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General Introduction
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ROLE OF IMAGING IN RECTAL CANCER TREATMENT

In 2015, over 4000 patients were diagnosed with rectal cancer in the Netherlands1. 
Imaging plays a fundamental role in assessing the extent (stage) of rectal cancer 
in order to determine the most appropriate treatment for each patient. Magnetic 
Resonance Imaging (MRI) is one of the most commonly used tools to stage rectal 
tumours. Based on the MRI assessment of risk factors, such as the local tumour ex-
tent (T-stage), the presence of nodal metastases (N-stage) and whether or not the 
tumour invades the anticipated surgical resection margin, tumours are classified 
as low risk (early), intermediate risk or high risk (locally advanced). According to 
current (Dutch) guidelines, early tumours can safely be treated with surgery only, 
while the intermediate and locally advanced tumour receive neoadjuvant treat-
ment in the form of a short course of preoperative radiotherapy or a long course 
of chemoradiotherapy (CRT) followed by surgical resection1. The goal of long cour-
se neoadjuvant treatment is to downsize and downstage the tumour in order to 
increase the chance of complete surgical resection afterwards, thereby reducing 
the risk for local recurrence2. Until recently, the standard surgical treatment has 
been a total mesorectal excision (TME) which entails complete surgical removal 
of the mesorectal compartment using a standardized resection plane. Nowadays, 
however, we are witnessing a paradigm shift towards less invasive treatments for 
patients with very early tumours or patients that show a very good response after 
neoadjuvant treatment. Patients who primarily present with very small tumours 
may be managed with a local excision of the tumour (e.g. by transanal endoscopic 
microsurgery or ‘TEM’)3. Local excision may also be an option for patients who res-
pond well to neoadjuvant treatment with only a small tumour remnant left after 
CRT4, 5. In patients in whom the tumour has completely disappeared after CRT, a 
watchful waiting approach without any surgery may be considered6, 7. Given the 
recent developments in these patient-tailored organ-preserving treatments, the 
role of imaging is now also evolving, pressing the need for an accurate response 
evaluation with imaging after CRT. 
Overall, MRI has proven to be a powerful technique for rectal cancer staging and 
restaging, yet still has some constraints. The most significant limitations of MRI are 
the limited performance for lymph node staging and difficulties in differentiating 
between fibrosis and residual tumour after neoadjuvant treatment. These limita-
tions restrict the use of MRI for response evaluation and thus to select patients 
for local excision or watchful waiting. These limitations are part of the reason that 
in recent years new imaging techniques and post processing methods have been 
developed and researched.
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NOVEL IMAGING AND IMAGE QUANTIFICATION METHODS 

Since visual (qualitative) interpretation of MR images has some limitations, rese-
archers are exploring more objective, quantitative methods of analysing rectal 
MRI in order to improve staging outcomes. A method that has been extensively 
investigated is the use of tumour size measurements. Several studies have shown 
that tumour size measurements and changes in tumours size after treatment may 
be valuable parameters to help assess tumour response8-12. However, based on 
current evidence there are no clear recommendations on how to perform such 
measurements, which are the most appropriate thresholds and how these may 
impact clinical practice. 
Apart from these quantitative size measurements mainly focusing on tumour 
morphology on standard T2-weighted (T2W) sequences, another important focus 
of research has been the use of ’functional’ imaging. Functional imaging refers 
to the assessment of biological tumour properties such as tumour cellularity or 
perfusion using imaging sequences designed specifically for this purpose. One of 
the most widely investigated functional imaging techniques is diffusion-weighted 
imaging (DWI). The image contrast in DWI is based on differences between normal 
and pathologic tissues due to the difference in the extracellular movement (‘diffu-
sion’) of water protons between tissues13. In tissues with a normal cellularity water 
protons can diffuse freely, which causes a decrease of the MR signal. Conversely in 
tissues with increased cellularity (malignant tumour) the movement of water pro-
tons is restricted and the MR signal remains high. As a result DWI is a very sensitive 
to detect tumours, as it offers an excellent lesion-to-background contrast14. The 
addition of DWI to standard T2W sequences has shown to significantly improve 
the diagnostic performance of MRI15. For this purpose, the use of DWI is current-
lyimplemented in the restaging protocol as recommended in the expert consensus 
guidelines on rectal MR imaging from the European Society of Gastrointestinal and 
Abdominal Imaging16. 
Other potential applications of DWI include primary tumour staging and assess-
ment of lymph nodes. However, for these indications far less evidence is available 
and studies that have been published so far showed inconsistent results. Thus, 
further research is needed to establish the potential clinical value of DWI in these 
settings. 
The general applicability of DWI needs to be studied and tested  issue before it 
can be incorporated in the clinical imaging protocols. Many of the reports on DWI 
were based on studies performed in expert centres with readers who have many 
years of experience in reading abdominal or even specifically rectal MRI. This rai-
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ses the question whether these results can also be translated to everyday clinical 
practice and reproduced by general radiologists. 
Apart from visual interpretation of diffusion-weighted images, promising results 
have also been reported for quantitative volumetric assessment of rectal tumours 
on DWI17, 18 and for measuring the ‘apparent diffusion coefficient’ (ADC) of rectal tu-
mours19, 20 and lymph nodes21, 22. The ADC is the main quantitative measure of DWI 
and provides a measure of the tumour’s cellular structure. An important issue with 
quantitative DWI evaluation (particularly ADC) is that the results that have been 
published so far are highly variable and need to be validated. Moreover, in order to 
acquire quantitative measures (volumes or ADC) from DWI, accurate tumour seg-
mentations are needed which require detailed manual input from radiologists. This 
makes quantitative assessment of DWI a time-consuming process, which greatly 
hampers its potential implementation into clinical practice. 
The overall goal of this thesis is to address the issues described above in order to 
help translate the use of novel imaging techniques and image quantification me-
thods from research into daily practice with the ultimate aim to further improve the 
performance and clinical value of MRI for the staging and restaging of rectal cancer.

SPECIFIC AIMS OF THIS THESIS

The first aim of this thesis is to investigate practical ways in which DWI may be 
used in daily clinical rectal cancer staging and how to teach non-expert (general) 
readers to interpret diffusion-weighted images. The second aim is to shed a light 
on the current evidence for quantitative tumour size measurements to assess tre-
atment response in rectal cancer. Finally, we aim to search for ways to facilitate 
quantitative analysis of DWI in order to make it better applicable to daily practice.

