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desmoplasia, fibrous tissue, and muscularis propria, allowing for more accurate delineation of rectal cancer tumour
extent and stromal heterogeneity ex vivo.
In conclusion, DWI-MRI was predictive of CRT response, DCE-MRI was predictive of 2 year DFS, and DTI-MRI was able
to more accurately define tumour extent and heterogeneity in rectal cancer. These findings could be useful for
stratification of patients for individualised treatment based on accurate assessment of tumour extent and therapeutic
response prediction.
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Abstract
Prediction of chemoradiotherapy (CRT) response in rectal cancer would enable
stratification of management whereby responders could undergo ‘watch-and-wait’ to
avoid surgical morbidity, and non-responders could have early treatment intensification
to improve therapeutic outcomes. Functional MRI can assess tumour function and
heterogeneity, and may improve therapeutic response prediction. The aims of this PhD
were to (i) prospectively evaluate multi-parametric MRI at 3.0 tesla in vivo combining
diffusion weighted imaging (DWI) and dynamic contrast enhanced (DCE) MRI for
prediction of CRT response and 2 year disease-free survival (DFS), and (ii) examine
diffusion tensor imaging (DTI) MRI biomarkers of rectal cancer extent and heterogeneity
at ultra-high field 11.7 tesla ex vivo in order to establish a pipeline for MRI biomarker
discovery from ultra-high field to clinical field.
Patients with locally advanced rectal cancer undergoing CRT followed by surgery
underwent multi-parametric MRI before, during, and after CRT. A whole tumour voxelwise histogram analysis of apparent diffusion co-efficient (ADC) and Ktrans heterogeneity
was performed and correlated with histopathology tumour regression grade. After CRT
(before surgery) ADC 75th and 90th quantiles were significantly higher in responders than
non-responders. Patients with higher Ktrans values after CRT or greater increase in Ktrans
values from before to after CRT had a significantly higher risk of distant metastases, and
lower 2 year DFS.
Biobank tissue from patients with rectal cancer were examined at 11.7 tesla and DTIMRI results correlated with histopathology. This work established a discovery
framework for screening Biobank cancer tissue for novel MRI biomarkers of tumour
extent and heterogeneity, and resulted in good preservation of tissue integrity and MRIhistopathology alignment. DTI-MRI derived fractional anisotropy (FA) was able to
differentiate between tumour and desmoplasia, fibrous tissue, and muscularis propria,
allowing for more accurate delineation of rectal cancer tumour extent and stromal
heterogeneity ex vivo.

vi

In conclusion, DWI-MRI was predictive of CRT response, DCE-MRI was predictive of 2
year DFS, and DTI-MRI was able to more accurately define tumour extent and
heterogeneity in rectal cancer. These findings could be useful for stratification of
patients for individualised treatment based on accurate assessment of tumour extent
and therapeutic response prediction.
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Chapter 1 Introduction and hypotheses
1.1

Introduction

Colorectal cancer is the third most common cancer diagnosed and the second most
common cause of cancer death in Australia. Rectal cancer accounts for about 30% of
colorectal cancer cases (1). The 5 year relative survival for rectal cancer in Australia
between 2011 and 2015 was 70%. The addition of pre-operative radiotherapy with or
without chemotherapy to primary surgery for treatment of locally advanced rectal
cancer (LARC) has decreased locoregional recurrence rates (2-6), and increased overall
survival (3, 7). Neoadjuvant chemo-radiotherapy (CRT) followed by a 6 - 8 week period
before surgery has the advantage of tumour downstaging, with a pathologic complete
response (pCR) achieved in 15-27% of patients (8). Tumour responses vary considerably
following CRT and the reasons for this are not clearly understood. Fifty-four to seventyfive percent of patients will have tumour downstaging, however the remaining patients
will have no treatment response (9). In patients with locally advanced (T3 – 4) resectable
rectal cancer, distant metastases still dominate with a 5 year cumulative incidence of
30% in a pooled analysis of 5 randomised control trials (10). There is significant morbidity
associated with locally advanced rectal cancer treatment, and about a third of patients
will have a permanent colostomy as a result of surgery. At present, there is no accurate
method of predicting response to CRT. Current predictive models require pathological
staging, making them unsuitable for use as a pre-treatment decision support tool (10,
11). Non-invasive predictive biomarkers, such as MRI biomarkers, are required to guide
individualisation of patient treatment in order to maximise therapeutic outcomes and
minimise treatment toxicity.
Early imaging prediction of CRT response would enable a personalised treatment
approach, to potentially improve therapeutic response and avoid treatment morbidity.
Prediction of a complete clinical response to CRT prior to surgery would enable these
patients to undergo a ‘watch-and-wait’ approach, avoiding the morbidity of surgery.
Early detection of non-responders to CRT would provide the opportunity for these
1

patients to undergo dose escalation strategies, intensification of systemic therapies, or
to proceed directly to surgery and avoid futile treatment.
Functional MRI assessment of tumour heterogeneity
Functional magnetic resonance imaging (MRI) has enabled the assessment of different
biological tumour characteristics and is an important advance in imaging evaluation in
oncology. Tumours are biologically heterogeneous, and this can affect therapeutic
response. Tumour characteristics that can affect therapeutic response include
cellularity, perfusion, hypoxia and the tumour extracellular matrix microenvironment.
MRI can provide a virtual ‘whole tumour biopsy’ capturing information on intratumoural heterogeneity, and this can potentially aid with personalisation of treatment
based on the patient’s tumour characteristics. Volumetric measurements based on
standard morphologic MRI (T2-weighted) lack sufficient accuracy for the differentiation
of treatment responders from non-responders because of their inability to detect small
residual tumour deposits within areas of radiation-induced fibrosis. Changes on
morphologic MRI in response to treatment also occur late, making it unsuitable for early
stratification of management. Functional MRI biomarkers have been documented to
have greater potential compared to standard T2-weighted sequences in the assessment
of therapeutic response prediction in LARC (12). The clinical utility of these functional
MRI biomarkers in rectal cancer incorporating a whole tumour heterogeneity analysis
for therapeutic early response prediction needs to be further explored.
MRI has a major benefit of imaging the whole tumour, capturing information on
heterogeneity avoiding the sampling errors that occur with biopsies. Tumours are
biologically heterogeneous, and information on intra-tumoural heterogeneity could
improve therapeutic response prediction. Most published MRI response prediction
studies in rectal cancer report single summary parameters from either diffusion or
perfusion MRI. Summary measures such as mean values do not provide information on
tumour heterogeneity. Tumour heterogeneity could be analysed using a whole tumour
voxel-wise histogram analysis method, from which parameters such as percentiles,
skewness and kurtosis could be extracted.
2

This PhD thesis explores the role of diffusion weighted imaging (DWI), dynamic contrast
enhanced (DCE) and diffusion tensor imaging (DTI) MRI in the assessment of rectal
cancer heterogeneity and response to CRT. It examines the role of ultra-high field MRI
in screening promising MRI biomarkers.
Diffusion weighted imaging (DWI) MRI
DWI is a functional MRI technique which measures the movement of water through the
tissue. The apparent diffusion coefficient (ADC) is the quantitative parameter of water
diffusion through tissue derived from DWI-MRI and shows an inverse relationship with
tissue cellularity. Viable tumour cells restrict the mobility of water molecules, whereas
necrotic tumour cells allow freer diffusion of water through tissue. High tumour
cellularity and architectural distortion of the extracellular space leads to restricted
diffusion and lower ADC values, and these values are expected to correlate with tumour
cellularity and grade(13). Radiotherapy related cellular damage leading to necrosis can
occur within days of commencing treatment. ADC has been shown to be able to
differentiate viable tumour from inflammation and necrosis, making it potentially a
useful tool to monitor early effects of radiotherapy (13).
A number of prospective studies have evaluated the use of DWI in the assessment of
response to CRT in LARC (14-16), and demonstrated ADC to be useful for the prediction
and early assessment of pathologic response to CRT. However, ADC cut-off values for
response were chosen on an ad-hoc basis and still require prospective validation. There
are limited prospective studies examining the value of DWI during CRT (14, 15).
Diagnostic performance of after CRT ADC values for predicting pCR varied between
studies, ranging from 83-100% for sensitivity, and 67 - 93% for specificity (15-17). A
meta-analysis demonstrated that DWI had a mean sensitivity of 83.6% (95% CI 61.7 to
94.2%) and specificity of 84.8% (95% CI 74.2 to 91.5%) (12).
Dynamic contrast enhanced (DCE) MRI
DCE-MRI provides information on micro-vessel density, perfusion, permeability and
extracellular-extravascular space composition. Regions of interest may be interrogated
to produce enhancement-time curves with malignant tumours, due to their abnormal
3

microvasculature, demonstrating a rapid wash-in and wash-out of contrast, and a
greater increase in signal intensity than normal tissues (18, 19). Ktrans (contrast medium
exchange in the Tofts pharmacokinetic model) is a quantitative measure of ‘wash-in’ of
contrast. Early DCE studies in rectal cancer have shown correlation of DCE parameters
with tumour angiogenesis, as indicated by micro-vessel density and VEGF, and tumour
downstaging (20-24). DCE may be useful in assessing biological factors of the functional
tumour vascular microenvironment that influence radiotherapy response.
Diffusion tensor imaging (DTI) MRI
DTI-MRI is a variant of diffusion MRI which provides a rotationally invariant description
of tissue diffusion and can probe diffusion direction and tissue organisation (also known
as anisotropy). Fractional anisotropy (FA) of the diffusion tensor is a measure of tissue
organisation that yields information about fibril organisation and the stromal
microenvironment. Most tumours typically have relatively isotropic (disorganised)
diffusion, whereas organised tissues have anisotropic diffusion. Tumour stroma evolves
during cancer progression, and can be associated with increased deposition of
extracellular matrix and fibrosis. As DTI-MRI examines tissue organisation, it may
provide information on cancer stroma that could help in more accurately defining
tumour extent in rectal cancer. There are currently no published studies on DTI-MRI in
rectal cancer.
Multi-parametric MRI
Multi-parametric MRI combines multiple MRI sequences in an examination, yielding
multiple functional parameters and thereby providing a more comprehensive
biologically assessment of tumour. For example, multi-parametric MRI combining DWI
and DCE would yield information on tumour cellularity and vascularity from a single MRI
scan. This could be useful as there are likely multiple biological characteristics in
tumours that may affect therapeutic response. There are only limited studies in multiparametric MRI combining DWI and DCE for prediction of CRT response in rectal cancer.
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Ultra-high field MRI
Ultra-high field MRI at 11.7 to 14.0 tesla has the capability to image cancer morphology
and function at microscopic resolutions of 100 – 200 µm. MRI analysis of tissue samples
ex vivo results in no tissue destruction, allowing for direct correlation with
histopathologic analysis of the same tissue sample after MRI analysis. The microscopic
resolutions images can be directly correlated with histopathology as a ‘ground-truth’
basis for screening of potential MRI biomarkers of tumour extent, heterogeneity, and
function. Findings can then be subsequently translated to lower clinically relevant field
strengths for clinical practice. Biobank cancer tissue samples could be analysed at ultrahigh field to screen for novel MRI biomarkers. Important considerations include
appropriate Biobank tissue handling and preparation methods to ensure tissues are
suitable for MRI analysis, and the co-registration of MR images with histopathology for
accurate correlation. Ultra-high field MRI analysis of Biobank tissue could be used as
‘ground-truth’ exploration for biomarkers of clinical need. In rectal cancer, further MRI
sequences are required for more accurate assessment of tumour extent, and
radiotherapy response prediction. There are currently no rectal cancer studies in DTIMRI. Ultra-high field MRI analysis of rectal cancer Biobank tissue ex vivo could provide
microscopic DTI-MRI images to be correlated with histopathology, and exploration of
whether FA of the stromal microenvironment is useful in assessment of tumour extent
and radiotherapy response.
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1.2 PhD HYPOTHESES AND AIMS
Hypothesis A (Clinical MRI Study)
Multi-parametric MRI, consisting of DWI and DCE, performed before, during and after
CRT is predictive of treatment outcome in locally advanced rectal cancer, with
histopathology of the resected tumour being the reference standard.
Aim 1
To prospectively evaluate before, during and after CRT multi-parametric MRI (DWI and
DCE) at 3.0 tesla for therapeutic response prediction in locally advanced rectal cancer.
A whole tumour heterogeneity analysis will be performed, and MRI biomarkers will be
correlated with histopathology tumour regression grade (TRG).
Hypothesis B (Clinical MRI study)
Functional MRI (DWI and DCE) is predictive of 2 year disease-free survival in patients
with locally advanced rectal cancer.
Aim 2
To correlate functional MRI biomarkers (DWI and DCE) performed before, during, and
after CRT with 2 year disease-free survival.
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Hypothesis C (Ex-vivo ultra-high field MRI study)
Ultra-high field MRI can image Biobank cancer tissue at microscopic resolutions, thereby
allowing for correlation with histopathology ‘ground-truth’ and screening for novel MRI
biomarkers of tumour extent, heterogeneity and treatment response. Ex vivo findings
will form the basis for the development of novel in vivo MRI techniques, establishing a
translational pathway from ultra-high field MR into the clinic for assessment of tumour
extent and prediction of treatment response.
DTI-MRI can assess stromal heterogeneity in rectal cancer, thereby allowing for more
accurate delineation of rectal cancer extent and staging.
Aim 3
To establish a framework for diffusion MRI analysis of Biobank cancer tissue ex vivo for
MRI biomarker discovery.
Aim 4
To examine DTI-MRI derived imaging biomarkers of rectal cancer stromal heterogeneity
and tumour extent, ex vivo. Specifically, the stromal microstructure of rectal cancer and
adjacent normal rectum will be examined by ultra-high field DTI-MRI at 11.7 tesla ex
vivo, and the MRI findings correlated with histopathology.
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Literature review
This chapter comprises:
1. A published literature review that was completed for this PhD research on the
role of functional MRI for therapeutic response prediction in rectal cancer
(submitted on 23 December 2015, and accepted for publication on 3 January
2017).
2. An updated literature review on functional MRI for therapeutic response
prediction in rectal cancer.
3. An updated literature review on ultra-high field MRI in rectal cancer.
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ABSTRACT
Despite advances in multimodality treatment strategies for locally advanced rectal cancer and improvements in
locoregional control, there is still a considerable variation in response to neoadjuvant chemoradiotherapy (CRT).
Accurate prediction of response to neoadjuvant CRT would enable early stratification of management according to good
responders and poor responders, in order to adapt treatment to improve therapeutic outcomes in rectal cancer. Clinical
studies in diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) MRI have shown promising results
for the prediction of therapeutic response in rectal cancer. DWI allows for assessment of tumour cellularity. DCE-MRI
enables evaluation of factors of the tumour microvascular environment and changes in perfusion in response to
treatment. Studies have demonstrated that predictors of good response to CRT include lower tumour pre-CRT apparent
diffusion coefficient (ADC), greater percentage increase in ADC during and post CRT, and higher pre-CRT Ktrans. However,
the mean ADC and Ktrans values do not adequately reflect tumour heterogeneity. Multiparametric MRI using quantitative
DWI and DCE-MRI in combination, and a histogram analysis technique can assess tumour heterogeneity and its response
to treatment. This strategy has the potential to improve the accuracy of therapeutic response prediction in rectal cancer
and warrants further investigation.

INTRODUCTION
Advances in multimodality treatment strategies over the
past decades have contributed to an improvement of outcomes for patients with rectal cancer. The combination of
neoadjuvant chemoradiotherapy (CRT) and standardized
surgical technique (total mesorectal excision) has led to an
improvement in locoregional control, with local recurrence
rates dropping from 20–30% to 7–10% for patients with
locally advanced disease (T3–4 and/or N1–2).1,2 Neoadjuvant CRT followed by a 6- to 8-week break prior to
surgery has the advantage of tumour downstaging, with
a pathological complete response (pCR) achieved in
15–27% of patients.3 Despite these advances, tumour
responses to CRT still vary considerably, with 54–75% of
patients having tumour downstaging and the remainder
having no treatment response.4 The reason for this variation in treatment response is not well understood, and at
present, there is no accurate method of predicting treatment response. Furthermore, distant metastases still

predominate with a 5-year cumulative incidence of 30% in
locally advanced (T3–4) resectable rectal cancer shown in
a pooled analysis of ﬁve Phase III randomized trials.2
More accurate imaging biomarkers for the prediction and
assessment of radiotherapy response would enable early
stratiﬁcation of patients into different prognostic groups
and a personalized treatment approach. Identiﬁcation of
patients with a clinical complete response prior to surgery
would enable optimization of the surgical approach with
“organ-preserving” procedures, which would result in
a reduction in surgical morbidity. It has been proposed that
patients with a clinical complete response may be able to
avoid surgery with a “wait and watch” policy;5 however,
accurate identiﬁcation of patients with complete response
is crucial for this approach to minimize the risk of recurrence. Early detection of poor responders to CRT would
provide the opportunity for these patients to proceed directly to surgery thereby avoiding morbidity of CRT or for
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intensiﬁed treatment regimens such as second-line chemotherapy or higher radiation dose to maximize therapeutic response.
Functional imaging predictive biomarkers may be able to guide
individualization of patient treatment in order to maximize
therapeutic outcomes and minimize treatment toxicity. MRI has
the beneﬁt of sampling the whole tumour and can be repeated
on multiple occasions unlike biopsy. Conventional pre-operative
staging investigations and histological examination of tissue biopsies are not capable of predicting individual treatment response. Although MRI using standard morphological sequences
(T2 weighted) is important for staging and treatment planning,6
it is inadequate for prediction and assessment of individual response to CRT. Current predictive models require pathological
staging, making them unsuitable for use as a pre-treatment
decision support tool.2,7 Recent research efforts have focused on
using physiological information from functional MRI techniques to more accurately predict treatment response; however,
the clinical role of functional MRI is yet to be deﬁned.
This expert review assesses the current status on functional MRI,
from the clinical utility in prediction of CRT response through
to the ex vivo analysis and characterization of rectal cancer. This
review summarizes the existing literature on clinical potential of
diffusion-weighted imaging (DWI) and dynamic contrastenhanced (DCE) MRI in prediction of CRT response, prognosis and biological characterization of tumour and the ex vivo
high-ﬁeld MR spectroscopy (MRS) in the metabolic characterization of rectal cancer.
Potential benefits of MRI/MR
spectroscopy biomarkers
The development and discovery of MRI/MRS biomarkers can
improve the clinical management of rectal cancer. The foreseeable beneﬁts are:
(i) MRI/MRS provides a non-invasive technique that can assess
the entire tumour region, thereby yielding information
about tumour heterogeneity and avoiding sampling error
associated with conventional biopsy techniques.
(ii) New MRI/MRS biomarkers will better reﬂect patient
prognosis and response to different treatment options, thus
facilitating individually tailored medical management and
monitoring of outcomes. This can enable early stratiﬁcation
of patients into high-risk groups, for de-escalation of
treatment (e.g. exclusion of surgery or sphincter-sparing
techniques in patients with pCR) or low-risk groups for
intensiﬁcation of treatment.
FUNCTIONAL MRI FOR CLINICAL THERAPEUTIC
RESPONSE PREDICTION AND ASSESSMENT IN
RECTAL CANCER
The development of functional MRI sequences has enabled the
assessment of different biological tumour characteristics and is
an important advance in imaging evaluation in oncology.
Standard morphological MRI (T2 weighted) has been shown to
have signiﬁcant correlation with survival outcomes in the MRI
and Rectal Cancer European Equivalence (MERCURY) study,8
a large prospective trial assessing the prognostic signiﬁcance of
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post-CRT MRI assessment of tumour regression grade (TRG).
However, volumetric measurements based on standard morphological MRI lack sufﬁcient accuracy for the differentiation of
treatment responders from non-responders because of their
inability to detect small residual tumour deposits within areas of
radiation-induced ﬁbrosis. Functional MRI biomarkers have
been documented to have greater potential compared with
standard T2 weighted sequences in the assessment of therapeutic
response in patients with locally advanced rectal cancer undergoing neoadjuvant CRT.9 The clinical utility of these functional MRI biomarkers in rectal cancer is still yet to be deﬁned.
DIFFUSION-WEIGHTED MRI
DWI is a functional MRI technique which is sensitive to the
movement of water molecules through the body. The apparent
diffusion coefﬁcient (ADC), a quantitative parameter used for
assessment of water diffusion through tissue, shows an inverse
relationship with tissue cellularity.10 Viable tumour cells restrict
the mobility of water, whereas necrotic tumour cells allow increased diffusion of water molecules. Increasing tumour cellularity and architectural distortion of the extracellular space will
contribute to decreased ADC values. The ADC values have been
shown to correlate with tumour cellularity and grade.11 The
ADC has been shown to differentiate post-treatment persistent
tumour from inﬂammation and necrosis, making it a useful tool
to monitor effects of radiotherapy. Radiotherapy-related cellular
damage leading to necrosis can occur within days of initiating
therapy. The ability to detect changes in tumour microstructure
allows DWI to be used for early treatment predictions.12,13
Prediction and assessment of primary
tumour response
Prospective studies have evaluated the use of DWI in the prediction and assessment of primary response to CRT in rectal
cancer. The majority of these studies demonstrated ADC to be
useful for distinguishing good responders from poor responders,
with the standard histological reference based on TRG. The key
ﬁndings in prospective studies of DWI for assessment of CRT
response are shown in Table 1. In general, studies demonstrated
predictors for good responders have a lower pre-CRT ADC value
and a greater percentage increase in ADC during and post CRT.
Performance of pre-treatment ADC values for prediction of
good responders is variable between small prospective studies,
with sensitivities, speciﬁcities, positive-predictive values (PPVs)
and negative-predictive values (NPVs) ranging from 62% to
100%, 86–91%, 67–79%, and 62–100%, respectively.13–15 One
study16 demonstrated that pre-treatment ADC was not a significant predictor of treatment response. The performance of posttreatment percentage increase (41–59%) in ADC for detection of
good responders produced PPV and NPV ranging from 82 to
91% and from 43 to 94%, respectively.15,16 In another study,17
a post-treatment mean ADC cut-off of 1.045 3 1023 mm2 s21
was associated with a sensitivity and speciﬁcity of 75% and
100%, respectively. These DWI studies used echo planar imaging
(EPI) and multiple b-values (range between 0 and 1000).
However, there were a number of differences that may account
for the variations in results observed between studies. The
standardization of MRI protocols is important to compare
quantitative studies; the differences in the number of b-values
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Table 1. Diffusion-weighted imaging (DWI) MRI studies—assessment of neoadjuvant chemoradiotherapy response

Study

n

MRI
time points

MRI variable

Result—direction of
correlation with
histopathology

Significance

TRG (Mandard)

Pre-ADC
,1 3 1023mm2 s21
correlation (1) with TRG4

p 5 0.0011

Good responders TRG1–2
vs non-responders TRG3–5

During: higher %DADC
correlation (1) with
responders

p , 0.0001

TRG (Mandard)

Pre-ADC (0.95
good response vs 1.12
moderate response)

p , 0.001

Post-ADC

NS

DADC (%) (50 vs 23)

p , 0.001

DADC (absolute) (0.43
vs 0.26)

p , 0.001

Pre-ADC

NS

Histopathology
response

Primary tumour response

Barbaro
et al (2012)13

Intven
et al (2013)15

Monguzzi
et al (2013)16

Kim
et al (2011)55

Cai
et al (2013)56

62

59

31

34

15

1.5 T
Pre, during
and post

3T
Pre

1.5 T
Pre and post

3T
Pre, during
and post

1.5 T
Pre CRT, weekly
during CRT

ADC (median)
%DADC

ADC (median)
Good response TRG1–2 vs
moderate
response TRG3–5
ADC (median)

TRG (Mandard)

Post-ADC (1.3 vs 1.2)

p 5 0.004

DADC

Good responders TRG1–2
vs
non-responders TRG3–5

DADC (%)

NS

DADC (absolute) (0.5
vs 0.4)

p , 0.05

TRG (Mandard)

Pre-ADC

NS

Good responders TRG1–2
vs
non-responders TRG3–5

Early DADC

NS

TRG (Dworak)

Pre-ADC

p 5 0.021

Good response TRG3–4

Weekly ADC—comparison
with pre-ADC:

ADC

ADC (mean)
Poor response TRG0–2

Musio
et al (2013)57

Carbone
et al (2012)58

22

14

3T
Pre, during, post

1.5 T
Pre, post

Week 1 ADC

NS

Week 2 ADC (increasecorrelation with GR)

p 5 0.004

Week 3 ADC

NS

Week 4 ADC

NS

Week 5 ADC

NS

Pre-ADC—no signiﬁcant
difference

NS

Responders: DADC from
pre to during in responders

p , 0.05

ADC (mean)

Histological responders:
Downstaging/reduction in
T or N staging
Non-responders: stable or
progressive disease

Non-responders: DADC

NS

DWI volume

TRG (Mandard)

Pre-VDWI

NS

(VDWI) vs T2W
volume (Vc)

Good responders TRG1–2
vs
non-responders TRG3–5

Post-VDWI (4 responders
vs 13 non-responders)

p 5 0.004

ADC (mean)

Histological malignant
nodes vs benign nodes

DWI vs T2W or DWI 1
T2W: no improvement in
identiﬁcation of
malignant nodes

NS

Nodal response
Lambregts
et al (2011)18

30

1.5 T Post

ADC, apparent diffusion coefficient; NS, not significant; T2W, T2 weighted; TRG, tumour regression grade.
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and b-values used in the protocols could result in differences in
the ADC maps produced, making it difﬁcult to compare studies.
The imaging analyses and quantiﬁcation methods varied between studies; Lambrecht et al14 deﬁned the region of interest
(ROI) on b 5 0 and b 5 1000 images; Barbaro et al13 deﬁned the
ROI on ADC maps, matching with corresponding T2 weighted
images, and Intven et al15 used in-house software for their
analysis.
A meta-analysis by van de Paardt et al,9 which included six DWI
studies, has compared the performance of DWI with standard
morphological MRI (T2 weighted) in assessment of treatment
response post CRT. DWI showed signiﬁcantly better results for
tumour re-staging compared with standard morphological
sequences. They found that DWI had a mean sensitivity of
83.6% (95% CI 61.7–94.2%) and speciﬁcity of 84.8% (95% CI
74.2–91.5%). Studies with experienced observers showed signiﬁcantly better results, with higher sensitivity for re-staging,
than studies with less experienced observers.
There are limited prospective studies examining the value of
DWI during CRT.13,14 These studies showed that the percentage
increase in ADC during Week 2 of CRT was predictive of response. This is potentially useful in identifying poor responders
early during treatment, to provide an opportunity to change the
treatment approach and to prevent them from proceeding with
likely futile treatment. Further investigation of DWI performed
during CRT is warranted.
ADC cut-off values for response in studies were chosen on an ad
hoc basis and still require prospective validation in larger patient
populations. Furthermore, there was a wide variation in performance of ADC values demonstrated between studies. Although promising, DWI currently lacks sufﬁcient accuracy for
clinical use to stratify patients into adaptive management
pathways. The above rectal cancer diffusion studies used conventional single-shot EPI. More recent improvements in these
sequences, such as readout segmented diffusion technique
(RESOLVE), have improved detail and decreased image distortion compared with standard EPI diffusion. The beneﬁt of RESOLVE for therapeutic response prediction warrants further
investigation in rectal cancer.
Assessment of nodal response
The van der Paardt meta-analysis found that MRI, including
standard morphological sequences and DWI studies, cannot
discriminate nodal response to treatment.9 However, it was not
speciﬁed how many DWI studies formed part of this analysis.
One DWI prospective study of 30 patients by Lambregts et al18
speciﬁcally assessed the performance of ADC for nodal staging
after completion of CRT. They found that DWI on its own was
not reliable and did not improve accuracy of nodal staging when
performed in addition to T2 weighted sequences.
Identification of pathological complete response
Between 15% and 27% of patients will have a pCR following
CRT. This represents an important subgroup of patients in
whom surgery could be avoided with a “wait and watch” policy,
or morbidity of surgery can be reduced with sphincter-sparing
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surgical techniques. Accurate identiﬁcation of these patients is of
great importance prior to considering more conservative management options. There are only 5 small prospective
studies14,15,19–21 assessing the role of DWI in detection of pCR;
the remainder of studies are retrospective series.22–24 The key
ﬁndings from these studies are summarized in Table 2. The
majority of these studies have shown that it is possible to identify
patients with pCR through early prediction pre CRT or assessment post CRT.
Multiple studies14,15,19 have found that a lower pre-treatment
mean ADC had value in prediction of patients who went on to
have a pCR, although this was not signiﬁcant in Genovesi et al.19
Lambrecht et al14 studied DWI performed at multiple time
points for the assessment of pCR in a prospective study of
20 patients. They found that pre-CRT ADC had a sensitivity of
100% and speciﬁcity of 86% in prediction of pCR.
In the post-CRT assessment of CRT response, Intven et al15 and
Genovesi et al19 found that change in the ADC post CRT could
identify pCR, with diagnostic accuracy of 98% and 91% in the
studies, respectively. Lambrecht et al14 found that ΔADC post CRT
was also useful in the detection of pCR. These results have not
always been replicated, with some investigators ﬁnding that DWI
does not unequivocally determine pCR.20 A large retrospective
multicentre study22 of 120 patients found that the addition of DWI
to standard morphological sequences improved the selection of
pCR after CRT. DWI analysis by observers in this study was
qualitative and therefore did not use the ADC values. With T2
weighted MRI alone, the sensitivity for identiﬁcation of pCR was
poor ranging from 0% to 40%. The addition of DWI improved the
sensitivity to 52–65% and had a speciﬁcity of 89–98%.
It is difﬁcult to accurately identify pCR on DWI alone, and this
modality may need to be combined with another modality. It is
expected that in patients with no residual tumour, diffusion will
be freer and restriction will not remain on the post-CRT scan.
However, a study25 assessing the post-CRT DWI of patients with
conﬁrmed pCR has shown that this is not always the case. Jang
et al25 retrospectively reviewed post-CRT DWI of 43 patients who
had undergone neoadjuvant CRT, subsequent surgery and achieved pCR. They reported diffusion restriction remained in 42%
of patients with pCR. Radiation proctitis and ﬁbrosis, demonstrated on histopathology, were signiﬁcant independent predictors
of diffusion restriction in patients achieving pCR after CRT. This
study has shown that even in the absence of residual tumour,
restricted diffusion can still occur as a result of radiation-induced
ﬁbrosis, making it difﬁcult to accurately identify all patients with
pCR on DWI alone. A study by Maas et al21 on 50 patients found
that post CRT, qualitative T2 weighted imaging and DWI had low
sensitivity of 35% and speciﬁcity of 94% for the prediction of
pCR. However, combining MRI with clinical assessment, consisting of digital rectal examination and endoscopy, improved the
prediction of pCR with a post-test probability for predicting pCR
of 98%. This study demonstrated that DWI alone is poor at
detecting pCR and needs to be combined with another modality.
Joye et al26 performed a systematic review on the role of DWI in
the prediction of pCR in response to CRT. Pooled data from
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Table 2. Diffusion-weighted imaging (DWI) MRI studies—identification of pathological complete response (pCR)—ypT0 vs non-pCR
after chemoradiotherapy

