log-rank p values of 0.011, 0.047, 0.002 and 0.034
respectively

This article is protected by copyright. All rights reserved.



References

'van Gijn, W, Marijnen, CA, Nagtegaal, ID et al. Preoperative radiotherapy combined with
total mesorectal excision for resectable rectal cancer: 12-year follow-up of the multicentre,

randomised controlled TME trial. Lancet Oncol 2011; 12: 575-582

2 M.M. Lange, J.E. Martz, B. Ramdeen, et al. Long-term results of rectal cancer surgery with

a systematical operative approach. Ann Surg Oncol 2013; 20:1806—-1815

3 van der Paardt MP1, Zagers MB, Beets-Tan RG, Stoker J, Bipat S. Patients who undergo
preoperative chemoradiotherapy for locally advanced rectal cancer restaged by using
diagnostic MR imaging: a systematic review and meta-analysis. Radiology 2013; 269:101-
12.

* Habr-Gama A, de Souza PM, Ribeiro U, et al. Multimodality therapy in low rectal cancer:

long-term outcome of complete responders. Dis Colon Rectum 2001;44:A18.

5Zmora O, Dasilva GM, Gurland B, et al. Does rectal wall tumor eradication with
preoperative chemoradiation permit a change in the operative strategy? Dis Colon Rectum

2004,47:1607-12

® Ganeshan B, Miles K. Quantifying tumour heterogeneity with CT. Cancer Imaging

2013;13:140-9

’Ganeshan B, Abaleke S, Young RC, Chatwin CR, Miles KA. Texture analysis of non-small

cell lung cancer on unenhanced computed tomography: initial evidence for a relationship

with tumour glucose metabolism and stage. Cancer Imaging 2010;10:137-43.

This article is protected by copyright. All rights reserved.



8Miles KA, Ganeshan B, Griffiths MR, Young RC, Chatwin CR. Colorectal cancer: texture
analysis of portal phase hepatic CT images as a potential marker of survival. Radiology

2009;250:444-52.

° Castellano G, Bonilha L, Li LM, et al. Texture analysis of medical images. Clin Radiol.

2004, 59:1061

1% Kido S, Kuriyama K, Higashiyama M, et al. Fractal analysis of small peripheral pulmonary
nodules in thin-section CT: evaluation of the lung-nodule interfaces.J Comput Assist Tomogr

2002; 26:573-8.

" Skogen K, Ganeshan B, Good C, et al. Measurements of heterogeneity in gliomas on

computed tomography relationship to tumour grade. J Neuroncol 2013; 111: 213-219

2 Goh V, Ganeshan B, Nathan P, et al. Assessment of response to tyrosine kinase inhibitors
in metastatic renal cell cancer: CT texture as a predictive biomarker. Radiology 2011;

261:165.

¥ Ahmed A, Gibbs P, Pickles M, et al. Textural analysis in assessment and prediction of

chemotherapy response in breast cancer. J Magn Reson Imaging 2013;38: 89 - 101

Y Ng F, Ganeshan B, Kozarski R, et al. Assessment of primary colorectal cancer
heterogeneity by using whole- tumor texture analysis: contrast- enhanced CT texture as a

biomarker of 5- year survival. Radiology 2013; 266: 177

> Ganeshan B, Miles KA, Young RCD, et al. Hepatic entropy and uniformity: additional
parameters that can potentially increase the effectiveness of contrast enhancement during

abdominal CT. Clin Radiol 2007; 62:761-768.

This article is protected by copyright. All rights reserved.



'®Taylor, FG, Quirke, P, Heald, RJ, et al. Preoperative High- resolution Magnetic Resonance
Imaging Can ldentify Good Prognosis Stage I, Il, and Il Rectal Cancer Best Managed by

Surgery Alone: A Prospective, Multicenter, European Study. Ann Surg 2011; 253:711-719

7 Motson R, Khan J, Arulampalam T, et al. Laparoscopic total mesorectal excision following
long course chemoradiotherapy for locally advanced rectal cancer. Surg Endosc2011;

25:1753-1760.

'8 Johnston DF, Lawrence KM, Sizer BF, Arulampalam TH, Motson RW, Dove E, Lacey N.
(2009), Locally advanced rectal cancer: histopathological correlation and predictive accuracy

of serial MRI after neoadjuvant chemotherapy. British journal of Radiology, 82:332-336.

% patel UB, Blomqvist LK, Taylor F, et al. MRI After Treatment of Locally Advanced Rectal
Cancer: How to Report Tumor Response—The MERCURY Experience. Am J Roentgenol

2012; 199: 486-495

2 Taylor FG, Swift RI, Blomqvist L, et al., A systematic approach to the interpretation of

preoperative staging MRI for rectal cancer. Am J Roentgenol 2008; 191: 1827-35.