OUTLINE OF THIS THESIS

Part I - Diffusion-weighted imaging for daily rectal staging

Chapter 2 investigates the effect of using DWI as an alternative to standard 
T2-weighted MRI to determine rectal tumour height and length. 
Chapter 3 addresses the question whether visual interpretation of DWI can help to 
accurately diagnose patients in whom all metastatic lymph nodes have sterilised 
after chemoradiotherapy. 
Chapter 4 focuses on the effect of expert feedback and teaching using pitfalls to 
optimise the diagnostic performance of non-expert readers to assess the response 
of rectal tumours on restaging MRI after CRT.
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Part II – Quantitative analysis of rectal cancer imaging– a practical approach

Chapter 5 reviews all available literature on tumour size measurements to assess 
treatment response in rectal cancer, including a prospective validation of previ-
ously reported thresholds in an independent multicentre cohort to establish their 
potential clinical value. 
Chapter 6 investigates the use of automated and semi-automated software me-
thods to acquire volumetric tumour measurements on DWI as an alternative to 
manual tumour delineation in order to save time and make it more suitable for 
daily practice. 
Chapter 7 studies an alternative method to increase time efficacy in tumour de-
lineation on DWI by combining non-precise tumour delineation with histogram 
post-processing to calculate tumour ADCs. Moreover, the prognostic value of ADC 
histogram analysis is investigated. 
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ABSTRACT

Aim

Endoscopy and MRI are the primary tools used to assess tumour height (distance 
from anorectal junction) and tumour length. Diffusion-weighted MRI is known to 
improve tumour conspicuity and may therefore influence assessment of tumour 
height and length on MRI. The aim was to compare diffusion-weighted MRI to 
standard (T2-weighted) MRI for assessment of rectal tumour height and length, 
both at primary staging and for restaging after chemoradiotherapy.

Material & Methods

Seventy-two patients were included: 24 underwent only primary staging MRI, 
48 underwent a second restaging-MRI after chemoradiotherapy. All MRIs (1.5T) 
included standard T2-weighted and diffusion-weighted (highest b-value b1000) 
sequences. Two readers (R1-experienced, R2-unexperienced) independently 
measured tumour length and height: [1] on T2-weighted MRI and [2] on b1000 
diffusion-MRI. Height/length measurements were compared between T2-weigh-
ted MRI and diffusion-MRI and interobserver agreement (intraclass correlation 
coefficient) was calculated.

Results

Median tumour length (R1/R2) was 44/44 mm on T2-weighted MRI versus 43/40 
mm on diffusion-MRI at primary staging (P=0.17 (R1) and P=0.001 (R2)) and 30/25 
mm on T2-weighted MRI versus 21/20 mm on diffusion-MRI for restaging post-che-
moradiotherapy (P=0.01 (R1) and P<0.001 (R2)). Tumour height was 51/47 mm on 
T2-weighted MRI versus 52/57 mm on diffusion-MRI at primary staging (P=0.12 
(R1) and P=0.01 (R2)) and 50/50 mm on T2-weighted MRI versus 51/55 mm on 
diffusion-MRI for restaging post-chemoradiotherapy (P=0.51 (R1) and P=<0.001 
(R2)). Interobserver agreement at primary staging was excellent both for height/
length measurements (ICC 0.92/0.85 for T2-weighted and 0.93/0.87 for diffusi-
on-MRI); for restaging after CRT, ICCs for height/length were 0.95/0.72 (T2-weigh-
ted MRI) and 0.86/0.48 (diffusion-MRI).

Conclusion

Particularly when assessed by a reader with limited MR experience, rectal tumour 
length is significantly smaller and as a result tumour height is larger when measu-
red on diffusion-MRI instead of standard T2-weighted MRI.
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INTRODUCTION

Magnetic Resonance Imaging (MRI) is part of the standard staging work-up of 
rectal cancer. As part of tumour staging, rectal tumour height and length are de-
termined, which – apart from endoscopic assessment – is also increasingly done 
using MRI1. The tumour height, typically assessed on MRI as the distance from 
the anorectal junction to the lower pole of the tumour, is an important feature in 
rectal cancer staging for several reasons. The surgical approach of distal tumours 
depends on its distance from the anal sphincter complex, based on which the sur-
geon will determine whether the sphincter can be preserved and if it is possible to 
create an anastomosis2, 3. The distance from the anorectal junction also (indirectly) 
influences the decision if neoadjuvant therapy is necessary, as lower tumours have 
a higher risk of mesorectal fascia (MRF) involvement due to the tapering of the 
mesorectum in the lower pelvis and the relatively small amount of mesorectal fat 
tissue around the distal rectum2-4. The tumour length itself does not have such a 
direct effect on treatment planning, but is mainly important as a measure to indi-
cate the tumour size, which is known to be an indicator for prognostic outcome5. 
Larger tumours tend to show a poorer response to neoadjuvant treatment6-9. The 
one-dimensional measurement of tumour length is one of the easiest and fas-
test ways to get an impression of the tumour size and is typically performed on 
morphological T2-weighted (T2W) imaging sequences. However, there are some 
drawbacks to this approach. Buijsen et al compared one-dimensional tumour 
length measurements on T2-weighted MRI to the tumour length as established 
at pathology and found that MRI consistently overestimated the tumour length10. 
Moreover, a recent review paper by Martens et al. compared whole volume tu-
mour measurements to one-dimensional (length) measurements to predict tre-
atment response and found inferior results for the one-dimensional approach11. 
The overestimation of tumour on T2 may be due to partial volume effects or by 
the incorporation of the normal (edematous) rectal wall in the measurements12. 
Moreover, in small tumours it can be difficult to define the tumour boundaries, 
and fecal impaction may hamper image interpretation. Diffusion-weighted ima-
ging (DWI) is increasingly incorporated in standard rectal MRI protocols because it 
offers an excellent lesion-to-background contrast and therefore is a very sensitive 
technique to detect malignant tumour12. The addition of DWI can increase tumour 
conspicuity and thereby help in determining the tumour boundaries.
Aim of this study was to test this hypothesis and compare DWI to standard 
T2-weighted MRI for the assessment of tumour height and tumour length in rectal 
cancer patients, both at primary staging and for restaging of tumours after CRT.



22 | Chapter 2

2

MATERIAL & METHODS

Patients

Ninety-seven patients diagnosed with rectal cancer between April 2009 and Oc-
tober 2011 at Maastricht University Medical Centre were considered for inclusion 
in this retrospective study. All patients underwent MRI as part of their diagnostic 
workup, with a DWI sequence being part of the routine imaging protocol. The 
study was approved by the local institutional review board. Due to the retrospec-
tive nature of the study informed consent was waived. Inclusion criteria were (a) 
biopsy proven rectal adenocarcinoma, and (b) availability of a primary staging MRI 
(and restaging MRI in case of neoadjuvant chemoradiotherapy) including a DWI se-
quence according to a standardized protocol. Twenty-five patients were excluded 
for the following reasons: (a) the tumour had already been excised with transanal 
endoscopic microsurgery (TEM) or polypectomy at the time of the MRI (n=19), and 
(b) missing data due to referral by/to another hospital (n=6). This left a total study 
population of 72 patients. Twenty-four patients underwent only a primary staging 
MRI followed by (a short course of 5x5 Gy radiation and) immediate surgery, the 
remaining 48 patients underwent a long course of neoadjuvant chemoradiothera-
py (CRT) followed by a second restaging MRI (after 8-10 weeks), adding to a total 
of 72 primary staging examinations and 48 restaging examinations.