Study

Lambrecht
et al (2012)14

n

20

Genovesi
et al (2013)19

28

Engin et al (2012)20

30

MRI timing

1.5 T Pre,
during, post

MRI variable

Significance

ADC (mean)

Pre-ADC (0.94 pCR vs
1.19 non-pCR)

p , 0.003

DADC (%)

During DADC (72 vs 16) and
post-DADC (88 vs 26) higher
in pCR

p 5 0.0006

ADC (mean)

DADC (%) (77.2 pCR vs
36 non-pCR)

p 5 0.05

DADC (%)

DADC (%) better than T2W
Dvolume (%) in detection
of pCR

p 5 0.022

DWI qualitative—SI,
ADC (mean)

Post-DSI and Post-DADC

NS

Pre, post

Pre, post

Result

p 5 0.0011

Detection of pCR: sensitivity
35%, speciﬁcity 94%
Maas et al (2015)21

Lambregts
et al (2011)22

Sassen et al (2013)23

Curvo-Semedo
et al (2011)24

Ha et al (2013)59

Combining T2W, DWI and
clinical assessment improves
detection of pCR post-test
probability 98%

50

1.5 T Post

T2W and DWI—qualitative

120
(multicentre)

1.5 T Post

Qualitative

Detection of pCR:
DWI vs T2W alone (sensitivity
52–64% vs 0–40%, speciﬁcity
the same 89–98%)

70

1.5 T
Pre, post

T2W vs addition DWI—
qualitative

DWI improved interobserver
agreement

p 5 0.005

ADC and DADC (%)

NS

1.5 T
Pre, post

ADC
DADC (%)
ADC volume vs
T2W volume

Post-ADC volume (0.03 pCR vs
1.5 non-pCR) and Dvolume
(2100 vs 290) better than T2W
in detection pCR

p , 0.001
p , 0.001

Pre-VDWI—no signiﬁcant
difference

NS

Post-VDWI (0.8 pCR vs
3.5 non-pCR)

p , 0.001

Pre-ADC—no signiﬁcant
difference

NS

Post-ADC (1.33 vs 1.13)

0.002

50
(single
centre)

100

1.5 T
Pre, post

VDWI (pCR: Dworak
grade 4)

ADC, apparent diffusion coefficient; NS, not significant; SI, signal intensity; T2W, T2 weighted; VDWI, DWI volume.

9 studies with a combined total of 226 patients demonstrated
that the ADC pre CRT was unable to predict for pCR with
a sensitivity of 69%, speciﬁcity of 68%, PPV of 35% and NPV of
90%. Pooled data from 10 studies with a combined total of
315 patients found that the ADC post CRT had sensitivity of
78%, speciﬁcity of 72%, PPV of 47% and NPV of 91% for
detection of pCR. However, the lack of standardization of MRI
protocols and image quantiﬁcation methods between different
centres would limit the potential of pooled analysis.
DYNAMIC CONTRAST-ENHANCED MRI
DCE-MRI provides functional information on tumour microvessel perfusion, permeability and extracellular-extravascular space
composition by assessing the changes in signal intensity over time
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following intravenous injection of a paramagnetic contrast agent.
ROIs may be interrogated to produce enhancement–time curves
with malignant tumours, due to their abnormal microvasculature,
demonstrating a rapid washin and washout of contrast and
a greater increase in signal intensity than in normal tissues.10,27
DCE-MRI may be able to assess characteristics of the tumour
vascular microenvironment, such as hypoxia and microvascular
density that inﬂuence radiotherapy response, and also vascular
changes induced by radiotherapy. DCE-MRI can potentially assess
tumour downstaging, therefore distinguishing good responders
from poor responders to treatment. The perfusion characteristics on DCE-MRI can be analysed either in a quantitative28 or
qualitative technique, hence the published studies are difﬁcult
to compare. Quantitative analysis involves modelling the
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pharmacokinetics of an intravenously administered contrast
agent and requires correction for T1 pre-contrast. Investigation
into DCE-MRI is sparse, and its clinical role in response prediction and assessment and optimal evaluation technique is yet
to be established.
Prediction of therapeutic response
Several quantitative studies assessing tumour response with
DCE-MRI have shown that higher contrast exchange rates pre
CRT, which indicates higher tumour permeability, are associated
with better therapeutic response to CRT. Key ﬁndings from
studies evaluating the role of DCE-MRI in therapeutic response
assessment are shown in Table 3. In a prospective study of

95 patients, a higher pre-treatment K21 (contrast medium exchange in the Brix pharmacokinetic model) was signiﬁcantly
associated with good treatment response, deﬁned as posttreatment pT0-2N0 Union for International Cancer Control
(UICC) stage.29 On multivariate analysis, a higher 75th percentile K21 was associated with a higher tumour response rate,
whereas the DCE-MRI quantitative parameters—amplitude and
time to peak—were not associated with tumour response. In
addition, mucinous tumour morphology was signiﬁcantly associated with poorer response to treatment. Other quantitative
studies demonstrated higher pre-CRT Ktrans (contrast medium
exchange in the Tofts pharmacokinetic model) was predictive
of tumour response.30,31 Intven et al30 found in a study of

Table 3. Dynamic contrast-enhanced (DCE) MRI studies—assessment of chemoradiotherapy response and prognosis

Study

De Vries
et al (2014)38

Martens
et al (2014)33

Oberholzer
et al (2013)29

Intven
et al (2014)30

Lim
et al (2012)32

n

83

30

95

51

39

MRI
time
points

1.5 T
Pre

1.5 T
Pre, post

1.5 T
Pre

3T
Pre, post

3T
Pre,
during, post

MRI variable

Semi-quantitative
PI

Semi-quantitative
Initial slope
Initial peak
Late slope
AUC 60, 90, 120 s

Quantitative/
semi-quantitative
K21
A
TTP

Quantitative
Ktrans
Median (50th
percentile)
p25 (25th
percentile)
p75 (75th
percentile)

Quantitative
Ktrans
Ve

Histopathological
Physiological variable

Result

Significance

Responders: yp10-2
Non-responders: ypT3
DFS
OS

PI lower in responders than
non-responders (7.6 vs 9.8)
Mean follow-up 71 (629)
months
PI-predicted DFS (HR
1.85)
PI-predicted OS (HR 1.42)

TRG (Mandard):
Good responders TRG1–2
Non-responders TRG3–5

Late slope (20.05 3 1023
GR vs 0.62 3 1023 PR)
Other parameters—no
signiﬁcant difference

Responder—downshift in
UICC stage vs
non-responder—no
downshift
Good responder ypT0–2N0

TRG (Mandard)
Good responder TRG1–2 vs
non-responder TRG3–5

TRG good responder
TRG1–2 vs non-responder
TRG3–5 TNM
down-staging

p , 0.001
p , 0.001
p 5 0.04
p , 0.001
NS

K21—higher in responders
vs non-responders

p , 0.001

TTP—difference between
responders and
non-responders

p , 0.025

A—75th percentile lower in
responders

p 5 0.016

K21—high 75th percentile
—higher response

p 5 0.019

Pre-Ktrans median (0.48 GR
vs 0.39 PR)

p 5 0.024

Post-Ktrans median (0.33
GR vs 0.39 PR)

p 5 0.024

DKtrans (%) (234 GR vs
21.2 PR)

p , 0.001

Ktrans no signiﬁcant
correlation with TRG

NS

good-responders vs
non-responders

p 5 0.0215

Pre- and early-Ktrans higher
in TNM downstaging

NS

Ve—no correlation
A, amplitude; AUC, area under the curve; HR, hazard ratio; NS, not significant; PI, perfusion index; TRG, tumour regression grade; TTP, time-to-peak
signal intensity; PR, poor responder; GR, good responder; DFS, disease free survival; Ktrans, transfer constant between blood plasma and extravascular
extracellular space; Ve, extravascular extracellular fractional volume; OS, overall survival.
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51 patients that pre-CRT Ktrans (50th percentile) was signiﬁcantly
higher in patients with good therapeutic response as deﬁned by
Mandard TRG 1–2. Similarly, George et al31 showed that responsive
tumours had higher pre-treatment Ktrans than non-responsive
tumours. This result was also demonstrated in Lim et al,32 although
not signiﬁcant. Results on the predictive value of post-CRT DCEMRI were less clear, with Intven et al30 and George et al31 demonstrating a correlation between a reduction in post-CRT Ktrans and
good response, and Lim et al showing no correlation.
The role of DCE-MRI derived quantitative parameters in the
prediction of therapeutic response to CRT was explored in
a study of 30 patients by Martens et al.33 Six semi-quantitative
parameters from pre-CRT and post-CRT DCE-MRI were investigated: (i) initial slope, (ii) initial peak, (iii) areas under the
ﬁrst 60, 90 and 120 s of the enhancement curve and (iv) late
slope. Only pre-CRT late slope was able to discriminate between
good and poor responders to treatment (20.05 3 1023 vs
0.62 3 1023, p , 0.001).
There are a variety of quantitative measurements that can be
obtained from DCE-MRI that can be obtained through a simple
approach or through pharmacokinetic quantiﬁcation models. A
simple analysis uses a curve descriptor to characterize the signal
intensity curve.34 Examples of this include area under curve and
initial peak used in the study by Martens et al.33 Pharmacokinetic modelling includes the Brix and the Tofts models. K21 is
derived from the original Brix model,35 a simple linear twocompartment model that does not require T1 mapping or arterial input function measurements. K21 can measure the rate
constant between the extravascular extracellular space and
plasma, but a major disadvantage is that it does not measure
perfusion. There has been a shift towards using the Tofts model,
which provides values that more closely represent pathophysiological processes, such as perfusion. Kep in the Tofts model can
measure rate constant between extravascular extracellular space
and plasma, a value similar to K21 in the Brix model. Ktrans in the
Tofts model is the inﬂux volume transfer constant from the
plasma into the extravascular extracellular space. The calculation
of Ktrans requires pre-contrast T1 measurement and takes into
account the arterial input factor, hence this parameter more
closely represents physiological perfusion.28,36 At present, Ktrans
appears to be the most promising parameter for the prediction
of treatment response in rectal cancer.
Most DCE-MRI studies assess therapeutic response in the primary
tumour. There is a lack of studies on the potential of DCE-MRI
in nodal therapeutic response assessment. The ability of DCE-MRI
to assess nodal response to treatment has been explored only in a
study of 55 patients who underwent DCE-MRI following
completion of CRT. In this study, Alberda et al37 assessed the
accuracy of qualitative DCE-MRI methods, with histopathological assessment of nodes being the standard reference. They
found that early incomplete arterial phase enhancement on
DCE-MRI was a signiﬁcant indicator of malignant nodes.
Prognostic value
The prognostic value of DCE-MRI in rectal cancer has been
investigated by DeVries et al.38 In a prospective study of
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83 patients with T3 rectal cancer undergoing neo-adjuvant CRT,
DeVries et al investigated the value of the pre-CRT perfusion
index, a microcirculatory parameter which integrates information on ﬂow and permeability, in the prediction of therapeutic disease-free survival and overall survival. A lower pretreatment mean perfusion index was found to be signiﬁcantly
predictive of therapy response (deﬁned as ypT0-2). After a mean
follow-up of 71 6 29 months, the perfusion index signiﬁcantly
predicted disease-free survival (hazard ratio 1.84, p , 0.001) and
overall survival (hazard ratio 1.42, p 5 0.04), with patients with
lower perfusion index having worse survival.
Biological correlation
DCE-MRI allows functional characterization of biological changes
in the tumour microvasculature.27 The ﬁndings from studies
correlating DCE-MRI with tumour biological characteristics are
summarized in Table 4. Clinical DCE-MRI studies in rectal cancer
have shown correlation of DCE-MRI parameters with variables of
tumour angiogenesis relevant to radiation response.29,31,39–41 A
prospective study39 of 17 patients showed that DCE-MRI can be
used to assess radiation-induced changes in tumour vasculature.
Radiotherapy inhibits tumour angiogenesis, which correlated with
a signiﬁcantly lower microvessel density (MVD) compared with
non-irradiated tumours. Similarly, Kps, the endothelial transfer
coefﬁcient, was found to be 77% (p 5 0.03) lower in the
radiotherapy-treated group. Hong et al42 also showed that DCEMRI could be used to assess tumour angiogenesis. The semiquantitative parameter of Emax (maximal enhancement) had
a signiﬁcant correlation with microvessel count.
Yeo et al40 performed a retrospective analysis of pre-operative
DCE-MRI in 31 patients undergoing surgery alone, and pre-CRT
and post-CRT DCE-MRI in 15 patients undergoing CRT.
Quantitative parameters including Ktrans, Ke, Ktrans, Kep, extravascular extracellular fractional volume (Ve), and initial area under the
concentration curve in 60 seconds (iAUC) were correlated with
histological markers of tumour aggressiveness [expression of epidermal growth factor receptor (EGFR) and KRAS gene mutations],
tumour angiogenesis (MVD) and vascular endothelial growth
factor (VEGF). They found that a higher mean Ktrans and Kep
correlated with increased tumour aggressiveness, as indicated by
the presence of an EGFR mutation. Furthermore, the mean Kep
from the high Ktrans area had a signiﬁcant positive correlation with
MVD (higher mean Kep, correlated with greater MVD). However,
there was no correlation between DCE-MRI and VEGF in this
study. In another study by George et al,31 there was a correlation in
Ktrans and VEGF before treatment; however, this correlation was no
longer present after the commencement of treatment.
MR SPECTROSCOPY: METABOLIC IMAGING
MRS is an important tool for studying cancer metabolism. It can
improve the understanding of the altered metabolic pathways in
cancer and identify new metabolic biomarkers for treatment response prediction, prognosis and novel therapeutic targets. The
discovery of an activated choline metabolic pathway in cancer was
mostly due to MRS studies of tumours in the 1980s.43 This
pathway is characterized by increased choline-containing compounds, such as phosphocholine, glycerophosphocholine and
total choline-containing compounds, which are detectable by
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Table 4. Dynamic contrast-enhanced (DCE) MRI studies—correlation with biological characteristics

Study

de Lussanet
et al (2005)39

George
et al (2001)31

Zhang
et al (2008)41

MRI
time
points

n

17

31

38

1.5 T

1.5 T

3T

MRI
variable

Kps

ln K

trans

ERpeak
Tpeak
Tﬁrst-enhance
Uptake rate

Histopathological
Physiological variable

Result

Micro-vessel density (MVD)
(scored by CD31, CD34)
Tumour cell and endothelial
cell proliferation (scored by
expression of Ki67 protein)
Treated (n 5 7)—long
radiotherapy
Non-treated (n 5 10)—short
radiotherapy or no
radiotherapy

Kps 77% lower in treated than
non-treated
MVD 37% lower in treated
than non-treated
Tumour cell proliferation
reduced in both long RT and
short RT

p 5 0.03
p 5 0.03

Serum VEGF
Radiological (MR) response
by World Health
Organization criteria: CR vs
partial response (50%
decrease in size), progressive
disease (increase $25% size
or new lesions, stable disease

Pre-ln Ktrans correlated with
VEGF
Post-ln Ktrans no correlation
with VEGF
Pre-ln Ktrans higher in
responders than
non-responders (20.46 vs
20.72)
Post-ln Ktrans—signiﬁcant
reduction in responders
compared with pre-ln Ktrans
(20.86)

p 5 0.01
NS
p 5 0.03
p 5 0.04

Histopathological
MVD, VEGF

Rectal cancer vs normal
rectum:
ERpeak higher
Uptake rate higher
Tpeak earlier
Tpeak negative correlation
with MVD
Tpeak earlier for VEGF1
ERpeak, uptake rate and Tpeak
no correlation with
MVD/VEGF

p , 0.001
p , 0.001
p 5 0.027
p 5 0.01
p 5 0.021
NS

Significance

CR, complete response; ERpeak, peak enhancement ratio; NS, not significant; Tpeak, time to peak enhancement; RT, radiotherapy; Tfirst-enhance, first
enhancement time; VEGF, vascular endothelial growth factor; Kps, endothelial transfer co-efficient; Ktrans, volume transfer constant between blood
plasma and extravascular extracellular space.

non-invasive MRS. The increased choline compounds are caused
by malignant transformation and the hypoxic and acidic microenvironment of tumour. Enzymes of choline metabolism, such as
choline kinase, may provide novel therapeutic targets.
MRS is a unique technique that can be applied with high
resolution, as an initial ex vivo metabolic screening tool on
tissue samples, and then translated into lower resolution in vivo
MRS protocols for clinical use. MRS can identify the “spectral
ﬁngerprint” of cancer subtypes due to its ability to detect
multiple tissue-speciﬁc metabolites in a single experiment. It is
a quantitative technique with the intensities of MRS signal
being directly related to metabolite concentration.44 Analysis of
intact tissue using standard MRS techniques result in spectra
with lower resolution than normal liquid-state spectra. The
resolution of tissue spectra can be improved by applying highresolution magic angle spinning, a specialized MRS technique
that detects high-resolution spectra by spinning solid tissue
samples at the angle of 54.7°. High-resolution magic angle

8 of 14 birpublications.org/bjr

spinning proﬁling of intact tissue produces spectra that approach the resolution of solution-state samples.45 An advantage of this technique is that tissue sample preparation results
in minimal tissue destruction, allowing for correlation with
histological and molecular analysis of the same tissue sample
post MR analysis.
Ex vivo MR spectroscopy: prediction of disease
behaviour and survival
A small number of studies have highlighted the potential of
metabolic proﬁle derived from ex vivo MRS tissue analysis in
predicting disease behaviour46 and survival outcomes.47,48 The
key ﬁndings are summarized in Table 5. Pacholczyki-Sienicka
et al47 analysed frozen tissue samples from surgical specimens
of 52 patients with colorectal cancer who underwent surgery
using 700.33-MHz (16.4-T) proton (1H) MRS. Survival time
was deﬁned as the interval from surgery until death or the end
of a 5.5-year observation period. They found that long-term
survival in patients was characterized by lower levels of choline
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compounds (choline, phosphocholine, glycerylphosphorylcholine), glycine, lactate and myo-inositol compared with
non-survivors. Choline compounds have been found to be
associated with malignant transformation, therefore this ﬁnding of a lower level of choline compounds in long-term
survivors is biologically plausible. In addition, they found that
an increase in taurine/glycine (sensitivity 64% and speciﬁcity
96%) and taurine/myo-inositol (sensitivity 65% and speciﬁcity
100%) ratios were signiﬁcantly higher in survivors than in
non-survivors.
Jimenez et al48 also found that metabolic proﬁling of colorectal
cancer samples was predictive of 5-year survival. However, this
study found that metabolic changes predictive of survival occurred in tumour-adjacent macroscopically normal colon,
5–10 cm from the tumour. The authors suggest this represents
a “ﬁeld cancerization” effect, whereby the tumour affects the
metabolism of its surroundings. However, the metabolic proﬁle
within the tumour specimens was not predictive of survival.
MRS metabolic proﬁling can potentially predict patients at
risk of tumour recurrence.46 Minicozzi et al proposed
a marker of malignancy (MRS-tm) based on the metabolic
ﬁndings in a study by Chan et al.49 MRS-tm was deﬁned as
the ratio between the sum of the amplitudes of increasing
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components with peak between 3.0 and 3.8 ppm (including
choline-containing compounds, taurine, scyllo-inositol and
glycine) to the amplitude of the lipid methylene at 1.3 ppm.
4.7-T 1H-MRS was performed on 29 surgical specimens. The
MRS-tm was calculated for each specimen for tumour compared with healthy mucosa. The results demonstrated
that MRS-tm was higher in tumour than normal mucosa. At
5-year follow-up, they reported statistical signiﬁcance for
tumour MRS-tm when patients were discriminated according
to disease progression (either local recurrence or distant
metastases). 5 of 6 patients with disease progression had
a tumour MRS-tm ,0.1, whereas 16 of 18 disease-free
patients had MRS-tm .0.1 (p 5 0.04).
Clinical MR spectroscopy
One published study50 assessed the use of MRS in vivo in
patients with rectal cancer. Kim et al50 performed 1H-MRS at 3 T
with a 6-channel phased-array pelvic coil in 34 patients with
rectal cancer at diagnosis and after neoadjuvant CRT. They
found that the choline peak at 3.2 ppm was characteristic of
rectal cancer at diagnosis. Following CRT, the choline peak
disappeared and only the lipid peaks remained in 33 patients
post CRT. The study identiﬁed three spectral types and found
that 67% of patients with a post-CRT spectral type containing
lipid peaks at 1.3 and 0.9 ppm at both long and short echo times

Table 5. Ex vivo high-field MR spectroscopy (MRS) studies of colorectal cancer

n

Methods

Tumour findings
(relative to normal
bowel)/prognostic
findings

29 CRC (29 colon, 2 RC, 5
RC after neoadjuvant
chemoradiotherapy)

1
H HR-MAS NMRS
4.7 T
Surgical specimens
Proposed marker of
malignancy (MRS-tm)—
ratio between sum of
amplitudes of increasing
components and amplitude
of lipid methylene

↑ MRS-tm
5-year follow-up:
Local recurrence or distant
disease progression:
MRS-tm ,0.1 in 5/6 cases
Disease-free patients:
MRS-tm $0.1 in 16/18 cases

1
H HR-MAS NMRS 16.4T
Frozen tissue samples

Long-term survival:
↓ glycine, choline,
phosphocholine,
myo-inositol, lactate,
glycerophosphocholine ↑
creatine, glucose, aspargine
Long-term survival:
↑ taurine/glycine, and
taurine/myo-inositol ratio

Rectal cancer:
↑ formate

↑ isoglutamine, choline,
phosphocholine, taurine,
lactate, tyrosine,
phenylalanine ↓ lipids,
triglycerides

Lymph node positive
disease: ↑creatine,
scyllo-inositol, ↓triglycerides
“Field cancerization”
Tumour-adjacent mucosa
had unique metabolic ﬁeld
changes distinguishing TN
stage, 5-year survival
prediction

Study

Minicozzi
et al (2013)46

Pacholczyk-Sienicka
et al (2014)47

52 CRC (22 survivors, 30
non-survivors)

1

Jimenez
et al (2013)48

26 CRC (6 RC, 20 colon)

H HR-MAS NMRS
400-MHz
Frozen tissue samples

Other findings

CRC, colorectal cancer; RC, rectal cancer; 1H HR-MAS, proton high-resolution magic angle spinning; NMRS, nuclear MRS.
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had histological residual tumour. The lipid in normal controls
was present at short echo time only, and the authors hypothesized that the nature of the lipid was different in patients with
residual tumour compared with normal controls. This study
showed that MRS metabolic proﬁling in vivo may have the
potential to identify tumour at diagnosis and changes in the
metabolic proﬁle post CRT may be used to assess treatment
response.
Translation of ex vivo to clinical MR spectroscopy
Choline is currently the most investigated metabolite in ex vivo
and clinical studies. Ex vivo studies have shown higher levels of
choline-containing compounds in colorectal tumour.46,49 Ex
vivo studies have demonstrated lower levels of cholinecontaining compounds and glycine, and higher taurine ratios
in surgical specimens were associated with longer survival in
patients with colorectal cancer.47 The clinical MRS study found
choline to be a potential biomarker of treatment response, with
results showing a choline peak characteristic of rectal cancer at
diagnosis and disappearance of this peak post CRT.50 However,
further clinical studies are required to translate high ﬁeld ex vivo
ﬁndings to clinical protocols and to assess whether choline
would be a useful biomarker in the assessment of response to
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CRT (good vs poor response) and prediction of survival. Clinical
studies are also required to assess whether taurine and glycine
are useful clinical biomarkers in rectal cancer treatment response. Furthermore, there are some challenges in the translation of ex vivo MRS ﬁndings to MRI protocols to current
clinical strengths (1.5–3 T) that need to be overcome. Localization of metabolite, weak metabolite signal relative to the larger
water signal, in vivo can present challenges to clinical
translation.44
FUTURE DIRECTIONS: MULTIPARAMETRIC MRI
AND HISTOGRAM ANALYSIS
Although the evidence for DWI and DCE-MRI is promising,
results from either of these techniques alone currently lack
sufﬁcient accuracy and standardization to be routinely used to
alter clinical patient management. There is a wide variation
reported in the performance of functional MRI in response
prediction. Parameter thresholds obtained from studies require
prospective validation of post hoc values in larger prospective
studies. Most published studies have measured single parameter
values from either diffusion or perfusion MRI. Single-parameter
measurements, such as mean ADC or Ktrans of pixels in the ROI,
do not reﬂect tumour heterogeneity.