2'Koh DM, Chau |, Tait D, et al. Evaluating mesorectal lymph nodes in rectal cancer before
and after neoadjuvant chemoradiation using thin-section T2-weighted magnetic resonance

imaging. IntJ Radiat Oncol Biol Phys 2008; 71: 456-61.
22Smith, NJ, Barbachano Y, Norman AR, et al. Prognostic significance of magnetic
resonance imaging- detected extramural vascular invasion in rectal cancer. Br J Surg

2008;95:229-236

This article is protected by copyright. All rights reserved.



? Dworak O, Keilholz L, Hoffmann A. Pathological features of rectal cancer after

preoperative radiochemotherapy. Int J Colorectal Dis1997; 12:19-23.

*Machida N, Boku N, Yoshino S, et al. Impact of baseline sum longest diameter of target
lesions by RECIST on survival of patients with metastatic colorectal cancer (MCRC) in

American Society of Clinical Oncology. 2007. Florida, USA

STherasse P, Arbuck SG, Eisenhauer, et al., New guidelines to evaluate the response to
treatment in solid tumors. European Organization for Research and Treatment of Cancer,
National Cancer Institute of the United States, National Cancer Institute of Canada. J Nat/

Cancer Inst 2000; 92: 205-16

% Yip C, Landau D, Kozarski R et al. Primary esophagel cancer heterogeneity as potential
prognostic biomarker in patients treated with definitive chemotherapy and radiation therapy.

Radiology 2014; 270:141-8.

27 Miles KA, Ganeshan B, Hayball MP. CT texture analysis using the filtration-histogram

method: What do the measurements mean? Cancer Imaging 2013; 13: 400-406

%Sjeren JC, Smith AR, Thiesse J, et al. Exploration of the volumetric composition of human
lung cancer nodules in correlated histopathology and computed tomography. Lung Cancer
2011; 74:61.

2 Ganeshan B, Goh V, Mandeville H, et al. Non-small cell lung cancer: histopathologic

correlates for texture parameters at CT. Radiology 2013; 266:326-336.

This article is protected by copyright. All rights reserved.



%De Cecco CN, Ganeshan B, Ciolina M et al. Texture analysis as imaging biomarker of
tumoral response to neoadjuvant chemoradiotherapy in rectal cancer patients studied with 3-

T magnetic resonance. Invest Radiol 2015; 50:239-245

% Loughrey MB, Quirke P, Shepherd NA. Standards and datasets for reporting cancers

Dataset for colorectal cancer histopathology reports July 2014.

% Punt CJA, Buyse M, Kohne CH, et al. Endpoints in adjuvant treatment trials: a systematic
review of the literature in colon cancer and proposed definitions for future trials. J Nat/

Cancer Inst 2007; 99: 998-1003

% Bujko K, Nowacki M, Nasierowska-Guttmejer A, et al Long-term results of a randomised
trial comparing preoperative short-course radiotherapy with preoperative conventionally

fractionated chemoradiation for rectal cancer. Br J Surg 2006; 93:1215-23.

%4 Dindo D, Demartines N, Clavien P. (2004), Classification of surgical complications: a new
proposal with evaluation in a cohort of 6336 patients and results of a survey. Ann Surg,,

240:205

% Nelson DA, Tan T, Rabson AB, et al. Hypoxia and defective apoptosis drive genomic

instability and tumorigenesis. Genes Dev 2004; 18:2095.

% Russnes HG, Navin N, Hicks J, et al. Insight into the heterogeneity of breast cancer

through next- generation sequencing.(Review series)(Report). J Clin Invest 2011; 121:3810.

87 Ganeshan B, Ziauddin X, Goh VJ et al. Quantitative imaging biomarkers from PET-CT as
potential correlates for angiogenesis and hypoxia in colorectal cancer. European society of

radiology 2012, Vienna. Austria

This article is protected by copyright. All rights reserved.



% Takahashi Y, Ischii G, Taira T, et al. Fibrous stroma is associated with poorer prognosis in

lung squamous cell carcinoma patients. J Thorac Oncol 2011; 6:1460-7

%¥Chand M, Evans J, Swift RI, et al. The prognostic significance of postchemoradiotherapy
high-resolution MRI and histopathology detected extramural venous invasion in rectal

cancer. Ann Surg 2015; 261:473-9.

“Taylor FG, Quirke P,Heald RJ, et al. Preoperative magnetic resonance imaging
assessment of circumferential resection margin predicts disease-free survival and local

recurrence: 5 year follow-up results of MECRUY study. J Clin Oncol 2014; 32:34-4

This article is protected by copyright. All rights reserved.