MR Imaging

MR imaging was performed at 1.5T (Intera or Intera Achieva MR system; Philips 
Medical Systems, Best, The Netherlands) using a phased array coil. Patients did 
not receive any bowel preparation. In case of anticipated bowel movement arte-
facts on the planning scan, patients received 20 mg of scopolamine butylbromide 
(Buscopan, Boehringer Ingelheim, Germany) intravenously. The MR protocol in-
cluded standard 2D T2-weighted (T2W) fast-spin echo (FSE) sequences in sagittal, 
transverse and coronal planes (TR/TE 8456/130 msec, 90⁰ flip angle, 25 echotrain 
length, 6 NSA, 0.78 x 1.14 x 3.00 mm acquisition voxel size, 22 slices, 5.08 min 
acquisition time) and an axial diffusion-weighted sequence with background body 
signal suppression (b-values: 0, (100,) 500, 1000 s/mm2, TR/TE 4829/70 msec, 
echo-planar imaging factor 53, 4 number of signal averages, 2.50 x 3.11-3.18 x 
5.00 mm acquisition voxel size, 42-50 slices, 10.37 minutes acquisition time). The 
transverse T2W and DWI sequences were angled in identical planes, perpendi-
cular to the tumour axis as identified on the sagittal planning scan. The coronal 
images were angled parallel to the tumour axis (or parallel to the anal canal in case 
of very distal tumours).



Tumour height and length on DWI | 23

2

Image Evaluation

Two independent readers (R1 D-L, experienced in reading rectal MRI; and R2 
LDO with no specific expertise in reading rectal MRI) evaluated the MRI scans to 
measure the tumour length and height for each patient, both on the primary sta-
ging MRIs as well as on the restaging MRIs when available. Examples illustrating 
the measurement methodology are given in Figures 1 (primary staging) and 2 (res-
taging): tumour length was defined as the distance (in mm) between the distal and 
proximal margin of the tumour, tumour height was determined as the distance 
(in mm) between the anorectal junction and the distal tumour margin. Measu-
rements were performed in twofold (with a two week interval between the two 
sessions to avoid recall bias);
(a) based on the T2-weighted MRI: the tumour boundaries were determined by 
scrolling through the transverse T2-weighted images to identify the first slice (dis-
tal tumour margin) and last slice (proximal tumour margin) containing tumour. 
These distal and proximal margins were projected as reference points on the sa-
gittal T2-weighted planning scan (using reference lines) to measure the tumour 
length and height.
(b) based on DWI: the tumour boundaries were determined in a similar way by 
scrolling through the transverse high b-value (b1000) diffusion-weighted to iden-
tify the distal and proximal tumour margins. These were projected as reference 
points on the sagittal T2-weighted planning scan to measure tumour height and 
length.
In both sessions the transverse images were thus used as the main input to de-
termine the tumour boundaries. The sagittal planning images were merely used 
as an anatomical reference to project the tumour boundaries and to visualize the 
anorectal junction as a landmark to determine the tumour height. When a reader 
could not identify any residual tumour on the restaging MRI (and diagnosed the 
patient as a complete responder), the tumour length was indicated as 0 mm and 
the patient was excluded from the tumour height measurements.
Statistical analysis Statistical analyses were performed using the Statistical Package 
for Social Sciences (SPSS, version 23.0, Inc., Chicago, IL). The intraclass correlation 
coefficient (ICC) for single measures was calculated (using a 2-way mixed model 
with absolute agreement) to determine the interobserver agreement between the 
2 readers for both measurement methods (T2-weighted and DWI) with 0 to 0.20 
indicating poor agreement, 0.21 to 0.40 fair agreement, 0.41 to 0.60 moderate 
agreement, 0.61 to 0.80 good agreement, and 0.81 to 1.0 excellent agreement. 
Data was tested for normality with the Shapiro-Wilk test for Normality. Measu-
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Figure 1 Example of height and length measurements based on the primary staging T2W-MRI (A) and 
high b-value (b1000) DWI (B) images of a 71-year-old female patient with a tumour in the distal rectum. 
The white arrows indicate the tumour height, measured as the distance from the anorectal junction (3 
mm in A; 8 mm in B), the black arrows indicate the tumour length (41 mm in A; 22 mm in B). The dotted 
line represents the anorectal junction, which was the main landmark to determine the tumour height.

Figure 2 Example of height and length measurements based on the restaging T2W-MRI (A) and high 
b-value (b1000) DWI (B) images of a 69-year-old male patient after chemoradiotherapy. On T2-weigh-
ted MRI, the fibrotic wall thickening in the anterior rectal wall (black arrowheads in A) was included in 
the length measurement as suspicious for residual tumour; on b1000 DWI only a small tumour rem-
nant was visualised within the fibrosis (white arrowhead in B) and included in the measurement. The 
white arrows indicate the tumour height (11 mm in A; 16 mm B), the black arrows indicate the tumour 
length (14 mm in A; 7 mm in B). The dotted line grey represents the anorectal junction.
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rements were compared between the two measurement methods with the Wil-
coxon Signed Rank Test in case of non-normally distributed data and with a paired 
t-test in case of normally distributed data. All analyses were performed separately 
for the primary staging scans (n=72) and the restaging scans (n=48). P values <0.05 
were considered statistically significant.

RESULTS

Patients

Baseline patient characteristics are given in Table 1. Forty-nine patients were male 
and 23 were female, median age was 69 years (range 45-86).

Table 1. Patient characteristics 

Patient Characteristics Number

Sex

Male 49

Female 23

Median age at diagnosis (range) 69 (45-86)

cT-stage at diagnosis

cT1-2 25

cT3 42

cT4 5

cN-stage at diagnosis

cN0 20

cN1 27

cN2 25

Neoadjuvant treatment

None 8

Short course (5x5Gy) 16

Long course (followed by restaging MRI) 48

T2W-MRI versus DWI measurements

The height and length measurements for T2-weighted MRI and DWI are given in 
Table 2 for the two readers. For Reader 2 the median tumour height was signi-
ficantly larger when measured on DWI compared to T2W-MRI, both at primary 
staging (57 versus 47 mm, P=0.01) as well as for the restaging MRIs (55 versus 50 
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mm, P<0.001). Also, the tumour length was significantly smaller on DWI-MRI com-
pared to T2W-MRI, both at primary staging (40 versus 44 mm, P=0.001) as well as 
for restaging after CRT (20 versus 25 mm, P<0.001). For Reader 1 there were no 
significant differences between T2W-MRI and DWI measurements, except for the 
tumour length on restaging MRI, which was significantly smaller on DWI compared 
to T2-weighted MRI (21 versus 30 mm, P=0.01).

Table 2. Median (range) tumour height and length measurements (in mm) for T2-weighted MRI and 
DWI per reader. 

Reader 1 Reader 2

T2W DWI P-value T2W DWI P-value 

Primary staging (n=72)

Height 51 (0-105) 52 (0-116) 0.12 47 (0-143) 57 (0-165) 0.01

Length 44 (8-119) 43 (7-142) 0.17 44 (9-120) 40 (5-134) 0.001

Restaging (N=48)

Height* 50 (0-133) 51 (0-122) 0.51 50 (0-138) 55 (7-155) <0.001 

Length 30 (5-84) 21 (0-88) 0.01 25 (0-84) 20 (0-73) <0.001  

*Only patients in whom a residual tumour was recognized on both T2-weighted MRI and DWI were 
included (n=43 for reader 1 and n=37 for reader 2), patients with a suspected complete response on 
either T2W-MRI or DWI were excluded from the height measurements after CRT.