Figure 1. Diffusion-weighted imaging (DWI) MRI histogram analysis—apparent diffusion coefficient (ADC) colour-coded maps and
histograms of a patient with good response following neoadjuvant chemoradiotherapy for rectal cancer. Example of ADC histogram
analysis using Siemens OncoTreat (WIP), Erlangen, Germany. This patient had histological American Joint Committee on Cancer
(7th edition) tumour regression grade 1 (moderate response, single cells or small groups of cancer cells). A voxel-by-voxel technique
was used to assess changes in the entire region of interest. (a, c, e) Representative axial colour-coded ADC maps for MRI prechemoradiotherapy (CRT), Week 3 of CRT and post CRT, respectively. (b, d, f) Colour-coded histograms for every voxel within the
segmented region of interest for DWI-MRI pre-CRT, Week 3 of CRT and post-CRT, respectively. Colour code: blue voxels, ADC
values ,1000 3 1026; green voxels, ADC values 1000 2 1500 3 1026; red voxels, ADC values .1500 3 1026. The histograms
demonstrate an increase in the absolute ADC values of voxels over the time points.
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Multiparametric MRI combining multiple functional parameters
can provide a more complete physiological assessment of
tumour, which may improve accuracy in response prediction.
A combined analysis of DWI and DCE-MRI would provide
complementary information on tumour microarchitecture and
cellularity (DWI) and angiogenesis and perfusion (DCE-MRI).51
For example, in the case of pCR, the presence of radiationinduced ﬁbrosis may cause restricted diffusion resulting in low
ADC and inability to detect pCR on DWI. The addition of DCEMRI would allow assessment of perfusion within this region; the
absence of perfusion or low Ktrans would indicate the absence of
residual tumour, which may improve the detection of pCR.
Multiparametric functional MRI for response prediction is an
emerging area, and currently, there are limited studies assessing
the role of DWI and DCE-MRI in combination in rectal cancer
CRT response prediction. Intven et al demonstrated that good
responders to CRT had a larger decrease in median Ktrans and
larger increase in median ADC post CRT than non-responders.
However, the addition of DCE-MRI did not improve the detection of good responders compared with the use of DWI
alone.52 A histogram analysis that incorporates a voxel-by-voxel
technique to calculate MRI functional parameters for every voxel
within the ROI would provide a more accurate representation of
intratumour heterogeneity.53 A histogram technique can be
sensitive to a shift in distribution of ADC or Ktrans values of all
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voxels within the entire tumour region over the time points,
thereby providing information on any heterogeneity in tumour
response to treatment. Other information such as mean, mode,
skewness and percentile distributions can also be extracted.
Overall trends from histogram studies have shown that following treatment, DWI (ADC) histograms demonstrate a shift to
the right with decreased skewness and kurtosis, and DCE-MRI
histograms shift to the left with narrower and increased peak
height.53 A new analysis software is being investigated that
allows this analysis to be conducted for multiple parameters,
allowing for multiparametric histogram analysis. An example of
voxel-by-voxel histogram analysis is shown in Figures 1 and 2.
Furthermore, semi-automated segmentation tools can also reduce interobserver variability in deﬁning a three-dimensional
ROI and lead to more reproducible results.
The fundamental aspect to multiparametric imaging is
achieving a standardized imaging protocol that provides consistent and reliable data sets for quantiﬁcation. For voxel-wise
analysis of multiple functional MRI sequences, selection of
imaging parameters that minimize distortion is essential to
ensure geometrically accurate data. For DWI, RESOLVE is one
method to minimize distortion.54 For DCE-MRI, short temporal resolution of between 5 and 10 s would enable adequate
sampling of the rapid “washin” of contrast into tumour, and

Figure 2. Dynamic contrast-enhanced (DCE) MRI histogram analysis—Ktrans colour-coded maps and histogram of the same patient
with good response following neoadjuvant chemoradiotherapy for rectal cancer. Example of Ktrans histogram analysis using Siemens
OncoTreat (WIP) for the same patient as in Figure 1. A voxel-by-voxel technique was used. (a, c, e) Representative axial colourcoded Ktrans maps for MRI pre-chemoradiotherapy (CRT), Week 3 of CRT and post CRT, respectively. (b, d, f) Colour-coded
histograms for every voxel within the segmented region of interest for DCE-MRI pre CRT, Week 3 of CRT and post CRT,
respectively. Colour code: blue voxels, Ktrans values ,100 3 1023; green voxels, Ktrans values 100 2 500 3 1023; red voxels, Ktrans
values .500 3 1023. The histograms demonstrate a marked reduction in the absolute Ktrans values of voxels over the time points.
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acquisition of pre-contrast T1 ﬂip angle scans would enable
calculation of native T1, allowing for more accurate assessment
of perfusion using the Tofts two-compartment model. Although multiple parameters can be obtained from DWI and
DCE-MRI, at present, ADC and Ktrans appear to be the most
promising parameters for clinical prediction of radiotherapy
response in rectal cancer. Standardization of imaging protocols
and analysis methods is essential in order to establish optimal
thresholds of ADC and Ktrans and to permit the clinical role of
multiparametric MRI for treatment prediction to be properly
evaluated.
CONCLUSION
Functional MRI is emerging as an important and promising tool
for assessment of physiological characteristics of the tumour
microenvironment. MRI has the beneﬁt of sampling the whole
tumour and can be repeated on multiple occasions unlike
biopsies.
DWI has been shown to be superior to morphological MRI in
the assessment of therapeutic response of the primary tumour
in rectal cancer. In general, studies have demonstrated that
lower primary tumour pre-CRT ADC value and greater percentage increase in ADC during CRT are predictors for good

response. There is limited prospective data on the use of
DWI for identiﬁcation of patients with pCR, an important
subgroup of patients in whom early MRI detection of CR
would enable optimization of the surgical approach and
reduction in surgical related sphincter morbidity. DCE studies
have demonstrated that high tumour Ktrans pre-CRT is a
predictor for response. The role of MRS in the clinical
management of rectal cancer remains yet to be deﬁned.
Although published ex vivo studies have identiﬁed colorectal
cancer-speciﬁc metabolic proﬁles that can aid with prediction
of disease behaviour, there is only one clinical rectal MRS
study which identiﬁed choline as a potential biomarker of
CRT response.
Multiparametric MRI assessing diffusion and perfusion in
combination using a histogram analysis technique can assess
tumour heterogeneity and its response to treatment. This
strategy has the potential to improve the accuracy of therapeutic
response prediction and facilitate individualized management
for patients with rectal cancer.
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2.2 Literature review update January 2015 – June 2019: Functional MRI for
therapeutic response prediction in rectal cancer

DWI-MRI for prediction of primary tumour response
PubMed and MEDLINE were used for the search. The inclusion criteria for this search
were (i) rectal cancer, (ii) chemoradiotherapy, (iii) diffusion weighted MRI, (iv)
quantitative analysis, and (v) prospective study. Radiomics (high-throughput computer
analyses generating hundreds of parameters) studies were not included in this search.
The cut-off date was June 2019.
An additional 4 prospective DWI-MRI studies assessing ADC for CRT response prediction
were found. The results of these studies are summarised in Table 2.1. These studies
support the potential of quantitative analysis of DWI-MRI for prediction of CRT response
in rectal cancer. One of these studies developed a multivariate model from a total of 18
T2-weighted volumetry and 18 DWI-MRI variables (25, 26) in a development cohort of
85 patients (25, 26), and tested the model on a validation cohort of 55 patients
undergoing CRT (26). The final MRI model consisted of 2 T2-weighted volumetric
parameters (T2-weighted volume % change and diameter of sphere post CRT) and 2 DWI
parameters (average ADC post-CRT and average ADC ratio) and testing of the model on
the validation cohort showed high predictive performance.
DCE-MRI for prediction of primary tumour response
The inclusion criteria for this search were (i) rectal cancer, (ii) chemoradiotherapy, (iii)
DCE-MRI (iv) (semi-)quantitative analysis, and (iv) prospective study. Radiomics studies
were excluded.
An additional 3 prospective DCE-MRI studies were found that assessed the role of DCEMRI in prediction of CRT response in patients with locally advanced rectal cancer (Table
2.2). These studies showed the ability of DCE-MRI (semi-)quantitative parameters in the
prediction of CRT response.

24

Table 2.1 DWI-MRI studies prediction of chemoradiotherapy response
Prospective quantitative studies 2015 – 2019
Study

N

MRI time
points
3.0 T
Pre,
post-CRT

Joye et al
(2017) (25)
and Bulens
et al (2018)
(26)

85
(development
cohort)

De Felice et
al (2017)
(27)

37

Iannicelli et
al (2016)
(28)

34

1.5 T
Pre,
post-CRT

ADC (mean)

Birlik et al
(2015) (29)

43

1.5 T
Pre,
post CRT

ADC mean
∆ADC

55 (validation
cohort)
3.0 T
Pre,
during,
post

MRI variable
Model included T2weighted
∆volume% and
sphere_post and
ADCaverage_post
and ADC
ratio_average
ADC (mean)
∆ADC

Histopathology
response
Near pCR (ypT0-1N0) vs.
not

Result

Significance

Development cohort
area under curve (AUC)
= 0.89

CI 0.80 – 0.98

Validation cohort AUC
= 0.88

CI 0.79 – 0.98

Mean ADC

p = ns

∆ADC + in pCR

p < 0.05

Mean ADC pre
Mean ADC post (higher
in responders)

p = ns
p = 0.001

∆ADC + in responders
TRG (Ryan)
Mean ADC pre lower in
Responders (TRG 1 )
responders
Nonresponders (TRG 2-3) ∆ADC higher in
responders

P = 0.01
p < 0.001

pCR (ypT0N0) vs. no pCR

TRG (Mandard)
Responders TRG 1-2
Non-responders (TRG 35)

p = 0.001
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Table 2.2 DCE-MRI studies prediction of chemoradiotherapy response
Prospective (semi-)quantitative studies 2015 – 2019
Study

N

Palmisano
et al (2018)
(30)

21

Tong et al
(2015) (31)

38

MRI time
points
Pre-CRT
1.5 T

MRI variable

Histopathology
response
trans
K
and Ve
Rodel’s TRG
th
th
Histogram 25 , 50 ,
Responders TRG 3 –
75th percentile, mean, 4
skewness and kurtosis Non-responders TRG
0–2

Pre and post- Mean K
CRT
3.0 T

, Kep, Ve

trans

pCR (ypT0N0) vs.
non-pCR

Result

Significance

Ve skewness and
kurtosis higher in nonresponders

p = 0.003
p = 0.011

Other parameters
Pre-CRT K
lower in
pCR
Pre-CRT Kep – higher in
pCR
Pre-Ve – higher in pCR
trans

Post-CRT Ktrans, Kep, Ve
Petrillo et al 74
(2015) (32)

Pre and post- Median maximal
CRT
signal difference
1.5 T
(MSD)
Time to peak (TTP)
WII (wash-in
intercept)
WOI (Wash-out
intercept)
WIS (wash-in slope)
WOS / WIS
WOI / WII

TRG mandard
Responders (TRG 1 –
2)

∆MSD + in responders
∆WOS + in responders

Non-responders
(TRG 3 – 5)

Other parameters

p = ns
p = 0.01
p = 0.02
p = 0.01

p = ns
p = 0.001
p = 0.0001

p = ns
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Multi-parametric MRI for prediction of primary tumour response
The inclusion criteria for this search were (i) rectal cancer, (ii) chemoradiotherapy, (iii)
multi-parametric MRI (DWI and DCE-MRI), (iv) quantitative analysis, and (v) prospective
study. Radiomics (high-throughput computer analyses) studies were not included in this
search.
Intven et al (33) studied multi-parametric MRI combining DWI and DCE at 3.0 tesla in a
prospective study in rectal cancer, and this study is described in the above review. One
other prospective study was found assessing multi-parametric MRI (DWI and DCE) for
response prediction in rectal cancer. De Cecco et al (34) assessed multi-parametric MRI
(DWI and DCE) before CRT in 12 patients. The parameters analysed were T2-weighted
texture kurtosis (of ROI on single slice), ADC, and DCE-MRI derived Ktrans, Kep, Ve, and
areas under the concentration curve of contrast agent over 90 s (IAUGC90). They found
that pre-CRT kurtosis (p = < 0.001) and mean Ve (p = 0.04) were predictive of pCR.
MRI histogram analysis of whole tumour heterogeneity
There have not been any published prospective DWI-MRI histogram studies in rectal
cancer. The DWI-MRI studies that analysed whole tumour heterogeneity using a
histogram analysis were retrospective (35-37). Enkhbaatar et al found that post-CRT
skewness of ADC histogram was useful for predicting response to CRT (35). Cho et al (37)
and Choi et al (36) found that low percentile ADC values post-CRT were useful for
predicting CRT response.
For prospective DCE-MRI studies, Palmisano et al analysed DCE-MRI Ktrans and Ve
histogram parameters 25th, 50th, 75th percentiles, skewness and kurtosis in 21 patients,
and found that of these parameters, Ve skewness and kurtosis could predict CRT
response with an AUC 0.988 and 0.963 (30). De Cecco et al included a heterogeneity
analysis in their methods of their study of 12 patients by assessing the before CRT
highest 10th and 25th quantiles of voxels for the DCE-MRI parameters, but not of DWIMRI, although these specific results were not reported in the publication (34).
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Overall, this literature review update supports the conclusions in the published
literature review. The additional studies found have shown promise in the ability of DWI
and DCE-MRI performed before CRT and after CRT for prediction of CRT response in
patients with locally advanced rectal cancer. The majority of studies assessed summary
MRI parameters, such as mean ADC or Ktrans values. There were still a limited number of
studies assessing DWI and DCE in combination for the multi-parametric MRI assessment
of CRT response. There were no prospective studies investigating the potential of multiparametric MRI (combining multiple functional parameters such as diffusion and
perfusion) assessment of whole tumour heterogeneity for CRT response prediction and
this remains an area to be investigated.

2.3 Literature review: ultra-high field MRI in rectal cancer
The majority of ex vivo ultra-high field MRI studies in rectal cancer have been reported
in the field of MR spectroscopy as part of colorectal studies, and a description of these
studies is contained in the review article. There have been no published studies in rectal
cancer using MRI sequences other than spectroscopy at fields ≥ 7.0 tesla. There has been
a preliminary report (abstract form) on a study of patients who underwent neoadjuvant
CRT for rectal cancer (Hoendergangers et al ESTRO 37 EP-2094). This study explored
chemical exchange saturation transfer (CEST) MRI at 7.0 tesla on 5 patients and surgical
specimens, however correlation work with pathology is ongoing.
To the best of our knowledge, there have been no published studies examining DTI-MRI
in rectal cancer ex vivo or in vivo. DTI-MRI ultra-high field work has been performed in
other gastrointestinal tumour sites. Yamada et al have examined DTI-MRI on
oesophageal and gastric cancer specimens at 7.0 tesla and found this technique to be
feasible for assessing mural depth of tumour invasion (38-40).
This literature review has shown that the potential of ultra-high field MRI in screening
promising rectal cancer biomarkers remains yet to be explored.
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Methods (clinical study): Multi-parametric MRI for
radiotherapy response prediction in locally advanced rectal
cancer
3.1 Introduction
The objectives of this study were to:
(1) Prospectively evaluate multi-parametric MRI using diffusion weighted imaging
and dynamic contrast enhanced MRI at 3.0 tesla performed before, during and
after chemoradiotherapy (CRT) for therapeutic response prediction in locally
advanced rectal cancer. MRI biomarkers were correlated with histopathology
tumour regression grade (TRG) according to AJCC 7th edition criteria.
(2) Correlate functional MRI biomarkers (DWI and DCE) performed before, during
and after CRT with 2 year disease-free survival.
Patients with locally advanced rectal cancer undergoing CRT followed by surgery
prospectively underwent multi-parametric MRI before CRT, during CRT (week 3), and
after CRT (within 1 week before surgery). Histopathological assessment of the surgical
specimen was undertaken to assess tumour response to CRT. Tumour Regression Grade
(TRG) was defined according to the modified classification of Ryan et al (41) as set out
in the AJCC 7th Edition tumour regression grading criteria (42) (see below section 3.8).
A complete protocol using quantitative diffusion weighted imaging (DWI) and dynamic
contrast enhanced (DCE) imaging in combination, and a voxel-by-voxel histogram
analysis strategy was developed for multi-parametric MRI prediction of treatment
response in rectal cancer. The developed protocol enables 3-dimensional assessment
of tumour heterogeneity and its changes in response to CRT in rectal cancer.
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3.2 Study design
This study was a prospective, single-arm, cohort study to investigate the value of multiparametric MRI (combining DWI and DCE) in the prediction of CRT response. Patients
received standard treatment for their malignancy.

3.3 Study population
Patients with Stage II or III rectal adenocarcinoma undergoing neoadjuvant CRT followed
by primary surgery were eligible for this prospective study. The inclusion criteria were
(i) age >18 years, (ii) locally advanced rectal adenocarcinoma defined as Stage II or III (T3
– T4 and / or N1 – 2), without distant metastases staged as per TNM AJCC 7th edition
(42), (iii) neoadjuvant CRT (radiotherapy 50.4Gy in 28 fractions concurrent with
infusional 5-fluorouracil or oral capecitabine), and surgery 6 – 12 weeks after completion
of CRT. The exclusion criteria were: (i) prior malignancy, (ii) active inflammatory bowel
disease, (iii) contraindication to MRI from implanted ferromagnetic metal, pacemaker /
implantable defibrillator or extreme claustrophobia.

3.4 Study schematic
All patients received standard treatment consisting of neoadjuvant CRT followed by
primary surgery, and had MRI performed at 3 time-points; before CRT, during CRT (week
3 of CRT) and after CRT (within 1 week prior to surgery). The study schema (Figure 3.1)
included FDG-PET and circulating tumour cells (CTC) as this study was part of a multidisciplinary trial.
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Figure 3.1 Study schematic
Patient Eligible
Stage II or III rectal cancer
chemoradiotherapy (CRT) and
surgery

Before CRT
Week 0
MRI (DWI and DCE)
PET
Circulating tumour cells (CTC)

Commence CRT

During CRT
Week 3
MRI (DWI and DCE)
PET
CTC

Complete CRT

Surgery
(6 – 8 weeks after CRT)
HISTOPATHOLOGY
AJCC 7th Edition
Tumour Regression Grade

After CRT (Before Surgery)
Within 1 week prior to surgery
MRI (DWI and DCE)
PET
CTC
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3.5 MRI technique
Patients underwent MRI consisting of DWI and DCE at 3 time-points: (i) Before CRT, (ii)
during CRT week 3 after 9 – 10 fractions of radiotherapy, and (iii) after CRT, within 1
week prior to surgery. All MRIs were acquired on the 3.0 tesla Siemens Skyra
radiotherapy dedicated MRI-Simulator in the Liverpool Cancer Therapy Radiation
Oncology department. A 32-channel RF coil in the patient table was used in combination
with an 18-channel phase array coil strapped firmly around the pelvis.
T2-weighted (T2-w) turbo spin echo images were acquired in 3 planes with 2mm slice
thickness and bandwidth 440Hz/Px in 1 concatenation: (i) sagittal, (ii) axial oblique,
angulated perpendicular to the long tumour axis, and (iii) axial orthogonal. The field of
view encompassed primary tumour and pelvic nodes. A T2-w HASTE sequence was
additionally acquired in the coronal plane.
Butylscopolamine (Buscopan) 20mg was administered intravenously prior to acquisition
of functional sequences to reduce rectal motion. Functional sequences were acquired
with in-plane resolution of 1.1 x 1.1 mm and 4 mm slice thickness (20 or 26 slices for
DWI, 26 slices for DCE). The field of view was 22cm (axial) and encompassed the primary
tumour (20 or 26 slices for DWI and 26 slices for DCE). DWI was acquired using a readout
segmented diffusion technique (RESOLVE), in the axial orthogonal plane with b-values
50 and 800 s/mm2, bandwidth 870Hz/Px, and 1 & 3 averages respectively. ADC maps
and calculated b = 1400 mm/s2 images were produced as part of protocol. DCE consisted
of pre-contrast T1-weighted VIBE scans with TR 4.09ms, TE 1.35ms, bandwidth 440Hx/Px
and flip angles 2⁰ and 15⁰ to calculate native T1. DCE utilised a time-resolved
angiography with stochastic trajectories (TWIST) technique acquired over 60 phases,
with a temporal resolution of 5.28 seconds, bandwidth 440 Hz/Px, TR 3.67ms and TE
1.48ms. Gadoversetamide (Optimark 0.5mmol/ml) gadolinium-based contrast
0.1mM/kg capped at a maximum 7.5mmol (15ml) was injected at rate 4 ml/s followed
by a 20ml normal saline flush at a rate 4 ml/s after 3 phases were acquired. The contrast
dose was kept consistent across all time-points for each patient. If patients had renal
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impairment (eGFR<60ml/s) or prior allergic reaction to gadolinium-based contrast, the
DCE sequence was omitted.
The ‘Rectal study multi-parametric MRI study sequences’ protocol for this study is in
Appendix 1.

3.6 Clinical assessment and acute toxicity grading
Radiation oncology clinical assessments and formal acute toxicity soring according to
the Common terminology criteria for adverse events (CTCAE) version 4.0 was performed
before commencement of CRT, weekly during radiotherapy treatment reviews, 2 weeks
after completion of CRT. The acute toxicity scoring form is in Appendix 2.
All patients were followed every 3 months for 2 years from the date of surgery, then 6
monthly. A routine blood test including CEA was done at every follow-up visit. A CT scan
of the chest, abdomen and pelvis was performed every 6 months during follow-up.
Colonoscopy and biopsy during the follow-up period was performed at the surgeon’s
discretion.

3.7 Imaging analysis
Rigid body registration of flip-angle images to dynamic images was performed. Images
were manually pre-registered using commercial 3D visualisation software (Siemens).
Subsequently, the registered images were exported off-line and using in-house code
were re-assigned a full DICOM header to enable these images to be analysed in Tissue
4D (Siemens). Tissue 4D 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 (43). ADC and Ktrans parameter maps were
exported in DICOM format and registered to T2-w axial orthogonal images in OncoTreat
(works-in-progress, Siemens). Semi-automated segmentation was used to define the
region of interest (ROI) from the entire hyper-intense tumour on the b-value 1400mm/s2
images. A radiation oncologist (TP) with sub-specialization in gastrointestinal
malignancies performed all segmentation. The raw voxel-wise data was exported from
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OncoTreat WIP and cleaned prior to analysis. 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.

3.8 Histopathology
Histopathological assessment was undertaken by a dedicated pathology team, with all
reporting of tumour regression grade (TRG) assessment by pathologists with subspecialisation in gastrointestinal pathology. Two dedicated pathologists (CH and JS)
examined each case and reached a consensus on TRG. Examination of the specimen was
undertaken as per the guidelines set out in the Royal College of Pathologists of
Australasia Structured Reporting Protocol for Colorectal Cancer (44). For the study it was
a universal requirement that the whole of the original tumour site should be embedded
for microscopic assessment. TRG was recorded using the modified classification of Ryan
et al (41) set out in the AJCC Cancer Staging Manual, 7th Edition (42) 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 residual cancer.
Patients with TRG 0–1 were categorised as ‘responders’ and those with TRG 2–3 were
categorised as ‘non-responders’ to CRT.
Histologic subtype was assessed. Histology was categorised as adenocarcinoma,
mucinous adenocarcinoma, or not assessable (in case of pathologic complete response
(pCR)). Tumours were classified as mucinous adenocarcinoma if the tumour contained
>50% mucin as per WHO definition.
The histopathology reporting form is in Appendix 3.
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3.9 Statistical analysis
The target number of patients was 35. For estimated pCR rate of 25%, 35 patients
provided 80% power to detect an area under the curve (AUC) ≥ 80%. Poor responders
rate were estimated to be in the range of 25-45% (9). For estimated poor responder rate
of 25%, 35 patients provided 80% power to detect an AUC ≥80%. For estimated poor
responder rate of 45%, 35 patients provided 80% power to detect an AUC ≥ 76%.
All analyses were performed using R version 3.5.1 (R Core Team, 2013) using various
packages including rms (F. Harrell, 2014) for analysis, ggplot2 for plotting (histogram and
scatterplots) and knitr (Xie, 2013) for reproducible research. Whole tumour voxel-wise
raw data (cleaned) was used for analysis. In the case of ADC, pixels in the ROI with value
below 10 were trimmed before calculating the median. In the case of Ktrans, medians of
transformed ROI values (after first excluding voxels with recorded Ktrans of 0) using the
cube-root (symmetrising) transformation were used. A continuous variable analysis was
performed. Whole tumour ADC and Ktrans distributions were produced for each patient,
and histogram quantiles (10th, 25th, 50th, 75th, 90th), skewness (measure of asymmetry of
the distribution (45)) and kurtosis (sharpness of the peak of the distribution and a
measure of the shape of the distribution (45)) were extracted from ADC and Ktrans
distributions for analysis in order to determine if the statistics differed between groups
by response status or was changing over time. Tumour heterogeneity was assessed by
using objective cut-points defined by quantiles.
Correlation of MRI with response status
For statistical analyses, patients were categorized according to response status:
responders (TRG 0 – 1) versus non-responders (TRG 2 – 3). Logistic regressions were
performed to investigate the association of median ADC, and median Ktrans with
response status, by individual parameter and time-point, and by joint combination of
parameters and time-point. Paired t-tests were used to analyse change in medians of
ADC and Ktrans from baseline to week 3, and from baseline to post-treatment according
to response status. Bivariate logistic regressions were also performed to investigate the
association between the ADC and Ktrans histogram parameters 10th, 25th, 75th and 90th
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quantiles, skewness, and kurtosis at all time-points, and response status. As these
analyses were considered exploratory, multiple comparison adjustments were not
employed and a p value < 0.05 was considered statistically significant.
Tables of data categorized by blue (low value) / green (medium value) / red voxels (high
value) for ADC and Ktrans were created using cut-points set at lower and upper quartiles
using all patients. The frequencies of blue / green / red voxels for each time-point was
calculated for ADC and Ktrans. Whole tumour voxel-wise ADC and Ktrans colour-coded
histograms and combined scatterplots were produced for all patients. For the multiparametric MRI analysis, multi-variate analysis was used to assess the relationship
between combination of ADC and Ktrans, and response status.
Correlation of MRI with disease-free survival
Disease-free survival was defined as the interval from date of surgery to date of relapse
(loco-regional relapse or distant metastasis), or death from rectal cancer. The
associations between ADC and Ktrans at 3 time-points (before CRT, during CRT, and after
CRT) with time to relapse (loco-regional or distant) were analysed as a continuous
variable using a Cox proportional hazard model. P value < 0.05 was considered
statistically significant. To investigate the relevance of heterogeneities of ADC and Ktrans
before CRT, during CRT, and after CRT (before surgery) percentile values (10th, 25th, 50th,
75th and 90th) were analysed for relapse. Receiver-operator characteristics (ROC) curve
analysis with Youden’s index was used to determine the best cut-point for ADC and Ktrans.
Mucinous adenocarcinomas
Mucinous adenocarcinomas were analysed as a separate group. Mucinous tumours
contain predominately mucin which has diffusion and perfusion characteristics similar
to water. Mucinous tumours have different MR diffusion and perfusion characteristics
to that of solid adenocarcinomas, and hence mucinous tumours were analysed
separately using descriptive analysis due to small sample size. Similar methods to the
methods used in non-mucinous adenocarcinoma group described above were used for
the mucinous adenocarcinoma group.
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3.10 Ethics approval
This project was approved by the South Western Sydney Local Health District Human
Research and Ethics Committee (HREC) as part of the ‘Circulating tumour cells in cancer
management’ meta-project on 11th September 2013.
An ethics amendment for the administration of gadolinium-based MRI contrast was
approved on 20th May 2014.
Ethics reference: HREC/13/LPOOL/158, local project number 13/097a, 13/097b,
13/097c, Sub-study Rectal Cancer.
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Abstract
Background: Response to neoadjuvant chemoradiotherapy (CRT) of rectal cancer is variable. Accurate imaging for
prediction and early assessment of response would enable appropriate stratification of management to reduce treatment
morbidity and improve therapeutic outcomes. Use of either diffusion weighted imaging (DWI) or dynamic
contrast enhanced (DCE) imaging alone currently lacks sufficient sensitivity and specificity for clinical use to
guide individualized treatment in rectal cancer. Multi-parametric MRI and analysis combining DWI and DCE may have
potential to improve the accuracy of therapeutic response prediction and assessment.
Methods: This protocol describes a prospective non-interventional single-arm clinical study. Patients with locally advanced
rectal cancer undergoing preoperative CRT will prospectively undergo multi-parametric MRI pre-CRT, week 3
CRT, and post-CRT. The protocol consists of DWI using a read-out segmented sequence (RESOLVE), and DCE
with pre-contrast T1-weighted (VIBE) scans for T1 calculation, followed by 60 phases at high temporal resolution (TWIST)
after gadoversetamide injection. A 3-dimensional voxel-by-voxel technique will be used to produce colour-coded ADC
and Ktrans histograms, and data evaluated in combination using scatter plots. MRI parameters will be correlated
with surgical histopathology. Histopathology analysis will be standardized, with chemoradiotherapy response defined
according to AJCC 7th Edition Tumour Regression Grade (TRG) criteria. Good response will be defined as TRG 0–1, and
poor response will be defined as TRG 2–3.
Discussion: The combination of DWI and DCE can provide information on physiological tumour factors such as cellularity
and perfusion that may affect radiotherapy response. If validated, multi-parametric MRI combining DWI and DCE can be
used to stratify management in rectal cancer patients. Accurate imaging prediction of patients with a complete response
to CRT would enable a ‘watch and wait’ approach, avoiding surgical morbidity in these patients. Consistent and reliable
quantitation from standardised protocols is essential in order to establish optimal thresholds of ADC and Ktrans and permit
the role of multi-parametric MRI for early treatment prediction to be properly evaluated.
Trial registration: Australian New Zealand Clinical Trials Registry (ANZCTR) number ACTRN12616001690448 (retrospectively
registered 8/12/2016).
Keywords: MRI, Rectal cancer, Radiotherapy, Response, Chemoradiotherapy, Diffusion weighted imaging, Dynamic contrast
enhanced, Diffusion, Perfusion
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Background
Locally advanced rectal cancer (LARC) requires multimodality treatment consisting of neoadjuvant chemoradiotherapy (CRT) and standardized surgical technique
(total mesorectal excision) [1–3]. Response to neoadjuvant
therapy is variable; 15–27% of patients will have a pathologic complete response (pCR) [4], whilst 25–45% will have
a poor response with minimal tumour regression [5]. In
patients with locally advanced rectal cancer undergoing
CRT and surgery, 45% of patients will require permanent
colostomy [6]. Accurate imaging for prediction and early
assessment of response would enable appropriate stratification of management to reduce treatment morbidity and
improve therapeutic outcomes. In patients with a clinical
complete response to CRT, substitution of surgery by a
‘watch-and-wait’ approach has emerged as a management
option [7–9]. Prediction of poor response could permit
trials of dose escalation strategies or curtailment of futile
treatment.
Functional magnetic resonance imaging (MRI) has
shown promising results for prediction of CRT response
in rectal cancer. Diffusion weighted imaging (DWI) has
demonstrated greater potential compared with morphologic T2-weighted (T2-w) imaging for the assessment of
therapeutic response in rectal cancer patients [10]. However, a systematic review by Joye et al. found that pre-CRT
quantitative DWI alone was unable to predict pCR with
sensitivity and specificity of 69% and 68%, respectively.
Quantitative DWI post-CRT had sensitivity and specificity
of 78–80% and 72–78%, respectively, for detecting pCR
[11]. Some dynamic contrast enhanced (DCE) MRI studies have shown that higher contrast exchange rate pretreatment, as indicated by higher Ktrans, is associated with
better response to CRT [12, 13]. One study did not find a
correlation between pre-treatment Ktrans and therapeutic
response [14]. Use of either DWI or DCE alone currently
lacks sufficient accuracy for clinical use to guide individualized treatment in rectal cancer.
Multi-parametric MRI combining DWI and DCE may
have potential to improve the accuracy of therapeutic response prediction and assessment. Most published studies
describe mean values of a region of interest (ROI) from
either DWI or DCE. Single parameter measurements,
such as mean apparent diffusion co-efficient (ADC) or
Ktrans, do not adequately reflect intra-tumour heterogeneity.
A three-dimensional analysis of the tumour volume would
provide information on tumour heterogeneity. Development
and standardization of multi-parametric imaging protocols is
required to provide robust serial imaging datasets and reliable quantitative assessment of treatment response.
Study hypothesis

Multi-parametric MRI, consisting of DWI and DCE,
performed pre-, during- and post- neoadjuvant CRT is
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predictive of treatment outcome in locally advanced rectal
cancer, with histopathology being the standard reference.

Methods/design
Study objectives
Primary objective

To prospectively evaluate pre-, during- and post-CRT
multi-parametric MRI (DWI and DCE) at 3 Tesla for
therapeutic response prediction in LARC. MRI biomarkers will be correlated with histopathology tumour
regression grade (TRG).
Secondary objectives

1. To prospectively evaluate the role of DCE MRI for
therapeutic response prediction and assessment in
LARC.
2. To prospectively evaluate the role of DWI MRI
(RESOLVE) for therapeutic response prediction
and assessment in LARC.
3. To evaluate the different contributions of MRI and
PET for therapeutic prediction and assessment in
LARC.
4. To correlate MRI biomarkers with 2 year disease-free
survival and overall survival.
Study design

The study design is a prospective, single-arm, cohort
study to investigate the value of multi-parametric MRI
(combining DWI and DCE) in the prediction and assessment of CRT response. Patients will receive standard treatment for their malignancy. This study does not involve a
treatment intervention.
Study schematic

All patients will receive standard treatment consisting of
neoadjuvant CRT followed by surgery, and have MRI
and PET performed at three time-points (Fig. 1); pre-CRT,
during-CRT (week 3 of CRT), and post-CRT (within
1 week prior to surgery).
Patient selection
Inclusion criteria

1. Age greater than 18
2. Stage II or III rectal adenocarcinoma, defined as
T3 - T4 and/or node positive disease (N1–2),
without distant metastatic disease (M0)
3. No evidence of metastatic disease on computed
tomography (CT) chest/abdomen/pelvis
4. Undergoing treatment regimen consisting of
neoadjuvant CRT (Radiotherapy 50.4Gy in 28
fractions delivered using 3D–conformal or VMAT
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MRI technique

All MRI scans will be acquired on the 3 Tesla Siemens
Skyra (Magnetom, Erlangen, Germany) dedicated MRISimulator within the Radiation Oncology department.
A 32-channel spine coil integrated in the patient table
will be used in combination with an 18-channel phase
array surface coil strapped firmly around the pelvis.
Butylscopolamine (Buscopan) 20 mg will be administered
intravenously prior to acquisition of functional sequences
(DWI and DCE) to reduce rectal motion.
MRI safety screening

All patients will undergo MRI safety screening.
Screening of suitability for gadolinium-based MRI contrast

Fig. 1 Study schematic

technique concurrent with infusional 5-fluorouracil
or oral capecitabine) followed by primary surgery.
Exclusion criteria

1. Other malignancy
2. Active inflammatory bowel disease
3. Contraindication to MRI:
○ Implanted ferromagnetic metal eg. Intraocular
metal
○ Pacemaker/Implantable defibrillator
○ Extreme claustrophobia
Treatment

Patients are to undergo standard treatment, consisting
of neo-adjuvant long course CRT (as detailed above)
followed by surgery, as recommended by treating team.
There will be no change to the patient’s treatment from
participating in this study.
Imaging study procedures

Timing of multi-parametric MRI and PET
1. Pre-CRT: week −2 to 0
2. During-CRT: Week 3 of CRT (early as possible
during week 3)
3. Post-CRT: Post completion of CRT, within 1 week
prior to surgery

1. Require documentation of normal renal function
within three months (eGFR > = 60 ml/min/1.73 m2
2. Contra-indications to use of gadolinium-based MRI
contrast/DCE:
1. Renal impairment eGFR <60 ml/min/1.73 m2
2. Acute kidney injury
3. Previous allergic reaction to gadolinium-based
MRI contrast.
MRI sequences

T2-weighted turbo spin echo images - Acquired in 3
planes with 2 mm slice thickness and bandwidth
440 Hz/Px in 1 concatenation: (i) sagittal, (ii) axial oblique, angulated perpendicular to the long tumour axis,
and (iii) axial. A T2-w HASTE sequence is additionally
acquired in the coronal plane.
Diffusion weighted imaging (DWI)
– Readout segmented diffusion technique (RESOLVE)
– Axial orthogonal plane with b-values 50 and
800 s/mm2, and 1 & 3 signal averages respectively.
– ADC maps and calculated b = 1400 mm/s2 images
produced as part of protocol.
– In-plane resolution of 1.1 × 1.1 mm and 4 mm slice
thickness.
Dynamic contrast enhanced (DCE) imaging
– Pre-contrast T1-weighted VIBE scans with TR
4.09 ms, TE 1.35 ms, and flip angles 2° and 15° to
calculate native T1.
– DCE acquired with time-resolved angiography with
stochastic trajectories (TWIST) technique acquired
over 60 phases, with a temporal resolution of 5.28 s,
bandwidth 440 Hz/Px, TR 3.67 ms and TE 1.48 ms.
Gadoversetamide (Optimark) 0.1 mM/kg injected
after 3 phases acquired.
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PET/CT technique

Multi-parametric imaging analysis

18

F–FDG PET/CT will be acquired on the GE Discovery710 PET-CT. Patients need to fast for at least 4 h prior to
4.29 ± 0.34 (mean ± SD) MBq/kg 18F -FDG injection and
have blood glucose levels <10 mmol/L. All PET scans will
be acquired in three-dimensional mode from the mid-brain
to proximal femora with an acquisition time of 1.5–2.5 min
per bed position, after an 18F–FDG uptake time of 60 min.
PET data will be reconstructed into a 256 × 256 matrix size
with slice thickness of 3.3 mm using GE VUE Point FX
(Time of Flight) algorithm. All PET/CT scans will be evaluated on the Advantage Workstation (GE Healthcare) using
the AW VolumeShare 5 software and PET-VCAR (Volume
Computer-Assisted Reading) protocol.

A Radiation Oncologist with sub-specialization in
gastrointestinal malignancies and a Radiologist with
sub-specialization in pelvic MRI will perform all segmentations. Ktrans maps will be produced by first preselecting an appropriate arterial input function, scaled
by dose, based on chi-squared goodness of fit, and
using a two-compartment Tofts model [16]. ADC and
Ktrans parameter maps will be exported in DICOM format
and registered to T2-w axial images.
The region of interest for analysis will be defined on the
entire hyper-intense primary tumour on the b-value
1400 mm/s s2 images. A voxel-by-voxel technique will be
used to produce colour-coded maps and histograms of ADC
and Ktrans, and combined scatterplots for each time-point.

Clinical assessment and acute toxicity grading

Statistical considerations

1. Radiation Oncology clinical assessments and formal
acute toxicity scoring will be performed at the
following time points:
a. Pre-CRT: Baseline assessment prior to
commencement of treatment
b. During-CRT: Weekly during radiotherapy treatment
reviews
c. Post-CRT: At 2 weeks post-completion of CRT,
and within 1 week prior to surgery (ideally at time
of post-CRT MRI).
2. Acute toxicity will be scored according to the
‘Common Terminology Criteria for Adverse Events
(CTCAE) Version 4.0.

Histopathology and tumour regression grade criteria

Histopathological assessment will be undertaken by a dedicated pathology team, with all reporting/TRG assessment
by pathologists with sub-specialisation in gastrointestinal
pathology. For the study it is a requirement that the whole
of the original tumour site should be embedded for microscopic assessment.
MRI will be correlated with histopathological TRG
using the modified classification of Ryan et al. [15] set
out in the AJCC Cancer Staging Manual, 7th Edition 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 residual cancer.
Patients with TRG 0–1 will be categorized as ‘good
responders’ and those with TRG 2–3 categorized as
‘poor responders’ to CRT.

A target of 35 patients will be recruited; this is estimated
to take 24 months. For estimated pCR rate of 25%, 35
patients will provide 80% power to detect an AUC ≥ 80%.
Poor responders rate is estimated to be in the range of
25–45% [5]. For estimated poor responder rate of 25%,
35 patients will provide 80% power to detect an AUC ≥ 80%.
For estimated poor responder rate of 45%, 35 patients will
provide 80% power to detect an AUC ≥ 76%.
Univariate analysis will be performed to investigate the
association between each MRI parameter and tumour
regression grade (AJCC 7th edition). Each MRI parameter
will be correlated with pathologic complete responders
(pCR - TRG 0) using a 2 × 2 Table. A similar analysis will
be performed for good responders (TRG0–1) vs. poor responders (TRG 2–3). Receiver operator characteristics
curves will be used to obtain an optimal threshold for
each MRI parameter (ADC and Ktrans).
Multivariate analysis will be performed to investigate the
association between multi-parametric MRI and tumour regression grade. The multi-parametric MRI parameters that
will be used for multivariate analysis are ADC and Ktrans.

Discussion
MRI offers a variety of functional parameters, with each
parameter offering information on various biological
aspects of tumour. Multi-parametric image analysis has
become increasingly relevant in cancer therapy response
predication, as analysis of multiple parameters can provide
a more complete physiological assessment of tumour [17].
The rectum is a particularly challenging anatomy to image
and provide robust functional datasets that can be examined in a serial manner. In order to provide reliable quantitative assessment of treatment response, it is important
to have a standardized protocol that minimizes organ
motion and provides robust serial image datasets. This
study protocol describes standardized imaging procedures
combining DWI and DCE, and a 3D voxel-wise multi-
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Pre-CRT

Week 3 CRT

Post CRT

T2-weighted

DWI
RESOLVE
calculated
b=1400

ADC maps

trans

K

maps

Fig. 2 MRI images and functional parameter maps produced as per study protocol. Images for a patient with good response to chemoradiotherapy (CRT)
with histopathology tumour regression grade 1 (AJCC 7th Edition). The rectal tumour is indicated by the arrow. In the T2-weighted week 3 image, it was
difficult to distinguish residual tumour deposits within areas of radiation-induced necrosis. Early tumour response to therapy can be seen in the functional
sequences. In the DWI-RESOLVE images, there was a reduction in tumour signal enhancement in week 3. The calculated b = 1400 mm/s2
images demonstrated increased signal intensity in tumour relative to surrounding normal tissues. Ktrans maps were produced in Siemens
Tissue 4D and a reduction in Ktrans was seen in week 3

parametric analysis strategy for the assessment of tumour
heterogeneity, and prediction of response to CRT in rectal
cancer. Both DWI and DCE techniques in this protocol
have improvements compared to previously used techniques. The DWI RESOLVE sequence used in this study
protocol has previously been shown to be more robust with
respect to geometrical distortions, compared to DWI standard echo planar images [18]. The calculated b = 1400 mm/s2
images gains from both extra sensitivity and reduced noise
of a calculated high b-value. The short temporal resolution
of 5.28 s in DCE-TWIST will enable adequate sampling of
the rapid wash-in of contrast into tumour. For acquisition of
DCE images, the administration of butylscopolamine is
crucial in eliminating rectal motion and ensuring accurate

signal intensity for each pixel over the 60 time-points.
Figure 2 shows examples of the good quality functional
images with minimal distortion and corresponding parameter maps that are able to be acquired with this
study protocol.
If validated, multi-parametric MRI combining DWI and
DCE can be used to stratify management in rectal cancer
patients. Accurate imaging prediction of patients with a
complete response to CRT would enable a ‘wait and watch’
approach, avoiding surgical morbidity in these patients.
Consistent and reliable quantitation from standardized protocols is essential in order to establish optimal thresholds of
ADC and Ktrans and permit the role of multi-parametric
MRI for early treatment prediction to be properly evaluated.
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Results and discussion (clinical study): Multiparametric MRI for radiotherapy response prediction in locally
advanced rectal cancer
4.1 Patients
A total of 39 patients were recruited to this study. The baseline characteristics are shown
in Table 4.1. Of 39 patients, 6 had Stage IIA, 1 had Stage IIIA, 25 had Stage IIIB, and 7
patients had Stage IIIC disease at diagnosis. All patients completed neoadjuvant
chemoradiotherapy (CRT). Two patients did not proceed to surgery due to patient
refusal; of these patients 1 was lost to follow-up and excluded from analysis. All 39
patients had MRI before CRT, 37 patients had MRI during CRT, and 32 patients had MRI
after CRT (before surgery). Of the 39 patients, 2 patients underwent DWI-MRI only and
were unable to undergo DCE-MRI due to renal impairment and contraindication to
gadolinium-based MRI contrast. Three DCE-MRIs at a single time-point had poor image
quality due to incorrect timing of administration of gadolinium contrast (n = 1), marked
rectal peristalsis (n = 1) or unanalysable images (n = 1) and were excluded from analysis.
Five patients had mucinous histopathology and were analysed separately, leaving 33
patients for the main analysis.
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Table 4.1 Patient baseline characteristics
Characteristic
Age

Sex
Clinical T Stage

Clinical N Stage

Stage

Total patients

Number (%)
30 - 39

1 (2.6%)

40 – 49

1 (2.6%)

50 – 59

15 (38%)

60 – 69

11 (28%)

70 – 79

7 (17.9%)

80 – 89

4 (10%)

Male

32 (82%)

Female

7 (18%)

T2

3 (7%)

T3

32 (82%)

T4

4 (10%)

N0

6 (15.4%)

N1

13 (33.3%)

N2

20 (51.3%)

IIA

6 (15.4%)

IIIA

1 (2.6%)

IIIB

25 (64.1%)

IIIC

7 (17.9%)
39
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4.2 Histopathology
Thirty-three patients with non-mucinous adenocarcinoma were included in this analysis.
Three patients had a pathologic complete response (pCR) tumour regression grade
(TRG) 0 (7.7%), 12 had TRG 1 (30.8%), 14 had TRG 2 (35.9%), and 3 had TRG 3 (7.7%).
One patient (2.6%) 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 therefore classified as TRG 0. Sixteen patients were classified as
responders (TRG 0 – 1), and 17 patients were classified as non-responders (TRG 2 – 3).
Five patients with mucinous adenocarcinoma were analysed separately; of these 2 had
TRG 1, 2 had TRG 2, and 1 had TRG 3.
One patient (2.6%) who refused surgery and was lost to follow-up did not have response
status information, and was excluded from analysis. Further details on histopathology
results for the 37 patients who underwent surgery are shown in Table 4.2.

47

Table 4.2 Histopathology results for patients who had surgery (n=37)
Histopathology characteristic
Tumour regression

Number
TRG 0

3

TRG 1

14

TRG 2

16

TRG 3

4

Adenocarcinoma

26

Not assessable due to pCR

4

grade

Histologic subtype

(adenocarcinoma confirmed on
biopsy)

Pathologic tumour stage

Pathologic nodal stage

Tumour grade

Surgery type
Tumour in bowel wall at

Other

3

Mucinous adenocarcinoma

5

ypT0

4

ypT1

2

ypT2

7

ypT3

22

ypT4

2

ypN0

28

ypN1

9

ypN2

1

Low

30

High

2

Not assessable (including pCR)

5

APR

10

Low / ultra-low anterior resection

27

No

37

Yes

0

line of resection
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Histopathology characteristic
Tumour at

Number
No

33

Yes

4

No

31

Mural

1

Extramural

5

No

33

Yes

4

circumferential line of
resection
Vascular invasion

Perineural invasion
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4.3 Optimisation of MRI protocol
A comprehensive protocol and analysis strategy using quantitative DWI-MRI and DCEMRI in combination for multi-parametric, voxel-wise prediction of response to CRT in
rectal cancer was developed. This protocol allowed for 3-dimensional characterisation
of functional changes in tumour in response to CRT. The protocol was optimised based
on review of image quality for the initial patients on the study.
A number of patient factors were found to affect the quality of MR images, and
therefore accuracy of results. Rectal peristalsis and patient motion between sequences
were found to affect the accuracy of the T1 map and DCE signal intensity – time
relationship for each pixel. One of the initial patient DCE-MRI datasets had to be
excluded from analysis due to marked rectal peristalsis during the dynamic scan (Figure
4.1). The optimised MRI protocol included the administration of butylscopolamine
(Buscopan) 20mg intravenously prior to acquisition of functional MRI sequences. The
administration of butylscopolamine was crucial in eliminating rectal motion and
ensuring accurate signal intensity for each pixel over the 60 time-points in the dynamic
imaging (Figure 4.2). In addition, patients were allowed to empty bladder and bowel
immediately prior to the scan to ensure patient comfort and minimal motion during the
scan. The 18 channel phase array coil was placed firmly around the pelvis and strapped
to ensure good compression and reduction in abdominal movement with respiration.
For DCE analysis, rigid body registration of pre-contrast flip angle sequences to dynamic
images was required for cases with minor patient motion. Deformable registration was
not found to be useful in this regard. The registration ensured more accurate voxel-byvoxel calculation of Ktrans, and had to be performed outside of commercial software
owing to its limitations. This provided better results than using the available deformable
registration Tissue 4D (Siemens). Images were pre-registered using commercial 3D
visualisation software (Siemens) (Figure 4.3). Subsequently, the registered images were
exported off-line and using in-house code were reassigned a full DICOM header to
enable these images to be analysed in Tissue 4D (Siemens). Tissue 4D was used to
produce Ktrans maps by first pre-selecting an appropriate arterial input function, scaled
50

by dose, based on chi-squared goodness of fit, and using a two-compartment Tofts
model (Figure 4.4) (43). The results showed a rapid wash-in of contrast into tumour,
which was adequately sampled with the short temporal resolution of 5.28 seconds in
the DCE TWIST technique. ADC and Ktrans parameter maps were exported in DICOM
format and registered to T2-weighted orthogonal images for multi-parametric analysis
in OncoTreat (works-in-progress, Siemens).
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Figure 4.1 Dynamic contrast enhanced MRI and rectal peristalsis.
Pre-contrast imaging (a), contrast-enhanced image at time-point 36 with ROI (b) used for pre-selection of an appropriate arterial input function,
scaled by dose, based on chi-squared goodness of fit, and signal-intensity – time plot for ROI1 (c). This patient had marked rectal peristalsis
during the dynamic contrast-enhanced examination. This resulted in an irregular signal intensity curve due to signal intensity plotting for
incorrect pixels due to rectal movement.
(a)

(b)

(c)
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Figure 4.2 Dynamic contrast enhanced MRI with butylscopolamine.
Results of a patient who had butylscopolamine administered for the dynamic contrast-enhanced MRI. Pre-contrast imaging (a), contrastenhanced image at time-point 35 with ROI used for pre-selection of an appropriate arterial input function, scaled by dose, based on chi-squared
goodness of fit, and signal-intensity – time plot for ROI (c). Butylscopalamine resulted in a more accurate signal intensity – time plot and a better
chi-squared goodness of fit as indicated in (c).
(a)

(b)

(c)
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Figure 4.3 MRI registration
Registration was required in some cases due to patient motion between sequences.
Rigid body registration of pre-contrast flip angle sequences to dynamic images was
performed.
Unregistered

Registered
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Figure 4.4 Dynamic contrast-enhanced MRI analysis strategy.
An example of one stage in the DCE-MRI analysis using Tissue 4D (Siemens).

(a) Native T1 Map

trans

(d) K

map

(b) Define volume of interest

(c) Select AIF
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4.4 Representative multi-parametric MRI results produced in OncoTreat WIP for
responders and non-responders to treatment
The two case examples described below demonstrate the robustness of the serial
imaging datasets and feasibility of the multi-parametric quantitative analysis method
developed in this study. Figure 4.5 shows the images of a patient with cT3N0M0 disease
who had a pCR following CRT. In the T2-weighted during CRT and after CRT images,
tumour regression can be seen with a reduction in the size of tumour mass. However, it
is difficult to distinguish residual tumour deposits within areas of radiation-induced
necrosis and fibrosis on the T2-weighted images alone. Tumour response to therapy was
clearer in the DWI-RESOLVE images, with tumour signal enhancement decreasing over
subsequent time-points.

The calculated b = 1400 mm/s2 images demonstrated

increased signal intensity in tumour relative to surrounding normal tissues. Figure 4.6
and Figure 4.7 show the changes in ADC and Ktrans histograms produced in OncoTreat
(WIP, Siemens), respectively. The ADC histograms during CRT and after CRT
demonstrated a shift in distribution of ADC of voxels to higher values. The Ktrans
histograms showed a shift in the distribution of Ktrans to higher values during CRT, and a
shift to lower values after CRT.
The MR images for a non-responder are shown in Figure 4.8. This patient had cT2N2M0
disease at diagnosis and histopathologic TRG 2. The changes in ADC and Ktrans histograms
produced in OncoTreat (WIP, Siemens) for this patient are shown in Figure 4.9 and
Figure 4.10, respectively. The ADC histograms during CRT and after CRT also
demonstrated a shift in distribution of ADC of voxels to higher values, however the
magnitude of shift was not as great compared to the responder described above.
The corresponding multi-parametric scatterplots for each time-point for these patients
are shown in Figure 4.11. The plots indicate the ADC and Ktrans values for voxels within
the whole segmented tumour. In the scatterplot after CRT for the responder, the
majority of voxels had high ADC and low Ktrans values. In contrast, in the scatterplots after
CRT for the non-responder most voxels had medium ADC and high Ktrans.
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The histogram and scatterplots produced in OncoTreat (WIP, Siemens) contained
erroneous data. In both ADC and Ktrans voxel-wise data, some voxel values were
erroneously repeated and these erroneous values were included in the OncoTreat
histograms and scatterplots. For Ktrans data, voxels with absent Ktrans values were
incorrectly assigned a value of 0 in OncoTreat WIP. The raw voxel-wise data was
exported from OncoTreat WIP and cleaned for the analysis.
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Figure 4.5 Multi-parametric MRI for a responder (pathologic complete response)
(patient 31)
Multi-parametric MRI at 3 time-points for a patient with pCR AJCC TRG 0 to CRT (patient
31). The arrow indicates the rectal tumour.

Before CRT

During CRT

After CRT (Before surgery)

T2-Weighted

DWI – b = 800 mm/s2

DWI – calculated b = 1400 mm/s2

ADC map

Ktrans map
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Figure 4.6 ADC colour-coded maps and voxel-by-voxel histograms for a responder (pathologic complete response) (Patient 31)
ADC maps and histograms for patient 31 (AJCC TRG 0) produced in OncoTreat WIP for the entire segmented region shown for before CRT (top
panel), during CRT (middle panel) and after CRT (bottom panel). Blue voxels – ADC<1000x10-6 mm2/s, green voxels – ADC 1000-1500x10-6 mm2/s,
red voxels – ADC >1500x10-6 mm2/s.
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Figure 4.7 Ktrans colour-coded maps and voxel-by-voxel histograms for a responder (pathologic complete response) (patient 31)
Ktrans maps and histograms for patient 31 (AJCC TRG) produced in OncoTreat WIP for the entire segmented region shown for before CRT (top
panel), during CRT (middle panel) and after CRT (bottom panel). Blue voxels – Ktrans values < 100x10-3mL/g/min, green voxels Ktrans100 - 500x103

mL/g/min.
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Figure 4.8 Multi-parametric MRI for a non-responder (patient 13)
MR images and functional parameter maps at 3 time-points for a non-responder (patient
13) to CRT with AJCC TRG 2. The rectal tumour is indicated by the arrow.
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Figure 4.9 ADC colour-coded maps and voxel-by-voxel histograms for a non-responder (patient 13)
ADC maps and histograms for patient 13 (AJCC TRG 2) produced in OncoTreat WIP for the entire segmented region shown for before CRT (top
panel), during CRT (middle panel) and after CRT (bottom panel). Blue voxels – ADC < 1000x10-6 mm2/s, green voxels – ADC 1000 - 1500x10-6
mm2/s, red voxels – ADC > 1500x10-6 mm2/s
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Figure 4.10 Ktrans colour-coded maps and voxel-by-voxel histograms for a non- responder (patient 13)
Ktrans maps and histograms for patient 13 (AJCC TRG 2) produced in OncoTreat WIP for the entire segmented region shown for before CRT
(top panel), week 3 CRT (middle panel) and after CRT (bottom panel). Blue voxels – Ktrans values < 100x10-3 mL/g/min, green voxels – Ktrans
100 - 500x10-3 mL/g/min, red voxels – Ktrans > 500x10-3 mL/g/min.
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Figure 4.11 Multi-parametric scatterplots for a responder and non-responder produced in OncoTreat WIP
Top row – responder (pCR) (patient 31), bottom row ─ non-responder (patient 13)

Before CRT

trans

trans

After CRT (before surgery)

During CRT
trans

K

K

ADC

K

ADC
trans

trans

trans

K

K

K

ADC

64

ADC

ADC
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4.5 DWI and DCE-MRI histogram results for patients with non-mucinous
adenocarcinoma
Histograms of ADC and Ktrans
Histograms of the distribution ADC and Ktrans, and combined ADC and Ktrans scatterplots
for each patient were produced. The cut-points for the distributions of ADC and Ktrans
were chosen from the 25th (ADC 778 x 10-6, Ktrans 26 x 10-3) and 75th (ADC 1268 x 10-6,
Ktrans 104 x 10-3) percentiles from the overall results for all patients. The colours indicate
the quartile cut-points (25th and 75th) for all patients; the blue bars indicate the lower
quartile range, the green bars are range between the lower and upper quartile, and the
red bars indicate the upper quartile range.
Representative MR images for a responder (patient 4) and non-responder (patient 26)
are shown in Figure 4.12 and Figure 4.13 respectively, and the corresponding ADC and
Ktrans histograms, and multi-parametric scatterplots are shown in Figure 4.14 and Figure
4.15, respectively.
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Figure 4.12 Multi-parametric MRI for a responder (patient 4 AJCC TRG 1)
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Figure 4.13 Multi-parametric MRI at 3 time-points for a non-responder (Patient 26
AJCC TRG 3)
The diffusion weighted images (row 2), and corresponding ADC maps (row 3) show
persistent restricted diffusion during and after CRT. The Ktrans map (row 4) shows an
increase in tumour perfusion after CRT.

During CRT

Before CRT

After CRT (before surgery)

T2-Weighted

2

DWI – calculated b=1400mm/s

ADC map

K

trans

map

67

Figure 4.14 ADC and Ktrans histograms for a responder (patient 4, AJCC TRG 1) a nonresponder (patient 26 AJCC TRG 3)
The ADC histograms before CRT were more skewed to the right for the non-responder
compared with the responder. This suggests freer diffusion before CRT for the nonresponder which may be due to the presence of more necrotic tumour, a factor for
radio-resistance, at baseline. The Ktrans histograms after CRT were more skewed to the
right for the non-responder compared to the responder, suggesting residual perfusion
in the tumour bed for the non-responder.
Responder Histograms

Non-responder Histograms
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Figure 4.15 Multi-parametric scatterplots.
For the scatterplots combining ADC and Ktrans for a responder and non-responder, red
plots indicates before CRT, green indicates during CRT and blue indicates after CRT.