Interobserver agreement

Intraclass correlations between the two readers for the T2W and DWI measure-
ments, respectively, are given in Table 3. The interobserver agreement (IOA) on 
primary staging was excellent, both for assessment of tumour height (ICC 0.92 
for T2W-MRI and 0.93 for DWI) and length (ICC 0.85 and 0.87). For the restaging 
MRIs, agreement for assessment of tumour height was excellent for both methods 
(ICC 0.95 for T2W-MRI and 0.86 for DWI). For assessment of tumour length on 
restaging MRI, agreement was good for T2W-MRI (ICC 0.72) and moderate for DWI 
(ICC 0.48).
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DISCUSSION

The aim of this study was to assess if the use of diffusion-weighted imaging as 
an alternative to standard morphological T2-weighted imaging affects the assess-
ment of rectal tumour height and length on MRI. Our results show that – particu-
larly in relatively unexperienced hands – the tumour length is consistently smal-
ler and consequently the tumour height (distance from the anorectal junction) is 
larger when measured on DWI, both at primary staging as well as for restaging 
of tumour after CRT. For a reader with more experience in reading rectal MRI, 
differences were less obvious and only the tumour length after chemoradiothera-
py was significantly smaller when measured on DWI instead of T2-weighted MRI. 
Apparently the effect of adding DWI is more pronounced for a reader with less ex-
perience in reading rectal MRI, for whom it may be more challenging to define the 
tumour boundaries on standard MRI, and moreover in the restaging setting when 
the tumour bed has undergone fibrotic changes as a result of radiation treatment. 
In these cases, it may be easier to determine the tumour boundaries on DWI  
since determining the extent of remaining high signal within the rectal wall is more 
straightforward than looking for residual tumour within fibrosis on morphological 
MRI, which is well known to be a difficult task for radiologists.

Table 3. Interobserver agreement between the two readers expressed as the intraclass correlation 
coefficient (+ 95% confidence interval). 

T2W DWI

Primary staging 

Height 0.92 (0.87-0.95) 0.93 (0.84-0.96)

Length 0.85 (0.77-0.90) 0.87 (0.80-0.92)

Restaging*

Height 0.95 (0.91-0.97) 0.86 (0.72-0.93)

Length 0.72 (0.56-0.84) 0.48 (0.18-0.70) 

*ICCs for the restaging MRIs were only calculated for patients where both readers found a residual 
tumour, i.e. n=47 patients on T2W-MRI and n=35 patients on DWI. Patient in whom one or both 
readers diagnosed a complete tumour response were excluded.
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 We acknowledge that the main limitation of our study is the lack of a true gold 
standard. Tumour length was not routinely reported at histopathology and could 
therefore not be used as a standard of reference. Moreover no true gold standard 
exists for assessing tumour height. Traditionally mainly endoscopy is adopted as 
a measurement method, but the results vary depending on the use of a flexible 
or rigid scope3. Nowadays, MRI is increasingly used because of the visualization 
of more consistent anatomical landmarks such as the anorectal junction that can 
be used as a reference point for height measurements. Due to the lack of a true 
uniform and valid reference standard we can only speculate about the implicati-
ons of the difference we observed between the DWI and T2W-MRI based height 
and length measurements in our current report. Previous studies have suggested 
that DWI may be more accurate to detect tumour compared to T2-weighted MRI, 
particularly in the restaging setting after chemoradiotherapy where standard T2W-
MRI is known to be of limited value to assess the degree of viable tumour within 
areas of post-radiation fibrosis13-15, typically leading to an overestimation of resi-
dual tumour on T2W-MRI14, 15. Moreover there are various previous reports that 
have compared DWI to T2-weighted MRI to assess tumour volume. These reports 
showed that the volume as measured on DWI is typically smaller than the volume 
as measured on T2W-MRI16, 17, which is in line with our finding that tumour length 
on DWI (particularly after CRT) is smaller when measured on DWI. These previous 
reports also showed that the DWI tumour volume after CRT correlates better with 
the actual amount of residual tumour at histopathology than the tumour volu-
me derived from T2W-MRI16, 18, 19. These findings indirectly suggest that DWI (at 
least post-CRT) is likely superior in assessing the actual tumour volume and that 
T2W-MRI systematically overestimates the tumour load. This is also in line with 
previous findings by Buijsen et al. who compared T2W-MRI tumour length measu-
rements to the tumour length at histopathology in patients who were immedia-
tely operated after primary staging. They found that tumour size was consistently 
overestimated on T2W-MRI10. Their study, however, did not include a compari-
son with DWI. Despite the lack of a gold standard in our current study, the above 
findings thus appear to support our hypothesis that measurements on DWI may 
be more reliable than those performed on T2W-MRI, although all together the 
differences between the two techniques observed in our study were small, ran-
ging between 1-10 mm at primary staging and 1-9 mm for the restaging scans.  
 A remarkable finding is the relatively low interobserver agreement for the tu-
mour length measurements on restaging DWI, especially compared to the good to 
excellent IOA for all other measurements. This is in contrast with the assumption 
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that the tumour boundaries would be easier to define on DWI than on T2W-MRI, 
which should have resulted in improved rather than decreased IOA. There are two 
possible explanations for this contradiction. First, the two readers had different 
experience levels and it has been reported that experience level influences the 
performance of DWI interpretation20. Second, although readers were instructed 
to primarily use the transverse T2W and DWI images to determine the tumour 
boundaries, the actual measurements were performed on the sagittal T2-weigh-
ted planning images. One can imagine that for such a 3-dimensional reading, it 
may have been more difficult to correlate the transverse diffusion-weighted ima-
ges with the sagittal T2-weighted scan, given the difference in scan technique and 
the relative lack of anatomical reference on DWI. This methodology was chosen 
because DWI images were only acquired in transverse plane and therefore no sa-
gittal DWI sequences were available to more accurately correlate the DWI findings.  
 Apart from this issue, there were some limitations to our study design. The 
DWI sequence was acquired with a slice thickness of 5 mm, while the T2W images 
were acquired with 3 mm slices, which creates a margin of error when using the 
axial images to determine the tumour boundaries. Furthermore, the study was 
performed retrospectively and with a relatively a small number of patients. Finally, 
the main limitation – as described above - was the lack of a valid standard of refe-
rence.

In conclusion, our results suggest that use of DWI may be helpful in determining 
rectal tumour boundaries on MRI. Particularly after chemoradiotherapy and in 
less experienced hands the use of diffusion-weighted MRI instead of standard 
T2-weighted MRI results in a reduction in measured tumour length and conse-
quently in an increased distance from the anorectal junction.



30 | Chapter 2

2

REFERENCES
1.  Beets-Tan RG, Lambregts DM, Maas M, Bipat S, Barbaro B, Caseiro-Alves F, et al. Magnetic reso-

nance imaging for the clinical management of rectal cancer patients: recommendations from the 

2012 European Society of Gastrointestinal and Abdominal Radiology (ESGAR) consensus meeting. 

Eur Radiol. 2013;23(9):2522-31.