Responder

Non-responder
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ADC and Ktrans quantiles, kurtosis and skewness for all patients
The ADC quantile values by time-points for all patients are shown in Table 4.3. All ADC
quantile values increased over the time-points in response to CRT. For all patients, there
was a significant increase in ADC from before CRT to during CRT, and from before CRT
to after CRT for the ADC 10th, 25th, 50th, 75th, and 90th percentiles (p < 0.001). The Ktrans
quantile values by time-points for all patients are shown in Table 4.4. For all patients,
the Ktrans 10th, 25th, 50th, 75th and 90th quantiles increased from before CRT to during
CRT, and from before CRT to after CRT, however this was not statistically significant (p >
0.279).
For all patients, the histograms showed the skewness of ADC was an approximately
symmetric distribution that became more symmetric over time. For all patients, the
change in skewness in ADC from before CRT to during CRT (p=0.034), and before CRT to
after CRT (p = 0.023) were significant. Ktrans had a highly skewed distribution at each
time-point that decreased from before CRT to during CRT, and then remained stable
after CRT. The change in Ktrans skewness from before CRT to during CRT for all patients
was statistically significant (p = 0.041).
ADC had small kurtosis, suggesting a distribution with shorter thinner tails, and a lower
wider peak than a normal distribution. There were no significant changes in ADC kurtosis
from baseline to during treatment, or from before CRT to after CRT. Ktrans had substantial
excess kurtosis implying a higher peak and much longer fatter tails than a normal
distribution. Ktrans kurtosis significantly decreased from baseline to during treatment for
all patients (estimate -12.3, p = 0.048).
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Table 4.3 Summary of ADC percentiles by time for all patients with non-mucinous adenocarcinoma
10%

25%

50%

75%

90%

Skewness

Kurtosis

Before CRT

619 x 10-6

778 x 10-6

1000 x 10-6

1268 x 10-6

1513 x 10-6

0.45

0.79

During CRT

824 x 10-6

994 x 10-6

1212 x 10-6

1450 x 10-6

1689 x 10-6

0.36

0.78

After CRT

961 x 10-6

1158 x 10-6

1354 x 10-6

1574 x 10-6

1797 x 10-6

0.08

1.1

Table 4.4 Summary of Ktrans percentiles by time for all patients with non-mucinous adenocarcinoma
10%

25%

50%

75%

90%

Skewness

Kurtosis

Before CRT

9 x 10-3

26 x 10-3

59 x 10-3

104 x 10-3

184 x 10-3

6.3

53

During CRT

12 x 10-3

30 x 10-3

66 x 10-3

130 x 10-3

239 x 10-3

5.5

36

After CRT

12 x 10-3

33 x 10-3

71 x 10-3

143 x 10-3

255 x 10-3

5.5

49
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4.6 Univariate Analysis
Correlation of ADC and Ktrans quantiles, skewness and kurtosis with response status
Table 4.5 shows the summary of ADC quantiles by time-point and response status. Table
4.6 shows the summary of Ktrans quantiles by time-point and response status.
ADC quantiles
The whole tumour ADC before CRT and during CRT 10th, 25th, 50th, 75th and 90th and after
CRT 10th, 25th, and 50th percentiles were not statistically significantly different between
responders and non-responders to CRT (p > 0.080) (Table 4.5). The ADC histograms after
CRT (before surgery) 75th (responders vs. non-responders 1620x10-6 vs. 1547x10-6,
p=0.036) and 90th percentiles (responders vs. non-responders 1859x10-6 vs 1753x10-6,
p=0.019) were statistically significant for predicting response status.
Ktrans quantiles
The before CRT, during CRT, and after CRT intra-tumour Ktrans histogram 10th, 25th, 50th,
75th and 90th percentiles (Table 4.6) were all lower in responders compared to nonresponders, however this difference was not significant (p > 0.103).
Skewness and kurtosis
The skewness and kurtosis by time-point and responder status for ADC and Ktrans are
shown in Table 4.5 and Table 4.6. There was no statistically significant difference in ADC
(p > 0.141) or Ktrans (p > 0.220) skewness at any time-point between responders and nonresponders. There was no significant difference in ADC (p > 0.402) or Ktrans (p > 0.504)
kurtosis between responders and non-responders at any time-point.
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Table 4.5 Summary of ADC percentiles by time and response status for patients with non-mucinous adenocarcinoma
Time

Response

10%

25%

50%

75%

90%

Skewness

Kurtosis

status
Before CRT
During CRT
After CRT

Responder

610 x 10-6

758 x 10-6

976 x 10-6

1260 x 10-6

1520 x 10-6

0.57

0.692

Non-responder

637 x 10-6

810 x 10-6

1035 x 10-6

1278 x 10-6

1504 x 10-6

0.273

1.004

Responder

816 x 10-6

984 x 10-6

1190 x 10-6

1432 x 10-6

1683 x 10-6

0.489

1.052

Non-responder

837 x 10-6

1013 x 10-6

1243 x 10-6

1474 x 10-6

1695 x 10-6

0.159

0.391

Responder

972 x 10-6

1162 x 10-6

1372 x 10-6

1620 x 10-6*

1859 x 10-6*

0.023

1.004

Non-responder

952 x 10-6

1155 x 10-6

1343 x 10-6

1547 x 10-6*

1753 x 10-6*

0.095

1.156

*statistically significant p < 0.05
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Table 4.6 Summary of Ktrans percentiles by time and response status for patients with non-mucinous adenocarcinoma
Response
Time

status

Before CRT
During CRT
After CRT

Skewness

Kurtosis

10%

25%

50%

75%

90%

Responder

7 x 10-3

19 x 10-3

45 x 10-3

83 x 10-3

124 x 10-3

10.525

134.33

Non-responder

17 x 10-3

42 x 10-3

82 x 10-3

146 x 10-3

376 x 10-3

4.026

20.688

Responder

8 x 10-3

23 x 10-3

47 x 10-3

99 x 10-3

168 x 10-3

6.355

47.039

Non-responder

21 x 10-3

49 x 10-3

98 x 10-3

174 x 10-3

326 x 10-3

4.879

27.811

Responder

9 x 10-3

25 x 10-3

55 x 10-3

119 x 10-3

250 x 10-3

5.744

50.438

Non-responder

15 x 10-3

39 x 10-3

81 x 10-3

154 x 10-3

258

5.342

46.433
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4.7 Bivariate Analyses
ADC and Ktrans of all intra-tumour voxels were combined in multi-parametric scatterplots
for all patients. For the scatterplots, red plots indicates before CRT, green indicates
during CRT and blue indicates after CRT. Example multi-parametric scatterplots
combining ADC and Ktrans for a responder and non-responder are shown in Figure 4.15.
The scatterplots showed that there was no bivariate pattern in change over time for
responders and non-responders. Median ADC and Ktrans were combined together at
individual time-points in a multivariate logistic model for responders vs. nonresponders; no significant difference by response status was found (p > 0.225). The
change in median ADC and Ktrans from before CRT to during CRT, and from before CRT to
after CRT were also combined in a multivariate logistic model, and were found to be
non-significant by response status (p > 0.322). There was no significant multivariate
relationship between median ADCs and Ktrans, and response status identified.
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4.8 DWI and DCE histogram results for patients with mucinous adenocarcinoma

Patients
Five patients with histopathologic mucinous adenocarcinoma were analysed separately.
Of these 5 patients, 2 had histopathology TRG 1, 2 had histopathology TRG 2, and 1 had
TRG 3. Two patients were classified as responders, and 3 patients were classified as nonresponders.
Multi-parametric MRI properties of mucinous adenocarcinoma
The MRI characteristics of mucinous adenocarcinomas were different to those of nonmucinous adenocarcinomas. These tumours overall exhibited higher signal intensity on
the T2-weighted similar to that of water. On DWI, the tumours overall appeared brighter
on the ADC maps, indicating freer diffusion due to the mucin. The DCE images showed
that mucinous adenocarcinomas demonstrated intra-tumoural perfusion. Figure 4.16
shows the MRI properties of the different components of mucinous tumours.
The 3-D intra-tumour ADC histograms for responders with mucinous adenocarcinoma
showed higher ADC values at baseline and a clear shift to the right in response to
treatment (Figure 4.17). The ADC histograms for non-responders with mucinous
adenocarcinoma also demonstrated a shift to the right in response to treatment,
although this shift was not as marked as the responder (Figure 4.18).
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Figure 4.16 Multi-parametric MRI mucinous adenocarcinoma for a responder (patient
17 AJCC TRG 1)
Multi-parametric MRI illustrating the different MRI properties for a patient with
mucinous adenocarcinoma pre-treatment.

T2-weighted
Yellow
annotation
–mucinous
component of tumour, Red annotation
– solid component of tumour

2

DWI - calculated b=1400mm/s
Mucinous component (yellow) of
tumour has a lower signal intensity
than the solid component of tumour

DCE
(Phase 16 image at 80 seconds)
Mucinous component of tumour
(yellow) is non-enhancing on DCE
Solid component of tumour (red)
enhances on DCE.

DWI – ADC map
Mucinous component of tumour
shows free diffusion (bright) on the
ADC map, whereas the solid
component of tumour shows
restricted diffusion (dark) on the ADC
map.
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Figure 4.17 ADC and Ktrans histograms for mucinous adenocarcinoma responders
(patients 17 and 36 AJCC, both AJCC TRG 1)
ADC histograms demonstrated a clear shift in values of ADC voxels to higher values
during, and after CRT in the 2 responders.
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Figure 4.18 ADC and Ktrans histograms for mucinous adenocarcinoma non-responders
(patients 40 and 43, both AJCC TRG2)
The ADC histograms did not demonstrate a clear shift in response to CRT.
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Figure 4.19 Multi-parametric scatterplots combining ADC and Ktrans for patients with
mucinous adenocarcinoma.
The red plots indicates before CRT, green indicates during CRT and blue indicates after
CRT.

Responders

Non-responders
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Summary of ADC and Ktrans percentiles for all patients with mucinous adenocarcinoma
The ADC and Ktrans quantiles for all patients with mucinous adenocarcinoma are shown
in Table 4.7 and Table 4.8, respectively. All of the ADC quantiles were higher in mucinous
adenocarcinoma than non-mucinous adenocarcinoma. This indicates freer diffusion in
mucinous adenocarcinoma, which is likely due to the presence of >50% mucin which
would be expected to have freer diffusion. All Ktrans quantiles increased during CRT, then
decreased after CRT. Due to the small number of patients with mucinous
adenocarcinomas (n=5), statistical tests were not done to assess the difference in ADC
or Ktrans values between the time-points.
Table 4.7 Summary of ADC percentiles by time for all patients with mucinous
adenocarcinoma
Time

10%

25%

50%

75%

90%

Before CRT

853 x 10-6

1059 x 10-6

1339 x 10-6

1782 x 10-6

2199 x 10-6

During CRT

1069 x 10-6

12 x 1059 x

1524 x 10-6

1946 x 10-6

2299 x 10-6

1742 x 10-6

2078 x 10-6

2373 x 10-6

10-6
After CRT

1202 x 10-6

1448 x 10-6

Table 4.8 Summary of some Ktrans percentiles by time for all patients with mucinous
adenocarcinoma
Time

10%

25%

50%

75%

90%

Before CRT

12 x 10-3

30 x 10-3

54 x 10-3

78 x 10-3

101 x 10-3

During CRT

14 x 10-3

35 x 10-3

69 x 10-3

131 x 10-3

479 x 10-3

After CRT

12 x 10-3

27 x 10-3

51 x 10-3

88 x 10-3

164 x 10-3
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ADC and Ktrans quantiles by time and responder status
All ADC quantiles for patients with mucinous adenocarcinomas were higher in
responders than non-responders, at all time-points. Both responders and nonresponders demonstrated a shift of ADC quantiles to higher values from before CRT to
during CRT, and further after CRT.
Ktrans quantiles during treatment was lower in mucinous responders than nonresponders. Otherwise there was no obvious difference in Ktrans quantiles between
mucinous responders and non-responders.

82

Table 4.9 Summary of ADC percentiles by time and response status for mucinous adenocarcinoma
Time

Response status

Before CRT
During CRT
After CRT

0%

25%

50%

75%

100%

Responder

1390 x 10-6

1454 x 10-6

1518 x 10-6

1583 x 10-6

1647 x 10-6

Non-responder

1021 x 10-6

1082 x 10-6

1143 x 10-6

1202 x 10-6

1262 x 10-6

Responder

1714 x 10-6

1744 x 10-6

1774 x 10-6

1804 x 10-6

1834 x 10-6

Non-responder

1222 x 10-6

1319 x 10-6

1416 x 10-6

1463 x 10-6

1509 x 10-6

Responder

1827 x 10-6

1932 x 10-6

2036 x 10-6

2141 x 10-6

2246 x 10-6

Non-responder

1292 x 10-6

1403 x 10-6

1514 x 10-6

1624 x 10-6

1735 x 10-6

Table 4.10 Summary of Ktrans percentiles by time and response status for mucinous adenocarcinoma
Time

Response status

Before CRT
During CRT
After CRT

0%

25%

50%

75%

100%

Responder

47 x 10-3

50 x 10-3

54 x 10-3

57 x 10-3

60 x 10-3

Non-responder

55 x 10-3

56 x 10-3

56 x 10-3

60 x 10-3

65 x 10-3

Responder

46 x 10-3

49 x 10-3

51 x 10-3

54 x 10-3

56 x 10-3

Non-responder

57 x 10-3

82 x 10-3

107 x 10-3

304 x 10-3

502 x 10-3

Responder

21 x 10-3

38 x 10-3

55 x 10-3

72 x 10-3

89 x 10-3

Non-responder

29 x 10-3

35 x 10-3

40 x 10-3

46 x 10-3

52 x 10-3

83

4.9 Discussion
This study investigated the use of 3-D DWI and DCE MRI in combination for the
prediction of CRT response in 39 patients with locally advanced rectal cancer. The study
protocol allowed for voxel-wise 3-D characterisation of intra-tumour diffusion and
perfusion, and its changes in response to CRT. To investigate intra-tumour
heterogeneity, ADC and Ktrans 10th, 25th, 50th, 75th, 90th percentiles, skewness and
kurtosis of whole tumour were examined. For all patients with non-mucinous
adenocarcinoma, there was a significant increase in all ADC quantiles (10th, 25th, 50th,
75th and 90th) from before to during CRT, and after CRT. After CRT (before surgery) ADC
75th and 90th percentiles were found to be the most promising parameters for predicting
histological response to treatment. ADC histograms showed significantly higher ADC 75th
and 90th percentile values in responders compared with non-responders. DCE-MRI
showed higher Ktrans quantile values (10th, 25th, 50th, 75th and 90th) in non-responders
than responders at all time-points suggesting increased angiogenesis in non-responders,
although this was not statistically significant.
A strength in this study was the rigorous histopathology analysis method, with
centralised consensus readings by 2 gastrointestinal pathologists. It was mandatory to
embed the entire tumour bed for analysis. The pCR rate of 8% in this study was lower
than in prior studies which demonstrate a pCR rate between 15 – 27% (8); this was likely
due to careful histologic examination of the entire tumour bed leading to higher
likelihood of finding viable tumour cells and therefore response being classified as TRG
1. A study comparing the 5 different TRG systems showed that the 4-tier AJCC system
was most accurate in predicting recurrence and should be adopted as the standard (46).
Patients with AJCC TRG 0 (pCR, no viable cancer cells) and TRG 1 (single cells or small
groups of cancer cells) were classified as responders in this study; prediction of this
category of response is clinically relevant as these patients could be eligible for organ
conserving approaches such as ‘watch-and-wait’ or local excision, thereby avoiding or
reducing surgical morbidity such as the need for a permanent colostomy.
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This study demonstrated the limitation of using summary values to evaluate treatment
response, and highlights the potential of intra-tumour heterogeneity analysis. There was
no significant difference in the summary measure median ADC between responders and
non-responders at any of the time-points in this study. However, on analysis of intratumour heterogeneity with the histograms of 3-D tumour ADC values, ADC 75th and 90th
percentiles after CRT (before surgery) were higher in the responder group than the nonresponder group. The higher ADC 75th and 90th percentile values after CRT in the
responder group were likely due to treatment-induced cell lysis and necrotic cells in the
tumour bed allowing increased diffusion of water, resulting in presence of a fraction of
cells in the tumour bed having very 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.
The DCE-MRI showed that non-responders had higher Ktrans values, suggesting increased
angiogenesis as a mechanism for therapeutic resistance. This difference was not
statistically significant. The study may have been underpowered due to small sample
size, particularly for the DCE-MRI analysis as some patients were not able to have DCEMRI due to renal impairment, and some of the acquired DCE datasets were unanalysable
due to technical issues. Rectal peristalsis was minimized by butylscopolamine, and rigid
pre-registration of flip angle to dynamic images, which had to be performed outside of
commercial software, was done to correct for patient motion and ensure accurate voxelwise analysis over 60 phases. Despite this, Ktrans map produced had missing pixels in the
ROI in some patients limiting interpretation of DCE-MRI results in the superimposed ROI
segmented from DWI-MRI for voxel-wise whole tumour analysis. Ktrans was selected for
analysis in this study based on prior studies demonstrating Ktrans to be promising in the
prediction of CRT response (20, 47), although there are no studies comparing which
semi(quantitative) parameter is best for analysis. A challenge in DCE-MRI interpretation
is the number of (semi)quantitative parameters that can be analysed, making it difficult
to compare studies. A study by Marten et al looking at multiple semi-quantitative
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parameters suggested that only the before CRT late slope was able to predict CRT
response (48).
A limitation in this study was the small number of patients, particularly after CRT where
32 of the enrolled 39 patients underwent MRI after CRT (before surgery). Despite this
limitation, this study was able to demonstrate the usefulness of a whole tumour
heterogeneity analysis of DWI-MRI performed after CRT (before surgery) for prediction
of histological response. Another limitation was that multiple comparison adjustments
were not employed. The findings would require validation in an external larger cohort.
Currently, we are not aware of any other published combined DWI and DCE MRI
prospective studies that assessed whole tumour heterogeneity for response prediction
in patients with locally advanced rectal cancer undergoing CRT.
Scan reproducibility is a desirable characteristic to ensure stability of measured MRI
biomarkers, however inclusion of a repeat baseline scan to assess reproducibility would
have been more time intensive for patients and not done in this study. The current
dataset is undergoing further testing in a subsequent study to assess the stability and
reproducibility of MRI biomarkers across the different time-points. A “hop on hop off”
study is also underway at this institution to test scan reproducibility by scanning patients
twice in a single day time-point. The current study dataset could potentially be used in
a future validation study if optimal MRI biomarkers cut-points become defined in other
studies.
This study adds to the limited 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 (Table 4.11) (49-51). Intven et al (49) assessed the
combination of DWI and DCE-MRI at 2 time-points before CRT and after CRT (before
surgery) for response assessment in rectal cancer in 55 patients and found that ADC was
a promising tool for prediction of good response to CRT. However, the inclusion of Ktrans
did not increase the diagnostic accuracy for prediction of good response. Our study
supports this finding; in a bi-variate analysis, Ktrans did not add any value in the prediction
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of CRT response. DeVries et al (50) examined DWI and DCE performed at a single timepoint before CRT for assessing CRT response in rectal cancer in 34 patients. In this study,
the DCE technique was different (16 acquisitions of T1-weighted FLASH images after
gadolinium injection) and a different perfusion parameter used in older MRI protocols,
perfusion index, was derived from DCE MRI. Non-responders had a higher perfusion
index before CRT than responders. Our study had similar findings and found that Ktrans,
a parameter of tumour perfusion in modern MRI protocols, was higher in nonresponders compared with responders at all time-points although this was not
statistically significant. Tumours are characterised by leaky micro-vasculature; a possible
hypothesis is that treatment-resistant rectal tumours are more likely to have greater
angiogenesis, more aberrant microvasculature resulting in more leakage, perfusion and
therefore higher Ktrans than responding tumours. After CRT, the presence of high
perfusion and Ktrans in the tumour bed is suggestive of persistent abnormal vasculature
and residual tumour.
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Table 4.11 Prospective multi-parametric MRI studies combining DWI and DCE-MRI for
prediction of CRT response
Study

N

MRI
time
points

MRI
variable
s

Heterogeneity
analysis

Results

Significance

Current
study
Pham
et al
2019

33

Before
CRT
During
CRT
After CRT

ADC
Ktrans

Yes – whole
tumour
heterogeneity
histogram
10th, 25th, 50th,
75th, 90th
quantiles,
skewness and
kurtosis

After CRT ADC
75th higher in
responders than
non-responders
After CRT ADC
90th higher in
responders than
non-responders
After ADC other
quantiles
Ktrans all
quantiles higher
in nonresponders than
responders

p = 0.04

ΔADC greater in
responders
ΔKtrans greater in
non-responders
Multiparametric
analysis –
addition of Ktrans
did not increase
accuracy
response
prediction

p < 0.001

Mean ADC
ADC histogram
– higher relative
fraction of high
ADCs in
nonresponders
than responders

p = ns
p < 0.001

Intven
et al,
2015
(33)

DeVries
et al,
2003
(50)

55

34

Before
CRT
after CRT

ΔADC
ΔKtrans

Before
CRT

ADC
mean
Perfusio
n index
(PI)

No

Yes
Histogram
heterogeneity
obtained from a
plane through
tumour

p = 0.02

p > 0.08 (ns)
p > 0.10 (ns)

p < 0.001

p < 0.001
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Study

N

MRI
time
points

MRI
variable
s

Heterogeneity
analysis

Results

Significance

PI mean –
p < 0.001
higher in nonresponders
PI cumulative
fraction of pixels
with PI > 12
mL/min/100mg
De
Cecco
et al,
2016
(34)

12

Before
CRT

ADC
Ktrans
Ve
Kep

DWI – no
DCE – yes
highest 10th and
highest 25th
quantiles

ADC
Ktrans
Ve lower in
responders
Kep higher in
responders

p = ns
p = ns
p = 0.04
p = 0.39
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4.10 Conclusions
3-dimensional 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 prediction of CRT responder (TRG 0 -1) status prior
to surgery in patients with locally advanced rectal cancer. This could aid in the selection
of responders to CRT for an organ preservation approach with either ‘watch-and-wait’
or local excision. Due to the small number of patients in this study, this would need to
be validated in a larger cohort. All DCE-MRI Ktrans histogram quantiles were higher in nonresponders than responders at all time-points, suggesting greater tumour perfusion and
angiogenesis in non-responders, although this was not significant. Multi-parametric
scatterplots and bi-variate analyses combining ADC and Ktrans did not add value in
predicting therapeutic response.
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Results and discussion (clinical study): Multiparametric MRI for prediction of disease-free survival in locally
advanced rectal cancer
5.1 Patients and disease-free survival
A total of 39 patients were recruited to this study. There were 33 patients with nonmucinous adenocarcinoma in the disease-free survival analysis; of these patients 33 had
DWI and 31 had DCE-MRI before CRT, 31 had DWI and 29 had DCE-MRI during CRT, and
27 had DWI and 25 had DCE-MRI after CRT (before surgery). There were patient
withdrawals from the study accounting for less patients during CRT (2 patients declined
MRI) and after CRT (6 patients declined MRI). Two patients did not have DCE-MRI due
to renal impairment and contra-indication to gadolinium contrast. Of the patients who
had DCE-MRI, there were 2 datasets before CRT, and 1 dataset during CRT that were
unanalysable due to technical issues (described in previous chapter). Five patients with
mucinous adenocarcinoma were excluded from this analysis. One patient who did not
undergo surgery and was lost to follow-up was excluded from this analysis.
The median follow-up time was 2.5 years (range 1.5 to 40 months). No patient had locoregional relapse. Nine patients had distant metastases. Two patients died; 1 died of
metastatic disease at 5 months and 1 died of other cause at 20 months. The 24 month
disease-free survival probability for the whole cohort was 0.72 (CI 0.58 – 0.90).

5.2 DWI-MRI ADC and disease-free survival
The hazard ratios (HR) for time to relapse using a Cox proportional hazards model for
before CRT, during CRT, and after CRT (before surgery) ADC values (10th, 25th, 50th, 75th
and 90th quantiles) were not statistically significant (p > 0.06). The HRs for change (Δ) in
ADC values (10th, 25th, 50th, 75th, 90th quantiles) from before CRT to during CRT, and from
before CRT to after CRT were not statistically significant (p > 0.09).
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5.3 DCE-MRI Ktrans and disease-free survival
The HRs for time to relapse using a Cox proportional hazards model for before CRT and
during CRT Ktrans values (10th, 25th, 50th, 75th and 90th quantiles) were not statistically
significant (p > 0.26). The HRs for after CRT Ktrans 10th (HR = 1.04, 95% CI 1.004 -1.077, p
= 0.03), 25th (HR = 1.015, 95% CI 1 – 1.03, p = 0.04), 50th (HR = 1.006, 95% CI 1 – 1.012, p
= 0.04) and 75th (HR = 1.003, 95% CI 1 – 1.006, p=0.04) quantile values were all
statistically significant (p < 0.05). The HR for after CRT 90th quantile (HR = 1.002, 95% CI
0.9999 – 1.004, p = 0.07) was not statistically significant. The HRs for ΔKtrans from before
CRT to after CRT Ktrans for 50th (HR = 1.008, 95% CI 1.001 – 1.014, p = 0.03), 75th (HR =
1.004, 95% CI 1.001 – 1.007, p = 0.02) and 90th (HR 1.002, 95% CI 1.000 – 1.005, p = 0.03)
quantiles were statistically significant. The HRs for Ktrans percentile values, and ΔKtrans
from before CRT to during and after CRT Ktrans are shown in the forest plots in Figure 5.1
and Figure 5.2
The best after CRT Ktrans cut-point for predicting relapse was 28 x 10-3 (the 10th percentile
value), with a higher Ktrans value predicting for relapse (distant). The 24 month diseasefree survival probability was 0.93 (95% CI 0.803 to 1.000) for patients with after CRT
Ktrans value ≤ 28 x 10-3 versus 0.41 (95% CI 0.187 to 0.894) for patients with after CRT
Ktrans value >28 x 10-3. The Kaplan Meier disease-free survival curve using the Ktrans cutpoint of 28 x 10-3 is displayed in Figure 5.3, which shows that patients with a higher Ktrans
value after CRT (before surgery) had lower disease-free survival.
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Figure 5.1 Forest plot of hazard ratios for Ktrans for disease free survival
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Figure 5.2 Forest plot of hazard ratios for ΔKtrans for disease free survival
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Figure 5.3 Kaplan Meier disease-free survival probability curve using after CRT (before
surgery) Ktrans cut-point value 28 x 10-3 (10th percentile)

Ktrans ≤ 28 x 10-3

Ktrans > 28 x 10-3
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5.4 Discussion
This study showed that Ktrans derived from DCE-MRI after CRT (before surgery) was a
promising biomarker for the prediction of disease-free survival in patients with locally
advanced rectal cancer undergoing neoadjuvant CRT followed by surgery. Patients with
higher Ktrans value after CRT (before surgery) had a significantly lower 2 year DFS. As all
relapses in this study were distant, and there were no locoregional relapse, the higher
Ktrans value after CRT represents a higher probability of distant relapse. The 10th
percentile Ktrans value of 28 x 10-3 was the best value for predicting 2 year DFS (HR of
1.04, p = 0.03); as this was analysed as a continuous variable, a HR of 1.04 indicates a 4%
increased risk of distant relapse per every unit increase in Ktrans. For the heterogeneity
analysis, a significantly increased hazard of recurrence for higher Ktrans values was also
seen for the other Ktrans quantiles (25th, 50th and 75th) after CRT. In addition, ΔKtrans 50th,
75th and 90th quantiles from before CRT to after CRT were also significant for 2 year DFS,
with patients with a greater increase in Ktrans values from before CRT to after CRT at
greater risk of distant relapse. DWI-MRI was not able to predict disease-free survival at
any time-point.
The higher Ktrans after CRT indicates higher perfusion within the tumour bed. Our results
showed that patients with higher Ktrans value after CRT had significantly lower 2 year
distant DFS. The higher Ktrans value after CRT could represent greater vascular
permeability and angiogenic activity within the tumour bed, providing a mechanism for
haematogenous spread. In addition, a greater increase in Ktrans value from before CRT to
after CRT could indicate an increase in angiogenic activity and development of an
aggressive tumour phenotype, leading to a greater risk of haematogenous spread. A
previous study by DeVries et al in patients with locally advanced rectal cancer identified
DCE-MRI perfusion index (PI), an older measure of tumour perfusion, as a predictive
factor for DFS(52). Patients with higher PImean through one slice of tumour before CRT
had decreased response to CRT and DFS, and the authors hypothesised that the higher
PI parameter was a sign of more aggressive tumour resulting from high angiogenic
activity. Although it has been shown that PI value is related to Ktrans, PI is a measure
from older MRI protocols. The Quantitative Imaging Biomarkers Alliance suggests Ktrans,
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which takes into account arterial input function, as the most representative DCE-MRI
vascular parameter for MRI protocols in contemporary oncology trials (53, 54). To the
best of our knowledge, this is the first study assessing Ktrans derived from DCE-MRI and
disease-free survival in patients with locally advanced rectal cancer. In addition, our
study incorporated a whole tumour, heterogeneity analysis method. There have been
DCE-MRI studies in other tumour sites including breast cancer that have also shown
higher tumour perfusion values before treatment predicted for a higher risk of
metastases and lower DFS (55, 56).
ADC in this study was not useful for predicting DFS. ADC is an imaging biomarker of
cellularity, and tumour cellularity may be less useful than tumour perfusion in the
prediction of haematogenous spread.
This study has identified Ktrans as a potential novel imaging biomarker predictive of
disease-free survival and development of distant metastases in rectal cancer. This
biomarker could be considered for stratification of patients for more intensive adjuvant
systemic therapies in future studies. The rate of distant metastases in patients with
locally advanced rectal cancer remains high, with a 5 year cumulative incidence of
distant metastases of 30% shown in pooled data from European randomised control
trials, despite multi-modality treatment strategies incorporating neoadjuvant CRT and
total mesorectal excision surgery (10). Predictive biomarkers of distant metastases could
help identify higher risk patients for more intensive systemic therapy following CRT and
surgery.
A limitation of this study was the small numbers, particularly the number of patients
undergoing MRI after CRT (before surgery) as some patients had declined MRI at this
time-point prior to surgery. Only 25 patients (76%) had DCE-MRI after CRT. Despite the
small sample size we found that DCE-MRI after CRT was statistically significant for
predicting DFS. It is possible that the level of significance may be even higher with a
larger cohort. The other limitation was the short median follow-up time of 2.5 years in
this study. Validation of our study results in a larger study with longer follow-up duration
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is required, prior to use to guide adjuvant treatment decisions. The Ktrans results after
CRT were significant across the multiple quantiles on the heterogeneity analysis,
suggesting that there is likely a correlation between Ktrans values after CRT and DFS worth
further investigation.