2.  Glimelius B, Pahlman L, Cervantes A, Group EGW. Rectal cancer: ESMO Clinical Practice Guidelines 

for diagnosis, treatment and follow-up. Ann Oncol. 2010;21 Suppl 5:v82-6.

3.  van de Velde CJ, Boelens PG, Borras JM, Coebergh JW, Cervantes A, Blomqvist L, et al. EURECCA 

colorectal: multidisciplinary management: European consensus conference colon & rectum. Eur J 

Cancer. 2014;50(1):1 e- e34.

4.  Taylor FG, Quirke P, Heald RJ, Moran BJ, Blomqvist L, Swift IR, et al. Preoperative magnetic reso-

nance imaging assessment of circumferential resection margin predicts disease-free survival and 

local recurrence: 5-year follow-up results of the MERCURY study. J Clin Oncol. 2014;32(1):34-43.

5.  Kim YH, Kim DY, Kim TH, Jung KH, Chang HJ, Jeong SY, et al. Usefulness of magnetic resonance 

volumetric evaluation in predicting response to preoperative concurrent chemoradiotherapy in 

patients with resectable rectal cancer. Int J Radiat Oncol Biol Phys. 2005;62(3):761-8.

6.  Dresen RC, Beets GL, Rutten HJ, Engelen SM, Lahaye MJ, Vliegen RF, et al. Locally advanced rectal 

cancer: MR imaging for restaging after neoadjuvant radiation therapy with concomitant chemothe-

rapy. Part I. Are we able to predict tumour confined to the rectal wall? Radiology. 2009;252(1):71-80.

7.  Kim NK, Baik SH, Min BS, Pyo HR, Choi YJ, Kim H, et al. A comparative study of volumetric analysis, 

histopathologic downstaging, and tumour regression grade in evaluating tumour response in lo-

cally advanced rectal cancer following preoperative chemoradiation. Int J Radiat Oncol Biol Phys. 

2007;67(1):204-10.

8.  Aiba T, Uehara K, Nihashi T, Tsuzuki T, Yatsuya H, Yoshioka Y, et al. MRI and FDG-PET for assess-

ment of response to neoadjuvant chemotherapy in locally advanced rectal cancer. Ann Surg On-

col. 2014;21(6):1801-8.

9.  Seierstad T, Hole KH, Groholt KK, Dueland S, Ree AH, Flatmark K, et al. MRI volumetry for predic-

tion of tumour response to neoadjuvant chemotherapy followed by chemoradiotherapy in locally 

advanced rectal cancer. Br J Radiol. 2015;88(1051):20150097.

10.  Buijsen J, van den Bogaard J, Janssen MH, Bakers FC, Engelsman S, Ollers M, et al. FDG-PET pro-

vides the best correlation with the tumour specimen compared to MRI and CT in rectal cancer. 

Radiother Oncol. 2011;98(2):270-6.

11.  Martens MH, van Heeswijk MM, van den Broek JJ, Rao SX, Vandecaveye V, Vliegen RA, et al. 

Prospective, Multicenter Validation Study of Magnetic Resonance Volumetry for Response As-

sessment After Preoperative Chemoradiation in Rectal Cancer: Can the Results in the Literature 

be Reproduced? Int J Radiat Oncol Biol Phys. 2015;93(5):1005-14.

12.  Nasu K, Kuroki Y, Kuroki S, Murakami K, Nawano S, Moriyama N. Diffusion-weighted single shot 

echo planar imaging of colorectal cancer using a sensitivity-encoding technique. Jpn J Clin Oncol. 

2004;34(10):620-6.



Tumour height and length on DWI | 31

2

13.  Song I, Kim SH, Lee SJ, Choi JY, Kim MJ, Rhim H. Value of diffusion-weighted imaging in the detection 

of viable tumour after neoadjuvant chemoradiation therapy in patients with locally advanced rectal 

cancer: comparison with T2 weighted and PET/CT imaging. Br J Radiol. 2012;85(1013):577-86.

14.  Kim SH, Lee JM, Hong SH, Kim GH, Lee JY, Han JK, et al. Locally advanced rectal cancer: added 

value of diffusion-weighted MR imaging in the evaluation of tumour response to neoadjuvant 

chemo- and radiation therapy. Radiology. 2009;253(1):116-25.

15.  Lambregts DM, Vandecaveye V, Barbaro B, Bakers FC, Lambrecht M, Maas M, et al. Diffusi-

on-weighted MRI for selection of complete responders after chemoradiation for locally advanced 

rectal cancer: a multicenter study. Ann Surg Oncol. 2011;18(8):2224-31.

16.  Lambregts DM, Rao SX, Sassen S, Martens MH, Heijnen LA, Buijsen J, et al. MRI and Diffusi-

on-weighted MRI Volumetry for Identification of Complete Tumour Responders After Preopera-

tive Chemoradiotherapy in Patients With Rectal Cancer: A Bi-institutional Validation Study. Ann 

Surg. 2015;262(6):1034-9.

17.  Carbone SF, Pirtoli L, Ricci V, Venezia D, Carfagno T, Lazzi S, et al. Assessment of response to che-

moradiation therapy in rectal cancer using MR volumetry based on diffusion-weighted data sets: 

a preliminary report. Radiol Med. 2012;117(7):1112-24.

18.  Ha HI, Kim AY, Yu CS, Park SH, Ha HK. Locally advanced rectal cancer: diffusion-weighted MR tu-

mour volumetry and the apparent diffusion coefficient for evaluating complete remission after 

preoperative chemoradiation therapy. Eur Radiol. 2013;23(12):3345-53.

19.  Curvo-Semedo L, Lambregts DM, Maas M, Thywissen T, Mehsen RT, Lammering G, et al. Rec-

tal cancer: assessment of complete response to preoperative combined radiation therapy with 

chemotherapy--conventional MR volumetry versus diffusion-weighted MR imaging. Radiology. 

2011;260(3):734-43.

20.  van Heeswijk MM LD, Andrade L, Maas M, Beets GL, Beets-Tan RGH. Clinical assessment of diffu-

sion-weighted MRI for restaging rectal cancer: is there a learning curve? [abstract]. Insights into 

imaging 2016;7(suppl 1):S412.





Chapter 3

DWI for assessment of rectal cancer nodes 
after chemoradiotherapy:  
is the absence of nodes at  

DWI proof of a negative nodal status?

MM van Heeswijk, DMJ Lambregts, WM Palm, BMF Hendriks,  
M Maas, GL Beets, RGH Beets-Tan

American Journal of Roentgenology 2017;208:W79-W84



34 | Chapter 3

3

ABSTRACT

Objectives

When considering organ preservation in rectal cancer patients with good tumour 
response, assessment of a node negative status after chemoradiation (CRT) is im-
portant. Diffusion-weighted MRI (DWI) is a very sensitive technique to detect no-
des. The study aim was to test the hypothesis that absence of nodes on DWI after 
CRT is concordant with a ypN0-status. 

Methods

Retrospective study of 90 rectal cancer patients treated with CRT followed by res-
taging MRI(1.5T) including DWI (highest b-value b1000). Two independent readers 
counted the number of nodes visible in the mesorectal compartment on post-CRT 
DWI. The number of nodes on DWI (0 vs ≥1) was compared with the number of 
metastatic nodes at histopathology/follow-up (yN0 vs yN+).