5.5 Conclusions
In conclusion, this study showed that Ktrans derived from DCE-MRI performed after CRT
was predictive of 2 year DFS. Patients with higher Ktrans value after CRT, or greater
increase in Ktrans from before CRT to after CRT had a significantly higher risk of distant
metastases, and lower 2 year distant DFS. The higher Ktrans value could indicate increased
angiogenesis and an aggressive tumour phenotype. Ktrans is a potential imaging
biomarker that could assist in identification of patients at high risk of distant relapse,
and guide stratification of patients for adjuvant systemic therapies in future studies.
Validation is required in a larger cohort.
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Methods (ex vivo study): Ultra-high field MRI aided
biomarker discovery in rectal cancer ex vivo
6.1 Introduction
Further MRI biomarkers in rectal cancer are required to enable individualisation of
treatment based on more accurate assessment of tumour extent, heterogeneity, and
radiotherapy response. In particular, MRI sequences are needed that allow for accurate
differentiation between T1 and T2 rectal tumours (tumour invading muscularis propria).
MRI sequences that enable differentiation between tumour and fibrosis would improve
radiotherapy response prediction. There are many functional MRI biomarkers that have
not yet been explored in rectal cancer. There have been no prior studies examining the
potential of diffusion tensor imaging (DTI) MRI biomarkers in rectal cancer. Ultra-high
field MRI (11.7 tesla) allows exploration of cancer at the microscopic level with imaging
resolution of 100 – 200 µm and correlation with ‘ground-truth’ histopathology. A
biomarker discovery pipeline linking ultra-high field MRI to clinical MRI (3.0 tesla) would
allow for clinical translation of ‘ground-truth’ findings.
This exploratory study examined novel MRI derived biomarkers of rectal cancer stromal
heterogeneity and tumour extent at ultra-high field. Specifically, the aims were to 1.
Establish a framework for ultra-high field MRI analysis of Biobank cancer tissue ex vivo
in order develop a pipeline for MRI biomarker discovery from ultra-high field to clinical
field strengths and 2. Examine the microstructure of rectal cancer by ultra-high field DTIMRI at 11.7 tesla ex vivo and correlate MRI findings with histopathology.
This project involved the use of the South Western Local Health District (SWSLHD)
Centre for Oncology Education Research Translation (CONCERT) Biobank specimens
from patients diagnosed with rectal cancer and undergoing surgery. A method of tissue
preparation was developed for optimal MRI examination of rectal tissue ex vivo that
allowed for preservation of tissue integrity, allowing for subsequent correlation with
histopathology analysis. High field MRI (11.7 tesla) was used to examine the stromal
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microstructure of malignant and normal rectal tissue ex vivo. MRI findings were coregistered and correlated with light microscopy examination of tissue specimens.

6.2 Type of study and patients
This was an exploratory study. The sample size was 5 patients. Patients with biopsy
proven rectal cancer undergoing rectal surgery were eligible for this study. Suitable
patients were flagged by the SWSLHD CONCERT Biobank for participation. All patients
consented to Biobank tissue donation in accordance with the SWSLHD CONCERT
Biobank standard consent processes. Fresh tissue was collected from the surgical
specimens of suitable patients.

6.3 Patient clinical data
Clinical data for each patient were collected as part of standard CONCERT Biobank
protocols. The following clinical data was accessed from the Biobank for this study: (i)
patient characteristics – age at diagnosis, female / male, (ii) clinical staging (cTNM) (iii)
pathologic staging (pTNM) (iv) histopathologic subtype (v) treatment details (type of
rectal surgery, (neo)adjuvant chemotherapy, (neo)adjuvant radiotherapy (vi) Disease
status at 12 months from diagnosis (Nil evidence of disease, or disease recurrence (locoregional recurrence, distant metastases)).

6.4 Biobank tissue collection and preparation
Biobank tissue collection and handling techniques play a major role in obtaining
reproducible and reliable results in ex vivo MRI (57). Tissue samples need to be prepared
in a way that does not compromise MRI signal and image quality. Time in room
temperature, delayed preservation, the freezing and thawing process and prolonged MR
acquisition time can promote enzymatic activity and biochemical degradation in tissues
(57). In addition, a high spinning rate can change the tissue morphology which can affect
subsequent histologic analysis. Some standard Biobank tissue collection and storage
processes are not suitable for certain MRI analysis methods. Frozen samples are not
suitable for diffusion MRI analysis as the freezing process ruptures cell membranes and
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releases para-magnetics which interfere with the MR images. In frozen samples, the
water molecules reorientate very slowly that the spin – spin (ie. T2) relaxation time is
too short resulting in signal decay before the end of the echo-based MRI pulse sequence,
and no detectable MRI signal. Frozen samples may be suitable for MR spectroscopy
methods. For MR spectroscopy, tissues have a high metabolic rate, samples should
ideally be prepared on ice with a constant sample preparation time, and MR acquisition
should also be carried out at a low temperature. Swanson et al found that metabolic
degradation on prostate biopsies can be minimized by acquiring HR-MAS data at
temperatures close to freezing (1ºC), and that over the first 2 hours, phosphocholine
and glycerophosphocholine decreased by only 2.8%, whilst choline increased by 34.7%
(58). However, the rate of biochemical degradation varies depending on tissue type, and
it is unknown what time frame MR spectroscopy experiments on rectal tissue should be
performed within, to avoid any observable biochemical alteration occurring ex vivo.
Appropriate methods of tissue collection and preparation needs to be developed
specifically for the MRI sequence of interest. Histopathology analysis of tissue provides
a ‘ground-truth’ basis, however tissue sample orientation is of paramount importance
for subsequent accurate correlation with MR images for analysis of correct tissue
regions of interest, and this needs to be incorporated into MRI – histopathology
correlation studies.
Standard SWSLHD CONCERT Biobanking procedures involves collection of tissue from
the surgical specimen after the Pathologist has taken all tissue required for clinical
purposes. Two samples are stored in the CONCERT Biobank; a snap frozen specimen and
a formalin-fixed and paraffin embedded (FFPE) specimen (59). The existing snap-frozen
and FFPE rectal tissue in the CONCERT Biobank were unsuitable DTI-MRI analysis in this
study. Bespoke specimen collections were required for this study. Fresh rectal tissue
specimens were collected and prepared by the CONCERT Biobank to the specifications
of this study.
Rectal tissue specimens were obtained through the CONCERT Biobank in South Western
Sydney Local Health District from patients diagnosed with rectal cancer undergoing
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surgery. In accordance with the Biobank protocol, only tissue that was removed for the
purposes of treatment and not required by the Pathologist for diagnostic purposes was
collected. Two fresh tissue specimens were collected from each patient’s surgical
specimen: (i) full thickness (containing both mucosal and serosal surface) rectal cancer
with peri-lesional adjacent normal rectum, and (ii) full thickness adjacent normal rectum
tissue 5 – 10cm away from cancer. The specimens collected were up to 1.5 cm wide and
3 cm long, depending on the amount of tissue available for Biobank collection.
Collected specimens were immediately fixed in 10% Formalin for 24 – 48 hours. Tissue
specimens were subsequently embedded in 1% agarose (1g agarose in 100ml distilled
water) containing 2 mM gadopentetate dimeglumine (0.4ml of Bayer Magnevist 0.5M)
for MR imaging. Agarose was chosen to embed tissue for number of reasons: (i) agarose
has similar susceptibility to tissue (ii) to keep the tissue suspended in the MRI vial for
imaging (iii) agarose stops the magnetic field from bending. Gadopentetate
dimeglumine is a gadolinium based MRI contrast which reduces the T2 relaxation time.
One gram of agarose was dissolved in distilled water at boiling point (100°C) in a glass
flask. The agarose solution was allowed to cool and a thermometer was used to monitor
the temperature of the solution. Magnevist 0.4 ml of 0.5M stock was added and mixed
when the solution was 55°C. The agarose solution was poured in layers, starting with
the base layer prior to laying the rectal tissue in the vial. Care had to be taken not to
pour the solution on the specimen above 39°C, as this temperature would have
degraded the tissue. The solution was poured onto the specimen when the solution was
37°C (body temperature) with the specimen held suspended in the middle of the vial by
tweezers. The solution began setting at below 34°C. Air bubbles were not allowed in the
set gel, as this would have led to bending of the magnetic signal. The specimen mucosal
and serosal surface orientation in MRI vial were marked with lines labelled ‘M’ and ‘S’,
respectively, on the MRI vial. Photos of gross specimens were taken to document
specimen orientation and aid in subsequent MRI – histopathology correlation.
Embedded tissue specimens were stored in the Biobank fridge at < 4°C for a minimum
of 24 hours to allow the gel to set prior to MR analysis.
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Animal bowel (porcine small bowel) from the butcher was used in a feasibility test to
optimize the tissue preparation and MR DTI technique, prior to commencing the study
on human Biobank specimens.

6.5 Ethics approval
The projects entitled ‘Magnetic Resonance (MR) Aided Biomarker Discovery in Cancer’
and ‘Protocol Rectal Cancer’ were approved by South Western Sydney Local Health
District (SWSLHD) Human Research Ethics Committee on 15th September 2014. HREC
reference: HREC/14/LPOOL/370. Local project number: 14/209. SSA references:
SSA/14/LPOOL/371 and SSA/14/LPOOL/372. Western Sydney University HREC
reference: H10843.
A detailed description of the following methods for this study are in chapter 7 in the
published manuscript ‘Correlation of ultra-high field MRI with histopathology for
evaluation of rectal cancer heterogeneity’. Scientific Reports. 2019;9:9311
-

MRI

-

Histopathology examination

-

MRI-histopathology correlation and co-registration

-

MRI analysis

-

Statistical analysis

103

Results and discussion (ex vivo study): Ultra-high field
MRI aided biomarker discovery in rectal cancer
The publication in this chapter contains methods (MRI, histopathology examination, MRI
histopathology correlation and co-registration, MRI analysis, statistical analysis), results
and discussion for the ex vivo ultra-high field study.

7.1 Ex vivo ultra-high field study Publication
Ultra-high field MRI at 11.7 tesla for evaluation of rectal cancer stromal heterogeneity
ex

vivo:

correlation

with

histopathology.
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Correlation of ultra-high field MRI
with histopathology for evaluation
of rectal cancer heterogeneity
Trang T. Pham 1,2,3, Timothy Stait-Gardner4, Cheok Soon Lee2,3,5,6, Michael Barton1,2,3,
Petra L. Graham 7, Gary Liney1,2,3, Karen Wong1,2,3 & William S. Price 1,4,5
Current clinical MRI techniques in rectal cancer have limited ability to examine cancer stroma. The
differentiation of tumour from desmoplasia or fibrous tissue remains a challenge. Standard MRI cannot
differentiate stage T1 from T2 (invasion of muscularis propria) tumours. Diffusion tensor imaging (DTI)
can probe tissue structure and organisation (anisotropy). The purpose of this study was to examine
DTI-MRI derived imaging markers of rectal cancer stromal heterogeneity and tumour extent ex vivo.
DTI-MRI at ultra-high magnetic field (11.7 tesla) was used to examine the stromal microstructure of
malignant and normal rectal tissue ex vivo, and the findings were correlated with histopathology.
Images obtained from DTI-MRI (A0, apparent diffusion coefficient and fractional anisotropy (FA)) were
used to probe rectal cancer stromal heterogeneity. FA provided the best discrimination between cancer
and desmoplasia, fibrous tissue and muscularis propria. Cancer had relatively isotropic diffusion (mean
FA 0.14), whereas desmoplasia (FA 0.31) and fibrous tissue (FA 0.34) had anisotropic diffusion with
significantly higher FA than cancer (p < 0.001). Tumour was distinguished from muscularis propria (FA
0.61) which was highly anisotropic with higher FA than cancer (p < 0.001). This study showed that DTIMRI can assist in more accurately defining tumour extent in rectal cancer.
Standardised surgical technique with total mesorectal excision, and multimodality treatment strategies with neoadjuvant chemoradiotherapy have led to improved survival in rectal cancer1–3. In selected patients with early rectal cancer, local excision may be an appropriate treatment option. Accurate pre-operative staging in rectal cancer
is therefore of paramount importance in the selection of optimal surgical technique, and stratification of patients
into those who can undergo surgery alone or those who would benefit from neoadjuvant chemoradiotherapy.
Current clinical magnetic resonance imaging (MRI) techniques using T2-weighted imaging have an established
role in the primary staging of rectal cancer, however, there are limitations with their use. Firstly, T2-weighted MRI
is unable to accurately differentiate stage T1 (tumour invades submucosa) from stage T2 (tumour invades muscularis propria) tumours4,5, and endoscopic ultrasound is currently the recommended imaging modality of choice
by the European Society of Gastrointestinal and Abdominal Radiology (ESGAR) to differentiate between T1 and
T2 tumours if local resection is being considered4. Secondly, T2-weighted MRI has limited ability to examine the
rectal cancer stromal microenvironment, and differentiation of tumour from desmoplastic reaction or fibrous
tissue can be challenging. Stranding into the mesorectal fat is an equivocal sign that may indicate either a T2
tumour with desmoplasia or a T3 (tumour invades through the muscularis propria into perirectal tissue) tumour
with tumoural strands4. Functional MRI has the capability to non-invasively characterise tumour heterogeneity
and its role in more accurate staging of rectal cancer should be further explored.
Tumour stroma evolves during cancer progression and is associated with increased extracellular matrix. The
increased deposition of extracellular matrix (fibrosis) in tumours is known as desmoplasia, and characteristic of
many advanced cancers6,7. Histopathologic studies in colorectal cancer have identified changes in the tumour
stroma, including increased collagen fibril stiffness and anisotropy, compared to normal healthy mucosa8. Fibril
1

Department of Radiation Oncology, Liverpool Cancer Therapy Centre, Liverpool Hospital, Sydney, Australia.
South Western Sydney Clinical School, Faculty of Medicine, University of New South Wales, Sydney, Australia.
3
Ingham Institute for Applied Medical Research, Sydney, Australia. 4Nanoscale Organisation and Dynamics
Group, Western Sydney University, Sydney, Australia. 5School of Medicine, Western Sydney University, Sydney,
Australia. 6Department of Anatomical Pathology, Liverpool Hospital, Sydney, Australia. 7Centre for Economic
Impacts of Genomic Medicine (GenIMPACT), Macquarie Business School, Macquarie University, Sydney, Australia.
Correspondence and requests for materials should be addressed to T.T.P. (email: trang.pham@health.nsw.gov.au)
2

Scientific Reports |

(2019) 9:9311 | https://doi.org/10.1038/s41598-019-45450-2

1

www.nature.com/scientificreports/

www.nature.com/scientificreports

anisotropy (degree of organisation) may serve as a novel predictive stromal biomarker for cancer invasion and
assist in more accurate staging in rectal cancer. Since the fibres cause anisotropic restriction of the diffusion of
tissue water, diffusion tensor imaging (DTI) MRI may provide a non-invasive method for characterising such
fibril anisotropy. DTI-MRI, which provides a rotationally invariant description of tissue diffusion for each voxel
in the image, has the potential to supply additional information about the tumour stromal microenvironment.
DTI-MRI can probe stromal microstructure and organisation (anisotropy). The apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) for each voxel can be calculated from the diffusion tensor measured for
each voxel. Viable tumours restrict cellularity and water movement, resulting in a low ADC. FA may be useful for
more accurate tumour delineation and detection of tumour invasion into tissues with highly structured organisation9. Most tumours typically exhibit relatively isotropic diffusion, whereas organised tissues exhibit anisotropic
diffusion. To our knowledge, the potential clinical utility of DTI-MRI in rectal cancer has not yet been investigated in the ex vivo or clinical settings.
We hypothesise that DTI-MRI can assess stromal heterogeneity in rectal cancer, thereby allowing for more
accurate delineation of rectal cancer extent and staging. This paper examines the potential of DTI-MRI to characterise fibril anisotropy as a probe of the stromal microenvironment and tumour extent. This proof of principle
study was performed on an ultra-high field MRI at 11.7 tesla. The advantage of ultra-high field MRI is that the
microscopic spatial (i.e., voxel) resolution (200 µm) can be used to reveal cancer microstructure ex vivo. This
allows for direct correlation with ‘ground-truth’ histopathology analysis of the same tissue specimen.
The purpose of this exploratory study was to examine DTI-MRI derived imaging markers of rectal cancer
stromal heterogeneity and tumour extent, ex vivo. Specifically, the stromal ultrastructure of rectal cancer and
adjacent normal rectum was examined by high field strength DTI-MRI at 11.7 tesla ex vivo, and the MRI findings
were correlated with histopathology.

Methods

Patients and biobank tissue collection. Patients with biopsy proven rectal cancer undergoing rectal sur-

gery alone were eligible for this study. All patients who participated in this study provided written informed consent. All study protocols were approved by the institutional ethics committee South Western Sydney Local Health
District (SWSLHD) Human Research Ethics Committee (HREC) (Approval numbers: HREC/14/LPOOL/152,
HREC/14/LPOOL/370, Local Project Number 14/209, SSA/14/LPOOL/371, SSA/14/LPOOL/372, H10843). All
study methods were carried out in accordance with SWSLHD HREC approved study protocols and SWSLHD
Centre for Oncology Education Research Translation (CONCERT) Biobank procedures10.
Tissue was collected from the surgical specimens of rectal cancer patients. Two fresh tissue specimens were
collected from each patient’s surgical specimen: (i) full thickness (containing both mucosal and serosal surface)
rectal cancer with peri-lesional adjacent normal rectum, and (ii) full thickness adjacent normal rectum tissue
5–10 cm away from cancer. The specimens collected were up to 1.5 cm wide and 3 cm long, depending on the
amount of tissue available for Biobank collection. Collected specimens were immediately fixed in 10% formalin
for 24–48 hours. Tissue specimens were subsequently embedded in 1% agarose (1 g agarose in 100 ml distilled
water) containing 2 mM gadopentetate dimeglumine (0.4 ml of Bayer Magnevist 0.5 M) for MR imaging. Care
was taken to avoid tissue folding within the agarose gel. The orientation of mucosal and serosal surface in the MRI
vial was marked. Photos were taken of gross specimens to document specimen orientation and aid in subsequent
MRI – histopathology correlation.

Magnetic resonance imaging. All rectal cancer and normal rectum tissue specimens were scanned on the
Bruker Avance II 500 MHz (11.7 tesla) wide bore MRI spectrometer at the Western Sydney University Biomedical
Magnetic Resonance Facility. The MRI vials were placed in the MRI bore with the specimen mucosal surface orientated to the left, and serosal surface orientated to the right of the MRI bore. An initial 3-dimensional MRI with
100 μm voxels (using Bruker’s TurboRARE-3D method with RARE factor 2, repetition time 300 ms, echo time
10.34 ms, 90° excitation pulse and 4 averages) was acquired for some specimens to facilitate anatomical registration of MR images with histopathology until it was determined that the A0 data from the DTI scan was equally
suitable for this task. Three-dimensional spin-echo DTI were acquired with isotropic voxel resolution of 200 μm
with b-values 200, 800, and 3200 s/mm2. The FOV was 27 × 27 mm in the axial plane and typically between 12 and
16 mm longitudinally depending on the length of the specimen. The echo time was 26 ms and repetition time was
900 ms. Eight diffusion directions were acquired with 3 diffusion experiments per direction. One A0 (i.e., b = 0)
image was acquired. The diffusion gradient separation was 15 ms, and diffusion gradient duration was 5 ms. No
image acceleration such as echo-planar imaging (EPI) was used leading to relatively long experimental times
between 41 and 67 hours.
Histopathology examination. Following ex vivo MR imaging, the rectal cancer and normal rectum tissue
specimens were histologically examined by light microscopy. Specimens were sectioned axially from mucosal surface to serosal surface, as per conventional histopathology sectioning for diagnostic purposes. The slice thickness
was 90 µm. Sections were mounted onto slides and stained with haematoxylin and eosin (H&E) stain, masson
trichome stain and elastic Van Gieson (eVG) stain. Unmarked histopathology slides were scanned with an Aperio
ScanScope Model CS digital scanner at 40× resolution. Histopathology slides could be viewed at any resolution
up to a maximum resolution of 40× (0.25 µm/pixel) using the zoom window.
H&E stains were used to assess cancer and normal rectum ultrastructure. The masson trichome and eVG
stains were used to analyse the extracellular matrix ultrastructure, and identify regions of desmoplasia and fibrosis. Histopathology assessment was undertaken by a pathologist with sub-specialisation in gastrointestinal pathology. Regions of interest were annotated on the digital histopathology images, viewed via Aperio ImageScope
(version 12.3.2.9013). The following regions of interest were annotated on rectal cancer digital histopathology
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images: (a) cancer (b) cancer-associated desmoplasia (c) fibrous tissue and (d) non-malignant rectum (if present).
The histologic sub-type and depth of carcinoma invasion into the rectal wall was also assessed. The following
regions of interest were annotated on normal rectum digital histology images: (a) mucosa (b) submucosa (c)
muscularis propria and (d) serosa. Any additional regions of interest that were identified in the histopathology
specimen, such as granulation tissue, were also annotated.

MRI - Histopathology correlation and co-registration. A pathologist sub-specialising in lower gastrointestinal malignancy, and a radiation oncologist with MRI expertise sub-specialising in lower gastrointestinal
malignancy worked together to match the MRI with histopathology. Either the 3-dimensional MRI TurboRARE
sequence or the A0 data from the DTI scan was used to select the MRI slice that visually matched with histopathology. As the MRI voxels acquired were isotropic, the MRI data could, through software processing, be
visualised along arbitrary axes to ensure a good match with histopathology. The documented orientation of
mucosal and serosal surfaces in the MRI vial, gross specimen images, and histopathology slicing direction (axial
from mucosal to serosal surface) were used to indicate virtual slicing direction on MRI TurboRARE images to
match the histopathology slice. The MRI TurboRARE dataset was aligned with the DTI-MRI dataset, allowing
for automatic translation of the selected MRI TurboRARE slice to the corresponding DTI-MRI slice for analysis. Anatomic landmarks that were identifiable on both the MRI TurboRARE sequence and H&E slides were
used to correlate MRI with histopathology. These landmarks included the specimen contour along the outer and
inner rectal wall (including peaks and curvatures along the edges), mucosal surface, muscularis propria, serosal
surface, and blood. A minimum of 7 landmarks were identified for MRI – histopathology correlation. Tissue
regions, including tumour, fibrous tissue, desmoplasia, and rectal wall layers, identifiable on both modalities were
contoured on corresponding DTI-MRI and histopathology images for subsequent evaluation of co-registration.
The DTI-MRI slice for analysis and annotated histopathology image were then co-registered to validate the
visual match. A rigid co-registration method developed by Reynolds et al.11 was used to fuse the DTI-MRI slice
with annotated histopathology using the MATLAB Image Processing Toolbox software R2018a version 16.4
(MathWorks, Natick, United States). This co-registration method was previously quantitatively validated by
Reynolds et al. and found to have a mean distance of 0.57 mm between control points after registration11. To
initialise the registration between annotated histopathology and DTI-MRI, multiple control points were placed
on the MR image and histopathology image. The pathologist and radiation oncologist worked in conjunction to
select a minimum of 7 control points based on histopathology landmarks described above. The co-registration
method used the co-ordinates of the control points to compute a similarity transformation, by minimising the
Euclidean distance between the selected control points.
The ex vivo MRI – histopathology co-registration results were then qualitatively validated by the pathologist
and radiation oncologist working in conjunction. This involved visual assessment of alignment on co-registered
ex vivo MRI – histopathology of (i) anatomic landmarks used to drive registration, (ii) additional tissue regions of
interest contours, including tumour, desmoplasia, fibrous tissue and rectal wall layers, independent of those used
to drive registration, and (iii) geometry of the tissue specimen.
MRI analysis. Histopathology was the standard reference for analysis. Regions of interest for analysis on
annotated histopathology slides were identified on the matching DTI slice by visual inspection. MR image and
quantitative measurements of DTI were performed in Amira 6 (FEI Visualization Sciences Group, Mérignac
Cedex, France). The rectal tissue specimen was contoured on the selected DTI slice for analysis to provide a rectal
mask. For MRI analysis, regions of interest were placed on cancer, desmoplasia, fibrous tissue, mucosa, submucosa, and muscularis propria. All voxels within regions of interest were included for analysis. The A0, ADC and
FA maps were generated from the DTI-MRI dataset and used to probe rectal cancer stromal heterogeneity. To
completely determine the diffusion tensor, diffusion measurements along at least six non-collinear directions are
required. A0 and ADC can both be acquired from a subset of directions but FA requires determination of the full
diffusion tensor.
The signal intensity from the A0 images were obtained. ADC values were calculated using the formula
ADC = (Dxx + Dyy + Dzz)/3 where Dxx, Dyy and Dzz are the diagonal elements of the diffusion tensor. The FA values
were calculated using the formula
FA =

3
2

(λ1 − λ )2 + (λ 2 − λ )2 + (λ 3 − λ )2
(λ12 + λ 22 + λ 32)

where the λ1, λ2, λ3, and 〈λ〉 are the diffusion eigenvalues in three orthogonal directions and their average value,
respectively12. FA maps were generated on a voxel-by-voxel basis with FA = 0 indicating isotropic diffusion (disorganised) and FA = 1 indicating anisotropic diffusion (organised) and provide a greyscale image of variations
in fractional anisotropy. Direction encoded colour FA maps that show anisotropy in different colours according
to the direction of the major axis were also produced; the colours green, blue and red were assigned to three
orthogonal orientations.

Statistical analysis. A linear mixed-effects model using a random intercept to control for repeated measures

on the same individual was used to explore the relationship between estimated mean A0, ADC, and FA and tissue
regions of interest. Following determination that the mean A0, ADC, and FA for at least one pair of tissue regions
differed significantly, Dunnett’s multiple comparisons13 with control (cancer) methods were used to determine
which tissue regions (if any) differed compared to cancer. A 5% significance level was used throughout the paper.
The fold difference in A0, ADC and FA between cancer and other tissue regions was calculated using the ratio
of mean values. Fold difference provides a useful unitless interpretation of the differences allowing comparison
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Figure 1. MRI – Histopathology co-registration process. Images for co-registration process performed using a
co-registration method developed by Reynolds et al.11. The diffusion tensor imaging fractional anisotropy (FA)
map (first column) was fused with the annotated histopathology (middle column). The MRI-histopathology
co-registration image in shown in the last column. (a) A region of fibrous tissue was contoured on FA map
and histopathology. Evaluation of the co-registration results showed good correlation between MRI and
histopathology. (b) A region of demosplasia annotated on the FA map (cross-hairs) and histopathology matched
well on the MRI-histopathology image. There was a small triangular area of tissue fragmentation that occurred
during histopathology slicing and mounting onto the slide. (c) The contoured regions of interest on FA map
and histopathology match well on the co-registered image. Annotated regions were A cancer, B desmoplasia,
C muscularis propria, D fibrous tissue and E mucosa. Mucosa was flattened on histopathology mounting,
resulting in some co-registration discrepancy in this region. The results show the value of MRI in assessing the
true geometry of the tissue, within minimal distortion, allowing for MRI-histopathology correlation.

between the MRI measurements. A number of packages within R version 3.5.1 (R Core Team 2018, Vienna,
Austria) statistical software were used for all analyses.

Results

Patients. A total of 10 rectal tissue specimens were collected by the SWSLHD CONCERT Biobank for this
study from 5 patients with a diagnosis of rectal adenocarcinoma undergoing surgery. Three patients were male,
two were female. The age range was 56–89 years. All patients had upper rectal tumours. All patients underwent
primary surgery; 4 patients had an anterior resection and 1 had a pelvic exenteration. No patients had neoadjuvant radiotherapy or chemotherapy. Nine rectal tissue specimens were analysed at 11.7 tesla. One normal rectal
specimen which was analysed at 14 tesla was excluded.
MRI – Histopathology co-registration. MR images and histopathology analysis showed that the tissue
preparation method used in this study was able to maintain tissue integrity between MR scanning and histopathology. The MRI – histopathology co-registration results shown in Fig. 1 confirmed good correlation between
annotated MRI and histopathology. Qualitative assessment of the co-registration results demonstrated good
alignment of anatomic landmarks used to drive registration, additional annotated regions of interest and tissue
geometry between ex vivo MRI and histopathology (Fig. 1). The results demonstrated good geometric preservation of the rectal specimens from MR analysis to histopathology analysis. The suspension of rectal specimens
within the agarose gel allowed prevention of tissue folding during MR imaging. Our co-registration results
showed there was a minimal amount of tissue fragmentation, which occurred at the step of histopathology slicing
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and mounting onto slides. The results show the value of MRI in being able to assess the true geometry of the specimen and avoid fragmentation and distortion, thereby allowing for direct correlation with histopathology analysis
of the same tissue sample after MR imaging.

Diffusion tensor imaging evaluation of rectal cancer stroma and adjacent normal rectum.

Ultra-high resolution DTI-MRI was able to depict stromal heterogeneity in rectal cancer. Of the A0 images,
ADC maps and diffusion encoded colour FA maps, the diffusion encoded colour FA maps provided the best
contrast for depicting the different tissue regions of interest. The A0 images showed that cancer had a higher
signal intensity compared to fibrous tissue (Fig. 2a). However, the differences between cancer and other tissue
regions of interest were less obvious on qualitative evaluation of the A0 images. On the ADC maps it was difficult
to differentiate the different tissue regions of interest on qualitative evaluation. The direction encoded colour
FA maps exhibited relatively low signal intensity in regions of cancer, indicating relatively isotropic diffusion
(Fig. 3). DTI-MRI allowed heterogeneity within the cancer stroma to be visualised, with regions of relatively high
signal intensity corresponding to desmoplasia (Figs 2 and 4) or normal fibrous tissue (Figs 2 and 3) on direction
encoded colour FA maps. Cancer invasion into muscularis propria (stage T2) was identifiable in the direction
encoded colour FA map (Fig. 2). Muscularis propria was clearly distinguished from tumour, with muscularis
propria having high signal intensity with highly anisotropic FA maps (Figs 2, 4 and 5). Muscularis propria, and its
different muscular fibre orientations of the inner circular and outer longitudinal layers were able to be visualised
on the direction encoded colour FA maps, and corresponded well with histopathology. Amongst the A0 images,
ADC maps and direction encoded colour FA maps, muscularis propria was most clearly distinguished from cancer on the direction encoded colour FA maps.

A0, ADC and FA values of rectal cancer and adjacent normal rectum.

The DTI-MRI derived A0,
ADC and FA mean estimate and standard error for rectal cancer and other tissue regions of interest are tabulated
in Table 1. The A0 mean of cancer was significantly higher than all other tissue regions of interest (p < 0.001).
The A0 image was most useful in discriminating between cancer and fibrous tissue (× 0.37 fold difference compared with cancer). The ADC mean of cancer was significantly lower than desmoplasia (p = 0.046), fibrous tissue
(p = 0.026), mucosa (p < 0.001) and submucosa (p < 0.001), and significantly higher than muscularis propria
(p < 0.001). The ADC mean was useful in discriminating between cancer and submucosa (× 1.82 fold increase
compared with cancer). However, the fold differences in ADC for cancer and other tissue regions were very
small (× 0.93–1.09). The FA mean of cancer was significantly lower than desmoplasia, fibrous tissue, submucosa
and muscularis propria (p < 0.001). The FA mean of cancer was low (0.14) indicating near-isotropic diffusion
and lack of stromal organisation. Desmoplasia and fibrous tissue had moderate mean FA values (0.31, and 0.34,
respectively), indicating some degree of tissue organisation. Muscularis propria had high mean FA value (0.61),
indicating highly organised and anisotropic diffusion. FA was most useful in discriminating between cancer and
desmoplasia (× 2.15 fold increase compared with cancer), fibrous tissue (× 2.37 fold increase compared with
cancer), and muscularis propria (× 4.25 fold increase compared with cancer).
Figure 6 shows A0, ADC and FA box plots summaries for each tissue region of interest. The box plots summarise the upper and lower quartiles, and median values. Of the A0, ADC and FA box plots, FA had the greatest
separation of median values and interquartile ranges between cancer and desmoplasia, fibrous tissue and muscularis propria. The box plots show that FA discriminates the most between cancer and desmoplasia, fibrous tissue,
or muscularis propria.

Discussion

This exploratory MRI – histopathology correlative study demonstrated the ability of DTI-MRI to assess rectal
cancer stromal heterogeneity and tumour extent ex vivo. The DTI-MRI derived A0, ADC and FA values were able
to differentiate between cancer and other tissue regions (desmoplasia, fibrous tissue, mucosa, submucosa and
muscularis propria). The A0 images were useful in discriminating between cancer and fibrous tissue. The differences in ADC values between cancer and other tissue regions were very small. The direction encoded colour FA
maps and FA values provided the best discrimination between cancer and regions of desmoplasia, fibrous tissue
and muscularis propria. DTI revealed that tumour is disorganised and consequently has relatively isotropic diffusion (low FA). In contrast, desmoplasia and normal fibrous tissue have moderate stromal organisation and significantly higher FA than cancer. DTI was also useful in assessing the depth of tumour invasion into the rectal wall.
DTI enabled clear differentiation of tumour from muscularis propria which was highly organised and anisotropic,
allowing for detection of tumour infiltration into muscularis propria. This finding could be particularly useful in
the differentiation between stage T1 and T2 tumours. This study has shown that FA constitutes a potential novel
MRI biomarker of rectal cancer stromal organisation and infiltration ex vivo.
For each of the specimens three derived images were obtained from the DTI experiments, these being the
A0, FA and ADC. Of these, the ADC and FA are derived from the diffusion tensor and are theoretically instrumentation independent. The A0 image is the intensity image when the diffusion gradients are zero. Its voxels are
weighted by T1, T2 and proton density and its contrast is more dependent on the instrument and parameters. Thus
the ADC and FA results are more suited to clinical translation as the contrast between tissue types should remain
similar across instrumentation.
Our MRI – histopathology co-registration results demonstrated good correlation between MRI and histopathology. This study demonstrated the value of MRI in assessing the true geometry of tissue with little deformation. Tissue preparation and MRI scanning in this study resulted in no tissue destruction between imaging
and histopathology, allowing for direct correlation with ‘ground-truth’ histopathology for analysis. The method
of tissue fixation and suspension in agarose gel ensured preservation of tissue geometry and orientation from
MR imaging to histopathology slicing resulting in a good match between MRI and histopathology. This study
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Figure 2. High field DTI-MRI and histopathology correlation results for rectal cancer tissue specimen 1. The
DTI-MRI images shown are (a) A0, (b) ADC map, (c) direction encoded colour fractional anisotropy (FA)
map, and (d) FA map. The corresponding histopathology is shown in (e) and (f). The annotated regions on the
diffusion tensor image and histopathology (including zoomed images) are: A cancer B desmoplasia C cancer
invasion into muscularis propria D fibrous tissue E muscularis propria inner circular layer F muscularis propria
outer circular layer and G mucosa. The A0 image was able to identify the band of fibrous tissue which had lower
signal intensity. Cancer appeared hypointense on the ADC map, indicating restricted diffusion in cancer. The
direction encoded colour FA map was the best MRI image for distinguishing the different tissue regions of
interest; cancer and muscularis propria were most clearly distinguished on this image.
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Figure 3. High field DTI-MRI and histopathology correlation results for rectal cancer tissue specimen 2. (a)
An MRI TurboRARE image was used as the reference image to obtain the same slice on the DTI-MRI dataset as
histopathology for analysis. The DTI-MRI images shown are (b) A0, (c) ADC map, and (d) direction encoded
colour fractional anisotropy map. (e) Histopathology haematoxylin and eosin (H&E) stain with a region of
cancer zoomed in. (f) Histopathology masson trichome stain with a region of mature fibrous tissue zoomed
in. The direction encoded colour fractional anisotropy map was the best DTI-MRI derived image to identify
fibrous tissue within the cancer specimen; fibrous tissue had brighter signal intensity and higher fractional
anisotropy value than cancer.
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Figure 4. High field MRI and histopathology correlation results for rectal cancer tissue specimen 3. The MRI
images shown are (a) A0, (b) ADC map, and (c) direction encoded colour fractional anisotropy (FA) map. The
annotated regions are diffusion tensor image and histopathology are: A cancer B desmoplasia C muscularis
propria inner circular layer D muscularis propria outer longitudinal layer and E heterogeneous regions of
granulation tissue and inflammation. The direction encoded colour FA map was the best image to distinguish
the different tissue regions of interest; muscularis propria was clearly distinguished from cancer on this image.
used an ex vivo MRI – histopathology co-registration framework developed and validated by Reynolds et al.11.
The quantitative validation of the co-registration method by Reynolds et al. demonstrated a mean distance of
0.57 mm (range 0.06–1.99 mm) between the control points after registration. Various other MRI – histopathology
correlation methods have been used in previous studies. Yamada et al. examined oesophageal and gastric cancer
tissue ex vivo using DTI-MRI at 7 tesla14,15. They performed a qualitative visual correlation between MRI and histopathology, without formal co-registration, in their analysis. A technique for co-registration of in vivo MRI with
histopathology in rectal cancer has been developed by Antunes et al.16. Antunes et al. imaged in vivo at 3 tesla.
For in vivo imaging and histopathology co-registration, there are additional factors leading to tissue deformation
that need to be considered. Rectal peristalsis in vivo, surgical removal of rectum and tissue fixation can lead to
tissue deformation, shrinkage and distortion of tissue geometry between in vivo imaging and histopathology.
A deformable registration process was used by Antunes et al. to overcome this. The spatial alignment strategies
used in this study were similar to that used by Antunes et al., with both studies visually identifying landmarks
on histopathology corresponding to edges or curvatures along the rectal wall to drive the MRI – histopathology
co-registration procedure. Antunes et al. quantitatively validated their co-registration results by using additional
independent landmarks. Their quantitative validation demonstrated excellent co-registration with overall deviation of 1.50+/−0.63 mm between in vivo MRI and histopathology. The present study performed a qualitative
validation of the co-registration. A quantitative validation of the co-registration results was not performed, as
the co-registration method had previously been validated. The present study was performed at ultra-high field
(11.7 tesla). A huge advantage of ultra-high field imaging is that the high resolution images allows excellent visualisation of tissue regions such as rectal wall layers and fibrous tissue, otherwise not seen at low field, to then
validate co-registration results. Ultimately, the ‘microscopic’ resolution of images at ultra-high field allows visual
confirmation of the co-registration results.
MRI plays an important role in the primary staging of rectal cancer, and is the staging imaging of choice.
Despite the important role of conventional MRI for staging rectal cancer, there are some limitations. Conventional
high spatial resolution T2-weighted MRI has moderate reproducible accuracy in the prediction of tumour stage
of rectal cancer, with accuracy of 67% and 83% by 2 independent observers in a study by Beets-Tan et al.17 A
study by Brown et al. found that the majority of disagreements between thin-slice T2-weighted MRI and histopathology were between T1 and T2 tumours, and between T2 and T3 tumours18. Conventional MRI is poor
at separating stage T1 from stage T2 rectal tumours, making it inadequate in the selection of patients for local
excision4,5,18,19. A desmoplastic reaction in rectal cancer can also pose challenges in accurate staging of rectal
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Figure 5. High field MRI and histopathology correlation for adjacent normal rectum tissue. The muscularis
propria layer was most clearly identified on the direction encoded colour FA map.

A0

ADC
Fold difference Mean (SE) and p-value
compared with for comparison with
cancer
cancer

FA
Fold difference Mean (SE) and p-value
compared with for comparison with
cancer
cancer

Fold difference
compared with
cancer

Tissue region of
interest

Mean (SE) and p-value
for comparison with
cancer

Cancer

12405 (693)

Desmoplasia

8346 (766)
p < 0.001

× 0.67

0.002736 (0.00019)
p = 0.046

× 1.09

0.3096 (0.016)
p < 0.001

× 2.15

Fibrous tissue

4646 (723)
p < 0.001

× 0.37

0.002680 (0.00019)
p = 0.026

× 1.07

0.3413 (0.013)
p < 0.001

× 2.37

Mucosa

10543 (708)
p < 0.001

× 0.85

0.002751 (0.00018)
p < 0.001

× 1.09

0.1389 (0.012)
p = 0.956

× 0.96

Submucosa

9612 (712)
p < 0.001

× 0.77

0.004567 (0.00018)
p < 0.001

× 1.82

0.1849 (0.012)
p < 0.001

× 1.28

Muscularis propria

9896 (692)
p < 0.001

× 0.80

0.002329 (0.00018)
p < 0.001

× 0.93

0.6127 (0.011)
p < 0.0001

× 4.25

0.002508 (0.00018)

0.1441 (0.011)

Table 1. Estimated A0, apparent diffusion co-efficient (ADC), and fractional anisotropy (FA) means and
standard errors (SE) (from the linear mixed effects model) for each tissue region of interest with p-values from
Dunnett’s multiple comparison with cancer, and fold difference compared with cancer.

cancer, as desmoplastic stranding can appear similar to tumour on MRI, resulting in overestimation of tumour
extent. The presence of fibrous tissue can also lead to staging difficulty as this has similar appearance to tumour
on conventional T2-weighted MRI20. This study has shown that DTI-MRI was clearly able to differentiate cancer
from muscularis propria. DTI-MRI was able to visualise tumour invasion into muscularis propria, with disruption of the muscularis propria at the invasive tumour front. In addition, DTI-MRI was able to assess cancer stromal heterogeneity and was able to distinguish desmoplasia or normal fibrous tissue, with these regions
having significantly higher FA than cancer. FA was able to characterise fibril anisotropy as a probe of stromal
microenvironment.
This study has also shown the power of quantitative analysis of DTI-MRI in detecting differences in A0, ADC
and FA between cancer and other tissue regions that were not obvious on qualitative review of the images. The FA
value for cancer was significantly different compared with all other tissue regions, except mucosa. DTI-MRI may
add value in more accurately defining tumour extent in rectal cancer which would assist with surgical planning
and warrants further investigation. Yamada et al. have examined DTI-MRI at 7 tesla in oesophageal and gastric
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Figure 6. Box plots of (a) A0, (b) apparent diffusion co-efficient (ADC) and (c) fractional anisotropy
(FA) values for each tissue region of interest for all patients. The boxes represent the 25th to 75th percentile
(interquartile range), the lines within the box represent the median values and the whiskers show the range
of values. The dots are outliers. The box plots showed that FA had the clearest contrast between cancer and
desmoplasia, fibrous tissue and muscularis propria.

cancers ex vivo and found that DTI was a feasible means of evaluating mural depth of invasion14,15,21. To the best
of our knowledge, there are no other published studies examining the role of DTI-MRI in rectal cancer.
This study was performed on an ultra-high field 11.7 tesla MRI, with a magnet bore size of 89 mm. An advantage of higher field is the approximately linear increase in signal, resulting in the potential to acquire data with
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improved spatial resolution. An increase in signal-to-noise ratio is also important for functional imaging techniques. Most clinical MRI systems are now available at both 1.5 and 3 tesla, and it is anticipated that over the next
decade the market share of clinical MRI systems will change toward higher field strengths22. Human MRI scanners at 7 tesla have been installed in recent years23,24. Preliminary results from human brain MRI studies at 9.4
tesla have indicated that safe and successful human imaging is feasible at even higher field strengths25. Ongoing
work into increasing the field strengths of clinical MRI scanners and the adoption of clinical 7 tesla MRI scanners,
should facilitate the translation of this DTI-MRI protocol to clinical usage.
This study focused on the potential of DTI-MRI in the differentiation of stromal heterogeneity and primary
staging of rectal cancer. Our results demonstrated the feasibility of DTI-MRI in distinguishing fibrosis from
tumour. We propose that this finding could be useful in the assessment of chemoradiotherapy response and
should be investigated in this setting. In patients who have received neoadjuvant chemoradiotherapy, the role
of diffusion weighted imaging (DWI) in the clinical assessment of response is emerging26–32. However, the differentiation of radiotherapy-induced fibrosis from residual tumour on T2-weighted and DWI-MRI remains a
challenge33. Radiotherapy-induced fibrosis can result in restricted diffusion that is detectable in DWI, mimicking
the appearance of residual tumour and making it difficult to correctly identify pathologic complete responders
to chemoradiotherapy. Jang et al. found that 42% of patients with pathologic complete response had restricted
diffusion on DWI-MRI, and that radiotherapy-induced fibrosis was a significant predictor of diffusion restriction.
The potential of DTI-MRI has not yet been investigated in patients who have received neoadjuvant radiotherapy;
whether DTI-MRI can add value to current clinical MRI techniques in distinguishing residual tumour from
fibrosis and contribute to radiotherapy response assessment should be investigated.
There were a number of limitations in this study. Firstly, the sample size in this study was small due to the limited number of rectal cancer patients participating in CONCERT Biobank. Secondly, this study did not compare
DTI-MRI with standard T2-weighted MRI. A future study with a larger sample size would enable assessment of
the accuracy (sensitivity and specificity) of DTI-MRI in defining tumour extent in rectal cancer compared with
conventional T2-weighted MRI. Thirdly, the scan time was considerably long. Reducing the number of b-values
and utilising image acceleration would substantially reduce the scan time. We are currently working on further
DTI-MRI experiments at 7 and 9.4 tesla fields to facilitate clinical translation of our findings.
In conclusion, this exploratory MRI-histopathology correlative study demonstrated the ability of DTI-MRI to
examine rectal cancer stromal heterogeneity and tumour extent at high field ex vivo. DTI-MRI derived A0, ADC
and FA values made it possible to probe rectal cancer stromal heterogeneity. FA provided the best discrimination
between cancer and desmoplasia, fibrous tissue and muscularis propria. This study has shown that FA is a potential novel biomarker of rectal cancer stromal organisation and tumour infiltration, ex vivo. DTI-MRI at 11.7 tesla
was able to differentiate tumour regions from desmoplasia or fibrous tissue ex vivo; cancer had relatively isotropic
diffusion, whereas regions of desmoplasia or fibrous tissue had anisotropic diffusion with higher FA than cancer.
DTI-MRI was also useful in assessing extent of tumour infiltration into the rectal wall. DTI was able to identify
cancer invasion into muscularis propria, which was highly anisotropic and clearly able to be distinguished from
tumour. Thus, DTI-MRI may provide clear characterisation of tumour stromal heterogeneity and accurate delineation of tumour extent in rectal cancer and warrants further investigation.
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Future Directions in Rectal Cancer MRI
8.1 Introduction
This PhD work has investigated clinical functional diffusion (DWI) and perfusion (DCE)
MRI biomarkers at 3.0 tesla in the assessment of tumour heterogeneity and prediction
of radiotherapy response in patients with advanced stage rectal cancer. In addition,
exploratory work was performed at ultra-high field 11.7 tesla on biobank rectal cancer
tissue ex vivo to assess novel diffusion (DTI) biomarkers that could further assist in the
quantification of rectal cancer heterogeneity, extent and prediction of radiotherapy
response. Future work should investigate the application of radiomics and deep learning
in improving the assessment of tumour heterogeneity and prediction of treatment
response. In addition, new MRI strategies should focus efforts on accurate MRI selection
of patients for organ-preservation treatment strategies. In early stage rectal cancer, this
would involve the investigation of MRI to accurately select patients for local organsparing options such as local resection or contact X-ray therapy. In advanced stage rectal
cancer, this would involve identifying MRI sequences to select patients with complete
response to CRT for a ‘watch-and-wait’ pathway, and those with residual disease after
CRT for an early contact X-ray therapy boost to attempt to improve response for a
‘watch-and-wait’ pathway. Ultra-high field MRI correlated with histopathology could be
used as a ‘ground-truth’ to explore new MRI functional biomarkers that could assist with
assessment of tumour extent and treatment response. Ultimately, a MRI virtual whole
tumour ‘biopsy’ of tumour extent and treatment response could be used for real-time
tracking, adaption and targeting of tumour function on the MRI-Linac. Early work on the
Australian MRI-Linac is described in this chapter.

8.2 Radiomics and deep learning for assessment of tumour heterogeneity
This PhD work used a simple manual 2 parameter voxelised histogram analysis method
in the MRI assessment of tumour heterogeneity. This is a simple method of assessing
tumour heterogeneity for prediction of CRT response and may be faster to translate to
117

the clinic. There are likely to be other tumour heterogeneity features, such as textural
and spatial heterogeneity, on functional imaging that are be difficult for the clinician to
visually detect and segment. Extraction of other heterogeneity features on functional
MRI may improve the accuracy of response prediction.
Radiomics and deep learning are emerging as strategies to analyse intra-tumoural
heterogeneity. Radiomics is computational, high-throughput analysis of medical images
that can extract hundreds to thousands of quantitative imaging parameters to
characterise tumour phenotypes. Deep learning is a subset of machine learning and
artificial intelligence that used to analyse radiomics data, together with clinical
parameters to build clinical prediction models for use in personalised medicine. In locally
advanced rectal cancer, Nie et al (51), and Liu et al (60), have used radiomics assessment
of MRI for prediction of CRT response. Nie et al extracted 103 imaging features, including
texture and histogram features, from baseline multi-parametric MRI (DWI and DCE) of
48 patients undergoing CRT in rectal cancer (51). They also compared a conventional
volume-averaged analysis with a voxelised heterogeneity analysis method, and found
that the latter had better prediction accuracy. Liu et al extracted 2252 radiomics
features from T2-weighted and DWI MRI pre- and after CRT in 222 patients (60). They
developed and validated a radiomics model comprising of 30 selected features for
prediction of pCR response to CRT. A study by Bibault et al combined deep learning and
radiomics to predict pCR in rectal cancer patients undergoing CRT (61). They extracted
1683 radiomics features from 95 patients and created a deep neural network to predict
response. The deep neural network predicted pCR with 80% accuracy.
There are challenges for the clinical translation of radiomics and deep learning models
to support clinical decision making. These include the complex computing workflows
that are challenging to reproduce, high false-positive rates from extraction of a huge
amount of imaging parameters from limited number of patients, and reporting of overly
optimistic results, all of which affect generalisability of radiomics models from studies
(62). The clinical relevance of new deep learning models will need to be tested in
prospective patient cohorts in future studies. Standardisation of MRI biomarker
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collection and reporting is a major challenge in quantitative MRI analysis. Work in this
area is required for collation of big data for radiomics, reproducibility and validation.
The Image Biomarker Standardisation Initiative (IBSI) is an international collaboration
that addresses this challenge through the standardisation of MRI biomarker definitions
and image processing steps, and provision of reporting guidelines (63).

8.3 New MRI and treatment strategies for early stage rectal cancer
More accurate staging of early stage rectal cancers would enable appropriate selection
of patients for individualised, organ-sparing treatment options. Standard MRI
techniques using T2-weighted imaging is unable to accurately differentiate between T1
and T2 tumours, and endoscopic ultrasound is currently the recommended imaging
modality of choice by the European Society of Gastrointestinal and Abdominal Radiology
(ESGAR). Multiple organ-sparing options for patients with localized early stage rectal
cancer are emerging. Local resection techniques such as transanal excision are now
options for patients with superficial T1 rectal cancers (64). Another organ-sparing
technique for patients with small T1 rectal tumours (<3cm)

is contact X-ray

brachytherapy (also called ‘Papillon’ technique) (65). Accurate tumour staging is of
paramount importance for the appropriate selection of patients for these treatment
strategies. The SPECC (significant polyps and early colorectal cancer) initiative has
identified the need for greater precision in preoperative assessment of early rectal
cancer (66). The UK MINSTREL trial assessed the performance of high-resolution MRI in
assessment of early rectal cancer. High resolution T2-weighted MRI parameters were
defined as 3mm slice thickness, no inteslice gap and a matrix of 256 x 256 (0.6 mm x 0.6
mm x 3 mm resolution), acquired using a standard surface phased array coil at 1.5 T.
High resolution MRI was able to assess depth of cancer invasion into rectal wall with an
accuracy of 89% compared with gold standard histopathology (67). High resolution MRI
allowed clearer visualisation of the rectal wall anatomy, and this MRI technique is now
being prospectively evaluated for the selection of early rectal cancer for organ
preservation through transanal excision.
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This PhD work has shown the value of functional MRI techniques, specifically DTI, in
addition to anatomic techniques, in defining early rectal cancer lesions ex vivo. DTI-MRI
could be investigated, in addition to high resolution anatomic MRI, in the assessment of
early rectal cancer in the clinical setting in future studies. This could result in improved
selection of early stage rectal cancer patients for local treatment techniques such as
local excision or contact X-ray brachytherapy.

8.4 New MRI and treatment strategies for advanced stage rectal cancer
In advanced stage rectal cancer, two management pathways are emerging as ways of
avoiding surgical morbidity, depending on individual neoadjuvant CRT response. For
patients who are responders to CRT, “watch-and-wait” is an option for patients to avoid
surgery, and results from multiple cohorts have been reported (68-70). In these cohort
studies, at least two-thirds of patients are able to avoid surgery, without development
of local re-growth. Up to a third of patients on a “watch-and-wait” program develop
tumour regrowth and the long term outcomes are uncertain. The UK OnCoRe study
reported a local tumour regrowth rate of 34% after a median follow-up of 33 months,
even though 88% of these recurrences were successfully salvaged. MRI assessment of
CRT response was not standardised in these studies. Improvement of MRI for CRT
response prediction is crucial for proper selection of patients before the “watch-andwait” pathway can become standard care. For patients with incomplete response after
completion of CRT, brachytherapy either with contact X-ray brachytherapy or HDR
endoluminal or interstitial brachytherapy, is a treatment option to boost residual
disease as a way of increasing the proportion of patients achieving a clinical complete
response and allowing them to avoid surgery (71-72). The selection of appropriate
brachytherapy boost modality depends on the size, depth, and endoluminal
circumference of residual disease. Improvements in MRI prediction of CRT response
would be required to appropriately select patients and boost modality, and also
accurately target brachytherapy to residual disease.
New MRI strategies to better differentiate fibrosis and tumour would assist in improving
the prediction and assessment of neoadjuvant radiotherapy response in patients with
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locally advanced rectal cancer. Radiotherapy-induced fibrosis is seen on pathological
examination of responders to radiotherapy. Currently, the imaging differentiation of
radiotherapy-induced fibrosis from residual tumour remains a challenge on T2-weighted
and DWI MRI. Radiotherapy-induced fibrosis mimics the appearance of tumour on DWI,
with both showing restricted diffusion. This PhD work explored the use of DTI-MRI
analysis of rectal tissue from patients with early rectal cancer and showed that FA was
able to differentiate fibrosis from tumour. In addition, DTI derived A0 (morphologic) was
found to be able to differentiate fibrosis from tumour. These findings could have
relevance in the setting of advanced stage rectal cancer. A recent study showed that
high resolution T2-weighted MRI allowed for clearer visualisation of rectal wall anatomy
(66). A multi-parametric approach combining high resolution MRI and DTI could be
explored in the setting of advanced stage rectal cancer to determine whether this could
improve imaging prediction of radiotherapy response.