Results

At histopathology/follow-up 71 patients were yN0, 19 were yN+. In 10 patients no 
nodes were observed on DWI, which was concordant with a yN0-status in 100%. 
In the other 61 yN0 patients the median number of nodes detected on DWI was 
3 (range 1-17). To differentiate between yN0/yN+ sensitivity was 100%, specificity 
14%, PPV 24% and NPV 100%.

Conclusion

Although the absence of nodes on DWI is not a frequent finding, it appears to 
be a reliable predictor of yN0-status after CRT in rectal cancer. DWI may thus be 
a helpful adjunct in assessing response after chemoradiotherapy and help select 
patients for organ-saving treatment.
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INTRODUCTION

Magnetic Resonance Imaging (MRI) is part of the standard work-up for patients 
with rectal cancer. MRI is increasingly adopted for the restaging of rectal cancer 
patients after neoadjuvant chemoradiotherapy (CRT). Restaging MRI is valuable 
to evaluate the response of a locally advanced tumour to CRT and to determine 
whether the extent of the surgical resection can be decreased in case of significant 
tumour regression. Furthermore, in case of a very good or complete tumour res-
ponse, patients may – although presently mainly in trial settings – be considered 
for organ-preserving treatment options, i.e. a local excision (transanal endoscopic 
microsurgery) or a “watchful waiting policy”1-4. If organ preservation is considered, 
it is crucial to accurately select the (near) complete responders. A combination of 
MRI including diffusion-weighted imaging together with endoscopy and biopsies 
offers the best results to determine whether or not a tumour remnant remains 
present within the bowel wall5. The assessment of the response of the lymph no-
des mainly relies on imaging. With organ-preservation, one needs to ensure that 
there is no residual nodal disease as this induces a  risk for a nodal recurrence6,7. 
It is known that standard morphological MRI is of limited use for assessing lymph 
nodes8, 9, although more favourable results have been suggested for restaging of 
nodes after CRT compared with results for primary nodal staging8-11. Sensitivities 
reported for detection of nodal disease after CRT range between 42-89%12-15. Par-
ticularly in patients with a good tumour response (ypT0-2) that may be considered 
for organ-preservation low sensitivities of around 40% have been reported15, pro-
bably owing to the fact that in these cases residual disease typically occurs within 
very small nodes that are difficult to evaluate with imaging. This still limits the 
clinical utility of imaging for the prediction of the pathologic nodal status after CRT. 
In recent years, diffusion-weighted imaging (DWI) has proven its value and is now 
recommended as a routine addition to the MRI protocol for the assessment of 
rectal cancer, particularly in the restaging setting16-20. DWI highlights tissues with 
a dense cellular structure, making it a very suitable technique to detect malignant 
tumours, but also to detect lymph nodes, as lymphoid tissue has an intrinsically 
high cellular density21-25. With this in mind, DWI should also be well equipped to 
detect the typically small nodes that remain after CRT, as has also been suggested 
by a previous report that showed that in the restaging setting DWI detects 26% 
more nodes compared to standard T2-weighted MRI22. One could even argue that 
– given the high sensitivity of DWI to detect nodes – the absence of visible lymph 
nodes on DWI after CRT should indicate that no metastatic lymph nodes remain. 
If we can confirm this hypothesis, DWI could be valuable as a tool to help select 
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node-negative patients after CRT. The aim of this study therefore was to evaluate 
whether the absence of nodes on DWI can be used to establish a valid diagnosis of 
a yN0 status in rectal cancer patients after neoadjuvant treatment. 

METHODS

Patients

This study retrospectively assessed 130 consecutive patients diagnosed with lo-
cally advanced rectal cancer and treated with a long course of neoadjuvant CRT 
between November 2009 and May 2013 at Maastricht University Medical Centre. 
The study meets the guidelines of our country’s responsible governmental agency; 
due to the retrospective nature of the study informed consent was not required.  
Inclusion criteria were (a) biopsy proven rectal adenocarcinoma, (b) long course 
of neoadjuvant treatment, (c) availability of a restaging MRI including a DWI se-
quence after neoadjuvant treatment, and (d) availability of histopathology after 
surgery or a sustained ycN0 status and disease free survival of at least 2 years 
after organ preserving treatment as an endpoint for nodal response. The routine 
neoadjuvant treatment consisted of 50.4 Gy radiation combined with 2x825 mg/
m2/day capecitabine. Four patients underwent 5x5 Gy of radiation combined with 
rapamycin and a long (8-10 week) waiting interval before restaging and surgery. 
Forty patients were excluded for the following reasons: a prolonged interval (>50 
days) between restaging MRI and surgery (since histopathology in this setting will 
no longer be representative for the MRI findings) (n=24), missing data (e.g. missing 
histopathology reports; n=13), or DFS of <2 years after organ preserving treatment 
(n=3). This left a total study population of 90 patients who met all inclusion crite-
ria. Some of the study patient were included in previous studies from our group on 
DWI for assessment of tumour response and on contrast-enhanced lymph node 
imaging. These previous studies did not focus on the use of DWI for lymph node 
evaluation26,27.

MRI Imaging

All patients underwent a primary staging and restaging MRI at 1.5T MRI (Intera 
(Achieva) or Ingenia system, Philips Medical Systems, Best, The Netherlands). The 
standard protocol included two-dimensional T2-weighted (T2W) fast spin-echo 
sequences in 3 orthogonal directions (with the transverse images angled perpen-
dicular and the coronal images angled parallel to the tumour axis as identified on 
the sagittal scan) and a transverse 3D T1W gradient echo (GRE) sequence with 1 
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mm isotropic voxels. This protocol was according to previous studies on lymph 
node evaluation27,28.The diffusion-weighted sequence was a transverse echo 
planar imaging (EPI) diffusion sequence with b1000 as the highest b-value, angled 
in the same plane as the transverse T2-weighted and T1-weighted sequences. All 
imaging sequences covered the full mesorectal compartment. Detailed sequence 
parameters are provided in Table 1.

Image evaluation

MRIs were evaluated by two independent readers with 6 years and 3 years specific 
experience in reading pelvic MRI. The two readers evaluated the restaging high 
b-value (b1000) diffusion-weighted images and counted the number of visible 
lymph nodes within the mesorectal compartment (Figure 1). A lymph node on DWI 
was defined as a round or oval structure showing high signal intensity compared 
to the suppressed background signal of the mesorectal fat. The anatomical T2W 
and T1W sequences, as well as the primary staging MR examinations were at the 
reader’s disposal for anatomical correlation and to confirm high signal structures 
as lymph nodes. The final nodal count on DWI was classified as ‘no visible nodes’ 
or ‘≥1 visible nodes’. The readers were blinded to all other patient data, including 
histopathological outcome, as well as to each other’s results. In case of a discre-
pancy in lymph node count (i.e. no nodes versus ≥1 node seen on DWI) between 
the two observers, the readers re-evaluated the images in consensus to obtain a 
final count. 