8.5 Clinical translation pipeline between pre-clinical (ultra-high field) and
clinical field MRI
This PhD work has set up a part of an MRI biomarker discovery pipeline for screening
biobank rectal cancer tissue at high field for new MRI biomarkers of tumour extent and
radiotherapy response. An established MRI-Histopathology co-registration framework
was used to allow direct correlation of MRI findings with ‘ground-truth’ histopathology.
A huge advantage of high field MRI is that the ultra-high resolution images produced
allow ‘microscopic’ visualisation of tissue details approaching the resolution seen on
histopathology. This allows for investigation of new MRI sequences to search for
‘ground-truth’ histopathology features on high field MRI.
A link between ultra-high field MRI (11.7 – 14.0 tesla) and clinically relevant field MRI
(0.5 to 3.0 tesla) needs to be established for translating ‘ground-truth’ findings at ultrahigh field to clinical field strengths for clinical use. The immediate challenge is the lower
signal to noise ratio and lower resolution images at clinical field strengths make it
difficult for the clinician to visually identify ’ground-truth’ features on the corresponding
clinical field images. In addition, the thicker cut slices on lower field MRI make it difficult
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to match the MRI accurately with histopathology. Single image super-resolution through
deep learning is a method of obtaining high resolution output from a low resolution
image (73). This has been mainly explored in applications outside of medical imaging.
Deep learning-based super-resolution has been shown to be feasible in 2D photographic
images (74) and histopathology coherent imaging systems (75). Single image superresolution could provide a way to recover higher resolution information from clinical MR
images obtained at clinical fields (0.5 – 3.0 tesla). Early studies have investigated deep
learning based super-resolution in clinical musculoskeletal (76) and brain MRI (77) and
found deep learning based super-resolution to outperform simplistic methods of
interpolation of low resolution images into high resolution. These studies used high
resolution (thin-slice) MRI at clinical fields as the ‘ground truth’ to train a deep learning
algorithm to recover high resolution thin-slice images from lower resolution images.
Ultra-high field MRI correlated with histopathology would provide a truer ‘ground-truth’
image than a clinical field MRI to train a deep learning algorithm to create a superresolution image from an MRI at clinical field. However there are no published MRI
studies that have incorporated ultra-high MRI into the deep learning process. Deep
learning could be explored as a method to recognise patterns on higher field MR images
and extract these same patterns on corresponding clinical field images. This would
require deep learning application training datasets to develop an algorithm, and
subsequent validation of the deep learning models on validation datasets. Deep learning
could be explored to detect ‘ground-truth’ ultra-high field MRI findings on the
corresponding low field MR images, and could potentially provide the link between
ultra-high and clinical field MRI for clinical translation.
A proposed MRI biomarker discovery and clinical translation pipeline is shown in Figure
8.1. This shows a workflow for discovery of MRI biomarkers of tumour extent and
treatment response at ultra-high field ‘microscopic’ resolutions, and clinical translation
of these findings for a clinical MRI virtual whole tumour ‘biopsy’ and use in targeted
patient treatment. This PhD work has established a method for MRI functional
biomarker map correlation with histopathology at 11.7 tesla shown in Figure 8.1 (a).
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The MR biomarker maps at 11.7 tesla and 3.0 tesla in Figure 8.1 are from this PhD work.
In Figure 8.1(a), an 11.7 tesla DTI-MRI direction encoded colour FA functional biomarker
map of a rectal cancer tissue sample is shown, with the corresponding histopathology.
These ultra-high field images were on the first rectal cancer tissue specimen obtained
from the CONCERT Biobank as part of the PhD manuscript entitled ‘Correlation of ultrahigh field MRI with histopathology for evaluation of rectal cancer heterogeneity’. In
Figure 8.1(b), the corresponding DTI-MRI FA and direction encoded FA biomarker maps
of the same Biobank tissue sample at 3.0 tesla are shown. The vial containing the tissue
sample was placed in a custom gel phantom for scanning on the radiotherapy dedicated
3.0 T MRI-Simulator. DTI MRI was acquired using the head and neck surface coil with b
values 0 and 1200, bandwidth 1040 Hz / Px, in-plane resolution 0.57mm x 0.57mm, slice
thickness 1.30 mm, 1 average, repetition time 8000 ms, echo time 105 ms. The 3.0 tesla
images shown in Figure 8.1 (b) are un-orientated and difficult to assess visually due to
the lower resolution.
Future work will be directed at developing the clinical translational pipeline shown in
Figure 8.1. This will incorporate deep learning super-resolution methods for the
translation of ultra-high field findings to clinically relevant fields. The complete MRI
biomarker discovery pipeline loop would include in vivo patient imaging, patient tissue
biobanking for evaluation of the patient’s cancer tissue at ultra-high and clinical field
strengths, with in vivo and ex vivo MRI results correlated with the patient’s
histopathology and oncology outcomes.
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Figure 8.1 MRI – Biobank cancer biomarker discovery and clinical translation pipeline
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8.6 MRI-Linac guided radiotherapy and human rectal Images on the Australian
MRI-Linac
MRI-Linacs are a new generation of radiotherapy machines with MRI replacing plain Xrays and CT as the image guidance strategy. An MRI-Linac combines a radiotherapy
linear accelerator with an MRI scanner. It allows for exquisite soft tissue imaging
facilitating improved anatomical targeting of cancer. The ability to obtain daily MR
images during radiotherapy without additional ionising radiation dose will enable
improved real-time guidance and adaption of radiotherapy to tumour. In addition, the
development of functional capabilities on the MRI-Linac platforms opens up the
possibility of targeting of tumour physiology. The Australian MRI-Linac is currently one
of four prototypes around the world (78). It combines a 1.0 tesla MRI in an inline
configuration, where the radiation beam is aligned with the magnetic field (B0). The first
human images have been acquired on the Australian MRI-Linac (79). The first successful
live imaging and radiotherapy delivery on the Australian MRI-Linac was performed on a
rat with injected glioma cells (80). T2-weighted and T1-weighted images were acquired
after administration of a gadolinium nanoparticle contrast agent to verify the brain
target and confirm the presence of a brain tumour and uptake of gadolinium
nanoparticle contrast agent in tumour. Dynamic fast gradient-echo sequence was
acquired during radiotherapy delivery to provide real-time assessment of animal
respiration and intra-fraction motion. A clinical trial to treat the first patients on this
radiotherapy device is underway for 2020.
In rectal cancer, the exquisite soft tissue images on an MRI-Linac allows for real time
anatomical image guidance superior to the cone-beam CT images currently acquired on
standard radiotherapy linacs. On a rectal cone-beam CT, it is difficult to visualise tumour
definition, and surrounding normal structures such as anal sphinctor. A healthy male
volunteer was scanned on the Australian MRI-Linac on the ‘Magnetic Resonance
Imaging in healthy volunteers’ study (ethics approval numbers HREC/15/LPOOL/506,
SSA/16/LPOOL/3, project number 15/270). The MRI-Linac integrated body coil was used.
T2-weighted turbo spin echo images were acquired with TR 10260 ms, TE 86 ms, in plane
resolution of 2 mm x 2 mm, slice thickness 3.5 mm, 4 averages, 1 concatenation,
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bandwidth 202 Hz / Px, and with offline 3D distortion correction. The acquisition time
was 6.08 minutes. Figure 8.2 shows the MR images acquired on the healthy volunteer.
The results show excellent soft tissue definition of relevant rectal cancer treatment
targets such as rectum and meso-rectum, and the surrounding normal structures such
prostate, levator ani and anal sphinctor achieved on images acquired on the Australian
MRI-Linac. Important considerations for future improvement of MRI-Linac anatomical
imaging for rectal cancer include faster sequences to allow for faster daily imaging and
minimising patient time on treatment bed. Diffusion images were not acquired on this
volunteer as the Australian MRI-Linac does not yet have this capability due to limitations
from the gradient coils.
Functional imaging is being implemented on MRI-Linac platforms and this could provide
additional physiologic information on rectal cancer, which could be acquired at multiple
time-points during treatment, enabling identification and targeting of biologically
relevant tumour sub-volumes. In rectal cancer, relevant biological targets would include
tumour cellularity and perfusion. DWI could identify sub-regions of tumour necrosis at
the beginning of radiotherapy that are more likely to be radio-resistant, for
consideration of early treatment intensification with a radiotherapy boost. DCE could
identify sub-regions of increased tumour perfusion, representing areas of increased
angiogenesis and tumour aggressiveness for early boosting. Tumour biology is dynamic
and functional imaging on an MRI-Linac could allow daily adaption to changes in tumour
function. For example, temporal and spatial heterogeneity in tumour hypoxia exists (81),
and functional imaging on an MRI-Linac could allow for daily assessment and
radiotherapy adaption to changes in tumour perfusion and hypoxia. At present, DCE
imaging can be performed on the Australian MRI-Linac. However, the Australian MRILinac is unable to perform other functional imaging (diffusion). Fusion of functional
images from a diagnostic MRI scanner, or radiotherapy dedicated MRI-Simulator, with
the planning MRI could allow targeting of tumour biologic sub-regions present at time
of radiotherapy simulation and treatment planning. However, for adaption to functional
changes during the course of treatment, more development of functional imaging on
the MRI-Linac platforms is required.
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Another possibility on the MRI-Linac in rectal cancer is the use of functional images
acquired on the MRI-Linac for treatment response prediction and individualisation of
patient treatment. For patients with locally advanced rectal cancer, patients identified
as responders to CRT could be placed on a ‘watch-and-wait’ pathway, allowing them to
avoid the morbidity of surgery and in the case of patients with low rectal cancer, a
permanent colostomy. Patients with residual tumour after completion of CRT could have
treatment intensification with a radiotherapy boost using contact x-ray brachytherapy
directed to radiotherapy resistant sub-regions identified on functional MRI to attempt
to improve the tumour response and also avoid morbidity of surgery.
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Figure 8.2 Healthy volunteer pelvic images acquired on the Australian MRI-Linac
a – j are axial slices through the mid to lower rectum of a healthy male volunteer
acquired with distortion correction at 1.0 tesla. The images below show the excellent
soft tissue definition of relevant radiotherapy targets and organs at risk.
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Conclusions
This PhD work has demonstrated the ability of functional MRI for evaluation of tumour
heterogeneity, extent, and prediction of response of rectal cancer to radiotherapy. This
work encompassed clinical in vivo MRI at 3.0 tesla on patients undergoing CRT through
to exploratory ex vivo ultra-high field MRI at 11.7 tesla on Biobank tissue specimens.
MRI findings were correlated with ‘ground-truth’ histopathology.
1. Multi-parametric MRI tumour heterogeneity analysis for therapeutic response
prediction in rectal cancer (3.0 tesla)
This is the first prospective multi-parametric MRI study, combining DWI and DCE, to
incorporate a whole tumour heterogeneity analysis for prediction of CRT response. DWIMRI incorporating a voxelised histogram analysis of whole tumour heterogeneity was
able to predict CRT response in patients with locally advanced rectal cancer. Responders
to CRT had significantly higher DWI-MRI derived ADC 75th and 90th percentile values
after CRT (before surgery) than non-responders, despite there being no significant
difference in median ADC values. This work highlights the value of incorporating a 3-D
histogram assessment of tumour heterogeneity, rather than using volume averaged
analysis. Thus, whole tumour ADC heterogeneity analysis after CRT may aid in the
selection of responders to CRT for an organ preservation approach such as ‘watch-andwait’.
Assessment of tumour perfusion by DCE-MRI showed that Ktrans quantiles at all timepoints were higher in non-responders than responders, suggesting increased tumour
angiogenesis in non-responders, although this was not statistically significant.
2. Multi-parametric MRI for prediction of 2 year disease-free survival in rectal cancer
(3.0 tesla)
This PhD work identified DCE-MRI derived Ktrans as a novel biomarker predictive of 2 year
distant disease free survival (DFS) in rectal cancer. Patients with higher Ktrans after CRT
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(before surgery) or a greater ΔKtrans from before CRT to after CRT were at a significantly
higher risk of developing distant metastases, and had lower 2 year DFS probability. The
higher Ktrans after CRT (pre-surgery) could indicate ongoing angiogenic activity in the
tumour bed, facilitating and increasing the risk of haematogenous spread. There are
currently no other published studies assessing Ktrans as a biomarker for DFS in rectal
cancer. This biomarker could be used for stratification of patients with high risk of
distant relapse for intensification of systemic therapy in future studies.
DWI-MRI derived ADC was not useful for predicting DFS.
3. Ultra-high field MRI biomarker discovery in rectal cancer (11.7 tesla)
This PhD work established a discovery framework for screening Biobank tissue at ultrahigh field ex vivo for novel MRI biomarkers of tumour heterogeneity, extent and
response. This discovery framework incorporated a MRI-histopathology co-registration
method for direct correlation of MRI findings with ‘ground-truth’ histopathology. Coregistration validation demonstrated that the Biobank tissue preparation methods used
resulted in good preservation of tissue integrity, and alignment of tissue ROIs between
DTI-MRI and histopathology, allowing for accurate correlation for MRI biomarker
screening.
4. Diffusion tensor imaging MRI for assessment of rectal cancer tumour extent and
heterogeneity ex vivo (11.7 tesla)
This is the first published study that explored the potential of DTI-MRI for evaluation of
rectal cancer tumour extent and stromal heterogeneity. DTI-MRI derived fractional
anisotropy (FA) was able assist in more accurate delineation of tumour heterogeneity
and extent in rectal cancer ex vivo. DTI-MRI was useful for defining the extent of rectal
cancer invasion into rectal wall. FA was able to differentiate tumour from muscularis
propria, allowing for differentiation between stage T1 and T2 tumours. In addition, FA
was able to differentiate between tumour, desmoplasia and fibrosis, a finding that could
be useful for radiotherapy response prediction.
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5. Future directions
DTI-MRI at 3.0 tesla of rectal cancer tissue ex vivo showed heterogeneity in FA at a
clinically relevant field strength. Future work is underway focusing on the clinical
translation of ultra-high field MRI findings to clinically relevant field strengths. Deep
learning and super-resolution MRI methods could be explored for the MRI biomarker
discovery pipeline.
Early work on the Australian-MRI Linac has shown the ability of the MRI-Linac to achieve
images with good definition of rectal radiotherapy treatment targets and surrounding
normal tissue. Future work should be directed at developing the MRI-Linac for targeting
of biological tumour subregions. Ultimately, an MRI virtual whole tumour ‘biopsy’ of
heterogeneity could be used for real-time tracking, adaptation and targeting of tumour
function on the MRI-Linac.
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Appendices
APPENDIX 1 – Rectal multi-parametric MRI - study sequences (Version 3 - 17.4.2015)
Patient Preparation
•

MRI safety form

•

Doctor to check suitability for gadolinium-based contrast. Patients with eGFR
<60ml/min/1.73m2 or prior allergic reaction to gadolinium-based contrast are
not suitable contrast. Exclude the Flip angle and DCE sequence in these patients.

•

Gadolinium-based contrast: Calculated per body weight as prescribed by doctor.
0.1mM/kg (nb Optimark strength: 0.5mmol/ml), capped at a maximum of 15ml
(7.5mmol)

•

Ensure patient is comfortable and pain-free. Amount of contrast needs to be
same across all timepoints for each patient.

•

Allow the patient to empty the bladder/bowel before the procedure.

•

No bowel preparation, air insufflations, antispasmodic or intrarectal contrast
agents required.

•

Nursing checks for buscopan and IV contrast must be done prior to commencing
MRI scanning.

Patient Positioning
•

Supine and feet-first

•

Curved couch

•

18 channel phase array coil placed firmly around the pelvis and strapped to
ensure good compression and reduction in abdominal movement with
respiration. Ensure that the pelvic coil is centred optimally to ensure adequate
coverage of the rectum, mesorectum and anal sphincter complex. There should
be adequate coverage from the level of the sacral promontory to below the
symphysis pubis.
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Important note on field of view for week 3 and 11-12 scans
•

The field of view (FOV) for MRIs performed during weeks 3 and 11-12 should be
the same as the baseline/Pre-CRT MRI. This is required to assess changes in MRI
endpoints.

•

The FOV should NOT be reduced, even in the case of tumour regression. Ie. The
FOV for MRI and all three time-points needs to be identical.

Sequences:
LOCALISER
•

3 plane localiser

•

Used to plan the sagittal sequence below

SEQUENCE 1: T2-WEIGHTED Sagittal:
•

FOV 24cm to encompass primary and nodes - from inner pelvic sidewall to
sidewall

•

2mm slice thickness

•

No fat saturation

•

Bandwidth 444Hz/Px

•

Phase encoding direction H-F

•

Phase oversampling 60%

•

Distance factor 0%

•

1 concatenation

•

iPAT GRAPPA 2

•

Averages 2

•

‘Prescan normalize’ ON

SEQUENCE 2: T2-WEIGHTED Axial Oblique (Short axis):
•

Axial Angulation: the axial T2-weight sequence should be angulated
perpendicular to the longest tumour axis as identified on the sagittal images.
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•

High resolution

•

FOV 22cm to encompass primary and nodes – from L5/S1 junction to anal verge

•

2mm slice thickness

•

No fat saturation

•

Bandwidth 444Hz/Px

•

Phase encoding direction R-L

•

Distance factor 0%

•

1 concatenation

•

iPAT GRAPPA 2

•

Averages 2

•

‘Flow Comp’ ON

•

‘Prescan normalize’ ON

SEQUENCE 3: T2-WEIGHTED Axial Orthogonal:
•

As per sequence 2 above, but angle – Axial Orthogonal (Straight transverse)

SEQUENCE 4: T2-WEIGHTED Coronal Haste (Long axis):
•

Angulation:
o Mid-high rectal tumours (5-15cm from anal verge) – coronal plane should
be angulated parallel to long axis of tumour
o Low rectal tumours (<5cm) coronal plane should be angulated parallel to
the long axis of the anal canal

•

FOV 16cm – from posterior pubic symphysis to S2

•

HASTE

•

Bandwidth 444Hz/Px

•

Phase encoding direction R-L (may need to individualise)

•

Distance factor 0%

•

1 concatenation

•

‘Prescan normalize’ ON
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Administer Buscopan 20mg IV, and prepare the contrast lines prior to the DWI and
FA/DCE sequences below.
SEQUENCE 5: DIFFUSION-WEIGHTED IMAGING RESOLVE (DWI)
•

Axial (Orthogonal)

•

RESOLVE

•

b-values: 50 and 800 s/mm2.

•

Tick box ‘calculated image' 1400s/mm2

•

FOV (coverage of primary tumour): 22cm - aim coverage of primary tumour. If
all of tumour does not fit, then scan through the central part of tumour.

•

Copy isocentre from T2W axial orthogonal images.

•

1 acquisition only.

•

Slices per slab: 20

•

Slice thickness 4mm

•

Bandwidth 870Hz/Px

•

Phase encoding direction: A>>P

•

Distance factor 0%

•

1 concatenation

•

Averages 1 & 3

OPTIONAL for tumours greater than 8cm vertical length:
•

Coupled graphics on

•

Number slice groups: 2

•

Slices: 13 (Therefore total 26 slices)

•

PM: FIX

•

Everything else, as per DWI above.

Important note re: sequences 6 and 7 – flip angle scans and DCE below:
•

The flip angle (2° and 15°) and DCE all need to be IDENTICAL slice positions and
number of slices.
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•

The ‘copy parameters’ links only works if all 3 series (flip angles and DCE) are
dragged over to the scan queue together.

•

Copy scans isocentre and same slice locations – see below

•

Check that the table positions (TP) are identical for FA 2, FA 15 and DCE. This can
be done by opening 'System' --> 'Miscellaneous' --> 'TP'

•

Phase oversampling has been set to ‘80%’. If this is changed, it must be changed
for all 3 series: FA2, FA15, and DCE.

SEQUENCE 6: FLIP ANGLE SCANS (exclude in patients not suitable for MRI contrast)
•

Axial (orthogonal)

•

PM: - REF 2°, FIX 15° : copy ‘measurement parameters’ from 2°

•

For both flip angles the following to be identical:

•

Slices per slab: 26

•

FOV: 22cm

•

Phase FOV 100%

•

Slice thickness 4mm

•

Resolution: 1.1x 1.1 x 4.0

•

Bandwidth: 440 Hz/Px

•

TR 4.09ms

•

TE 1.35ms

•

Phase encoding direction: R-L
o Perform two flip angle scans T1 VIBE

SEQUENCE 7: DYNAMIC CONTRAST ENHANCED (DCE) (exclude in patients not suitable
for MRI contrast)
•

Axial (orthogonal)

•

PM: FIX

•

Copy ‘slice centre + sat regions’ from flip angle 2°. Slices per slab, slice positions,
and FOV to be IDENTICAL to flip angle scans

•

Check the TP is identical to above FAs.

•

Slices per slab: 26
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•

FOV 22cm

•

Phase FOV 100%

•

Slice thickness 4mm

•

Resolution: 1.1 x 1.1 x 4.0

•

TWIST

•

Bandwidth: 440Hz/Px

•

TR: 3.67ms

•

TE: 1.48ms

•

Phase encoding direction: R-L

•

Temporal Resolution 5.28s.

•

Distance factor 0%

•

1 concatenation

•

Commence scanning for 3 measurements, prior to injection of contrast. Inject
contrast AFTER the 3rd measurement is almost complete, and just before 4th
measurement. Scan for total 60 timepoints.

•

Injection of contrast, 4ml / second, 20ml flush.

•

Save DCE images under one folder.

SEQUENCE 8: POST CONTRAST T1 VIBE DIXON
•

Post-contrast fat sat sequence

•

Axial (orthogonal)

•

FOV – Primary and nodes 30cm, from L5 to Anal verge

•

Phase encoding direction A>>P

•

2mm slice thickness

•

Distance factor 0%

•

1 concatenation
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APPENDIX 2 - Acute toxicity scoring form
Common terminology criteria for adverse events (CTCAE) version 4.0
Patient Name
MRN
DOB
DATE OF ASSESSMENT:
Grade
Toxicity

0

1

2

3

4

Dermatitis
radiation

Nil

Faint
erythema or
dry
desquamation

Moderate
to
brisk erythema;
patchy
moist
desquamation,
mostly confined
to skin folds
and
creases;
moderate
edema

Moist
desquamation
in areas
other than skin
folds and
creases;
bleeding
induced by
minor trauma or
abrasion

Life-threatening
consequences; skin
necrosis
or ulceration of full
thickness
dermis; spontaneous
bleeding
from involved site;
skin graft
indicated

Abdominal
Pain

Nil

Mild pain

Moderate pain; Severe
pain;
limiting
limiting self care
instrumental
ADL

Diarrhoea

Nil

Increase of <4
stools per day
over baseline;
mild increase
in
ostomy output
compared to
baseline

Increase of 4 - 6
stools per
day
over
baseline;
moderate
increase
in
ostomy output
compared
to
baseline

GASTROINTESTINAL

Increase of >=7
stools per day
over baseline;
incontinence;
hospitalization
indicated;
severe increase
in ostomy

Life-threatening
consequences;
urgent
intervention
indicated
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Grade
Toxicity

0

1

2

3

4

output
compared
to
baseline;
limiting self care
ADL
Enterocolitis
Nil
A
disorder
characterized
by
inflammation
of the small
and
large
intestines.

Asymptomatic
; clinical or
diagnostic
observations
only;
intervention
not indicated

Faecal
incontinence

Nil

Occasional use Daily use of pads Severe
of
pads required
symptoms;
required
elective
operative
intervention
indicated

-

Flatulence

Nil

Mild
symptoms;
intervention
not indicated

Moderate;
persistent;
psychosocial
sequelae

-

-

Nausea

Nil

Loss
of
appetite
without
alteration in
eating habits

Oral
intake
decreased
without
significant
weight loss,
dehydration or
malnutrition

Inadequate oral caloric or fluid
intake;
tube
feeding, TPN, or
hospitalization
indicated

Rectal
discomfort,
intervention
not indicated

Symptoms (e.g.,
rectal
discomfort,
passing blood or
mucus); medical
intervention
indicated;
limiting
instrumental
ADL

Severe
symptoms; fecal
urgency or stool
incontinence;
limiting self care
ADL

Proctitis
Nil
A
disorder
characterized
by
inflammation
of the rectum.

Abdominal pain; Severe
or Life-threatening
mucus or
persistent
consequences;
blood in stool
abdominal pain; urgent
intervention
fever; ileus;
indicated
peritoneal signs

Life-threatening
consequences;
urgent
intervention
indicated
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Grade
Toxicity

0

1

2

3

4

Rectal Pain

Nil

Mild pain

Moderate pain; Severe
pain; limiting
limiting self care
instrumental
ADL
ADL

Rectal
Haemorrhage

Nil

Mild;
intervention
not indicated

Moderate
Transfusion,
Life-threatening
symptoms;
radiologic,
consequences;
medical
endoscopic, or urgent
intervention
intervention or elective
indicated
minor
operative
cauterization
intervention
indicated
indicated

Rectal
obstruction

Nil

Asymptomatic
; clinical or
diagnostic
observations
only;
intervention
not indicated

Symptomatic;
altered GI
function;
limiting
instrumental
ADL

Hospitalization
indicated;
elective
operative
intervention
indicated;
limiting self care
ADL; disabling

Life-threatening
consequences;
urgent
operative
intervention
indicated

Small
intestinal
obstruction

Nil

Asymptomatic
; clinical or
diagnostic
observations
only;
intervention
not indicated

Symptomatic;
altered GI
function;
limiting
instrumental
ADL

Hospitalization
indicated;
elective
operative
intervention
indicated;
limiting self care
ADL; disabling

Life-threatening
consequences;
urgent
operative
intervention
indicated

Nil

Microscopic
hematuria;
minimal
increase
in
frequency,
urgency,
dysuria,
or
nocturia;
new onset of
incontinence

Moderate
hematuria;
moderate
increase in
frequency,
urgency,
dysuria,
nocturia
or
incontinence;
urinary catheter
placement or

Gross
hematuria;
transfusion,
IV medications
or
hospitalization
indicated;
elective
endoscopic,
radiologic
or
operative

Life-threatening
consequences;
urgent
radiologic
operative
intervention
indicated

GENITOURINA
RY
Cystitis
noninfective

or
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Grade
Toxicity

2

3

bladder
irrigation
indicated;
limiting
instrumental
ADL

intervention
indicated

Asymptomatic
; clinical or
diagnostic
observations
only;
intervention
not indicated

Symptomatic;
urinary catheter
or
bladder
irrigation
indicated;
limiting
instrumental
ADL

Gross
hematuria;
transfusion,
IV medications
or
hospitalization
indicated;
elective
endoscopic,
radiologic
or
operative
intervention
indicated;
limiting
self care ADL

Life-threatening
consequences;
urgent
radiologic
operative
intervention
indicated

Nil

Urinary,
suprapubic or
intermittent
catheter
placement not
indicated; able
to void with
some residual

Placement
of
urinary,
suprapubic or
intermittent
catheter
placement
indicated;
medication
indicated

Elective
operative or
radiologic
intervention
indicated;
substantial loss
of
affected kidney
function or
mass

Life-threatening
consequences; organ
failure;
urgent
operative
intervention
indicated

Fatigue

Nil

Fatigue
relieved
rest

Weight loss

Nil

5 to <10% from 10 - <20% from >=20%
from baseline;
baseline;
baseline; tube

Haematuria

Urinary
retention

0

Nil

1

4

or

OTHER
Fatigue
not
by relieved by rest;
limiting
instrumental
ADL

Fatigue
not relieved by rest,
limiting self care
ADL
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Grade
Toxicity

OTHER
TOXICITY

0

Nil

1

2

intervention
not indicated

nutritional
support
indicated

Mild;
asymptomatic
or mild
symptoms;
clinical
or
diagnostic
observations
only;
intervention
not
indicated.

Moderate;
minimal, local or
noninvasive
intervention
indicated;
limiting
ageappropriate
instrumental
ADL*.

3

4

feeding or TPN
indicated
Severe
or
medically
significant but
not immediately
life-threatening;
hospitalization
or prolongation
of
hospitalization
indicated;
disabling;
limiting self care
ADL**

Life-threatening
consequences;
urgent intervention
indicated.
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APPENDIX 3 - Histopathology reporting form
1. ypT and N staging.
2. Tumour Regression Grade (AJCC 7th Edition) (41)
Description

Tumour Regression Grade

No viable cancer cells

0 (Complete response)

Single cells or small groups of cancer cells 1 (Moderate response)
Residual cancer outgrown by fibrosis

2 (Minimal response)

Minimal or no tumour kill; extensive 3 (Poor response)
residual cancer
Tumour regression should be assessed only in the primary tumour; lymph node
metastases should not be included in the assessment.
3. Size of primary
4. Positive nodes
5. Apical node involvement
6. Total nodes
7. Histology
8. Tumour in bowel wall at line of resection (yes/no)
9. Tumour at circumferential line of resection (yes/no)
10. Distance from circumferential line of resection (mm)
11. Closest circumferential line of resection
(anterior/posterior/left/right/peritonealised rectum)
12. Perforation
13. Venous invasion
14. Arterial invasion
15. Perineural invasion
16. Adenoma contiguous with primary
17. IHC: PLK1, TIL, MSI
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