Reference standard

Sixty-eight patients underwent a total mesorectal excision. In these patients his-
tological examination of the surgical resection specimens according to the Sixth 
American Joint Committee on Cancer TNM Staging System29 (as advocated du-
ring the study period in our centre) served as the standard of reference. The to-
tal number of non-metastatic and metastatic lymph nodes at histopathology was 
recorded, as well as the overall nodal stage (ypN0, ypN1 or ypN2). The remaining 
twenty-two patients underwent a local excision (n=2) or a watchful waiting policy 
with intensive follow-up (n=20). For these patients a disease free survival (DFS) 
of ≥24 months with no evidence of growing/suspicious nodes on FU imaging was 
considered a surrogate endpoint for a yN0 status. Median DFS follow-up in these 
patients was 61 months (range 44-75 months). 
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Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sci-
ences (SPSS, version 22.0, INC., Chicago, IL). To assess interobserver agreement for 
the number of lymph nodes detected on DWI, the intraclass correlation coefficient 
(ICC) was calculated with the two-way mixed method with absolute agreement for 
single measures. For all other analyses, the number of lymph nodes counted on 

Figure 1 72–year-old woman with rectal tumour.
T2-weighted MR image obtained before treatment (A) shows rectal tumour (asterisk, A) and several 
lymphnodes in mesorectal fat (arrows, A), some of which are difficult to discern. On corresponding DW 
image (C), more nodes are observed and nodes are more conspicuous because of their marked high 
signal (asterisk, C), compared with suppressed signal of mesorectal fat. No residual tumour is observed 
on T2-weighted MR image (B) or corresponding DW image (D) obtained after patient underwent che-
moradiation therapy, and no residual nodes are observed. Patient had complete response (ypT0N0).
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DWI was averaged between the two readers (for patients in whom an additional 
consensus reading was performed, the number reached after consensus reading 
was used). 2x2 contingency tables were constructed to correlate the number of 
nodes detected on post-CRT DWI (i.e. no nodes versus ≥ 1 nodes) with histopatho-
logy/follow-up. Sensitivity, specificity, positive and negative predictive values were 
calculated using a yN+ status as the positive outcome.

RESULTS

Patient and treatment characteristics.

Sixty patients were male and 30 were female. Seventy-one patients had a yN0 sta-
tus (50 ypN0 after surgery and 21 ycN0 with a sustained ycN0 status and disease 
free survival of >24 months). Nineteen patients had a ypN+ status after surgery (16 
ypN1 and 3 ypN2). Detailed patient characteristics are shown in Table 2. Median 
interval between the restaging MRI and surgery was 16 days (range 5-50 days). 

Table 2. Patient characteristics

Patient Characteristics Number (%)

Sex

Male 60 (67%)

Female 30 (33%)

Median age (range) 65 (range 32-81)

yN-stage

N0 71 (79%)

N+ 19 (21%)

N1 15 (17%)

N2 4 (4%)

Number of patients per yT-stage ypN0 ypN+

T0 28 (31%) 0

T1 7 (8%) 0

T2 13 (14%) 3 (3%)

T3 20 (22%) 12 (13%)

T4 3 (3%) 4 (4%)

Median number of nodes harvested at histopathology  
in patients who underwent surgical resection (range)

12 (0-25) 11 (5-26)

Median number of malignant nodes (range) - 2 (1-5)

Median size of malignant nodes at histopathology (range) 6 mm (1-21)

Median size of benign nodes at histopathology (range) 3 mm (1-23)
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Number of nodes on DWI to predict yN0 vs. yN+.

In 10/90 patients no nodes were observed on DWI, which was concordant with a 
yN0-status at histopathology/follow-up in all 10 (100%) cases. In the remaining 61 
patients with a yN0 status the median number of nodes detected on DWI was 3 
(range 1-17 nodes). In the 19 patients with a ypN+ status a median number of 4 
nodes (range 1-7 nodes) was detected on DWI. In patients with a ypN1-status the 
median number of nodes on DWI was 4 (range 1-7) versus 4 (range 4-6) in patients 
with a ypN2-status. Diagnostic accuracy figures to discriminate yN0 versus yN+ 
(with yN+ being the positive outcome) are presented in Table 3: Sensitivity was 
100%, specificity 14%, PPV 24% and NPV 100%. 

Table 3. Diagnostic performance to diagnose a ypN+ versus ypN0  status (with yN+ being the positive 
outcome)  based on the presence/absence of visible nodes on post-CRT DWI.

Percentage 
(no. of nodes/total) Sensitivity Specificity PPV NPV

100 (19/19) 14 (10/71) 24 (19/80) 100 (10/10)

95% CI 82-100 7-24 15-35 69-100

Note - in this analysis, yN-postive status is defined as the positive outcome.

Results per yT-stage:

Figure 2 shows the distribution of patients with 0 or ≥1 nodes on DWI among 
different tumour response groups. Of the patients with 0 nodes on DWI, 4 has re-
sidual tumour (1 ypT2, 2 ypT3 and 1 ypT4) and 6 were (clinical) complete tumour 
responders (yT0). The percentage of patients with no nodes on DWI was highest 
(21%) in the yT0 group, compared to 4% in the ypT1-2 group and 8% in the ypT3-4 
group. The median number of nodes detected on DWI was 2 (range 0-17) in the 
yT0 group, 3 (range 0-12) in the ypT1-2 group and 3 (range 0-9) in the ypT3-4 
group. In the subgroup of patients with a complete tumour response (yT0) 6 out 
of 28 patients had no visible nodes on DWI, which results in a specificity of 21%.
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Interobserver agreement:

Agreement between the two readers regarding the number of detected nodes on 
DWI was good with an ICC of 0.72 (95% CI: 0.46-0.84). In 7 patients, both readers 
initially observed no nodes, in 68 patients both readers observed ≥1 nodes. In the 
remaining 15 patients, there was a discrepancy in the number of nodes (0 versus 
≥1 nodes) observed by the two readers and an additional consensus reading was 
performed (which resulted in the diagnosis of 0 nodes in 3 patients and ≥1 nodes 
in the other 12 patients).

DISCUSSION

The goal of this study was to evaluate whether the absence of visible lymph no-
des on DWI after chemoradiotherapy is proof of a negative lymph node status. 
Although the absence of nodes on DWI was an infrequent finding only occurring 
in 10/90 patients, our results show that this was concordant with a yN0 status in 
all cases. This suggests that from a clinical point of view yN0 patients can safely be 
identified when these patients have no visible nodes on restaging DWI. However, 

Figure 2 Percentage of patients with zero nodes versus one or more nodes visible at DWI (b = 1000 s/
mm2) specified for patients with complete response (yT0), good response (yT1–2), and poor response 
(yT3–4) of their primary rectal tumour, respectively.
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in the majority of patients with a yN0 status (61/71 yN0 patients), nodes were 
still visible on DWI. Hence, specificity was only 14%, which would imply a very 
stringent patient selection, where many of the complete nodal responders will be 
missed. 
Interestingly, the number of patients with no visible nodes on DWI was higher in 
the patients with a complete tumour response compared to patients with residual 
tumour. In the yT0 subgroup, 21% of the patients had no visible nodes on DWI, 
compared to only 4-8% of the patients who still had residual tumour. Specificity 
to discriminate yN+ versus yN0 – albeit still far from optimal – was thus better for 
the complete tumour responders than for the whole patient group (21% versus 
14%). This is beneficial as the yT0 group constitutes the most interesting subgroup 
with respect to the identification of potential candidates for organ-preserving tre-
atments (watchful waiting). In these patients it is particularly important to identify 
residual nodal disease, since the nodes are left in situ and any missed residual 
nodal metastases harbour a potential risk for recurrence. The prevalence of a po-
sitive lymph node status after CRT is low in patients with a good tumour response 
(5-17%)4, 7, 30, 31. Moreover, as an effect of long course neoadjuvant therapy most 
lymph nodes decrease in size15, 31. As a result, residual nodal metastases mostly oc-
cur in very small nodes (< 3 mm). These small nodal sizes make it difficult to detect 
and therefore interpret the nodes after CRT, resulting in low reported sensitivities 
of 42% for detection of residual nodal metastases in patients with a good tumour 
response after CRT15. 
Sensitivity to detect residual positive nodes in our study was 100%, which is better 
than reported in previous studies for routine T2-weighted MRI (42-89%)12-15. This 
means that when there is residual nodal disease, we will always see residual nodes 
on post-CRT DWI. However, it doesn’t work the other way around: when we see 
residual nodes on DWI, this does not necessarily indicate that there is residual 
nodal disease. High signal intensity nodes were also still visualised after CRT in 
61/71 of the yN0 patients, resulting in a low specificity of 14%, which is consi-
derably lower than the specificities in the range of 46-95% previously reported for 
routine T2-weighted MRI12-15. This is in line with the findings of previous studies 
that showed that when considering all high signal nodes on DWI as positive for 
nodal disease this leads to false positive rates of up to 50%24, 33, 34. Hence, we will 
need to look for additional tools to further characterise the visible residual nodes 
after CRT. Inconsistent results have been reported for quantitatively measuring 
the apparent diffusion coefficient (ADC) of nodes on DWI to differentiate between 
positive and negative lymph nodes, both for the primary staging of lymph nodes as 
well as for restaging of nodes after CRT22, 23, 33-35. Moreover in small nodes it can be 
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very challenging to obtain reproducible ADC measurements22. A potentially pro-
mising alternative is the use of lymph node specific contrast-agents, with promi-
sing results reported for both ultrasmall superparamagnetic particles of iron oxide 
(USPIO) contrast as well as for the gadolinium-based contrast agent gadofosveset 
trisodium27, 28, 36, 37. However, these contrast-agents have not yet found their way 
into clinical practice. 
Our study had some limitations. In 22 patients long-term follow-up was used as a
surrogate reference standard instead of histopathological outcome. Patients had 
no signs of nodal recurrence for >2 years with a median follow-up of 61 months 
(minimum 44 months). Since previous studies have shown that both endoluminal 
and nodal recurrences mostly occur within the first two years, we believe this may 
be used as an alternative endpoint for a ypN0 status3. Second, we only evaluated 
nodes within the mesorectal compartment since extramesorectal nodes are not 
routinely resected and can therefore not be correlated with histopathological out-
come. Third, there were some variations in the DWI protocol (e.g. fat suppression 
techniques) employed throughout the course of the study. This, however, reflects 
daily practice where imaging protocols are subject to updates and optimisation. 
All of the images were, however, subjectively deemed to be of good diagnostic 
quality by both observers. Quality of fat suppression was similar and the signal 
to background ratio of the visualised lymph nodes was comparable in all studies. 
Fourth, the readers had a 3D T1-weighted sequence with 1 mm isotropic voxels at 
their disposal. This sequence was part of the protocol because of ongoing studies 
on lymph node imaging, but is not typically part of routine clinical rectal MRI pro-
tocols. Its use in the current study may thus potentially limit the generalisability of 
our study results. However, in practice lymph nodes were typically well recognised 
as nodes on the DWI sequence and the need to refer to the T1-weighted sequence 
was limited. Finally, we did not perform a within-patient comparison of our results 
for DWI to ‘routine’ assessment of the nodes on T2-weighted MRI, since the spe-
cific aim of our study was to test the hypothesis that the absence of nodes on DWI 
could be used to predict a yN0 status and various previous studies have already 
demonstrated the superiority of DWI compared to T2-weighted MRI for the detec-
tion of nodes. We did, however, compare our results to those previous reported in 
literature for T2-weighted MRI.

In conclusion, our results suggest that – although it is not a frequent finding – the 
absence of lymph nodes on a restaging DWI can be a reliable predictor of a node 
negative status after neoadjuvant CRT in patients with locally advanced rectal can-
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cer and that the percentage of patients without visible nodes on DWI is highest in 
patients with a complete tumour response. DWI may therefore play a supporting 
role in the selection of patients for organ-preservation after CRT. When we see 
remaining nodes on DWI after CRT, we need to look for other tools to further 
characterise these nodes. 
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ABSTRACT

Objectives 

To establish the most common image interpretation pitfalls for non-expert readers 
using diffusion-weighted imaging (DWI) to assess response to chemoradiotherapy 
in patients with rectal cancer and to explore the use of these pitfalls in an expert 
teaching setting.

Methods 

Two independent non-expert readers (R1 and R2) scored the restaging DW MRI 
scans (b1000 DWI, in conjunction with ADC maps and T2-W MRI scans for anato-
mical reference) in 100 patients for the likelihood of a complete response versus 
residual tumour using a five-point confidence score. The readers received expert 
feedback and the final response outcome for each case. The supervising expert 
documented any potential interpretation errors/pitfalls discussed for each case to 
identify the most common pitfalls.

Results 

The most common pitfalls were the interpretation of low signal on the ADC map, 
small susceptibility artefacts, T2 shine-through effects, suboptimal sequence an-
gulation and collapsed rectal wall. Diagnostic performance (area under the ROC 
curve) was 0.78 (R1) and 0.77 (R2) in the first 50 patients and 0.85 (R1) and 0.85 
(R2) in the final 50 patients.

Conclusions 

Five main image interpretation pitfalls were identified and used for teaching and 
feedback. Both readers achieved a good diagnostic performance with an AUC of 
0.85.
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INTRODUCTION

In the last decade over 60 original studies have been published on the use of diffu-
sion-weighted imaging (DWI) for rectal cancer assessment. The majority of these 
studies focused on the use of DWI for evaluation of response to chemoradiothe-
rapy (CRT). This specific focus on tumour response evaluation can probably largely 
be attributed to recent developments in the treatment of rectal cancer. Studies 
have shown that patients who respond very well to a long course of CRT may be 
treated with organ-preserving treatments (local excision of the tumour remnant 
or watchful waiting) instead of surgical resection, making accurate response eva-
luation after CRT an increasingly important issue1-3. In this setting, imaging – in 
particular MRI – plays an important role. Although morphological MRI is beneficial 
for assessing tumour downsizing and downstaging, its use is associated with diffi-
culties in determining the presence and extent of residual tumour within areas of 
postradiation fibrosis.
A recent meta-analysis has shown that the sensitivity for overall tumour restaging 
after CRT with MRI is only 50%, with even poorer results (sensitivity 19%) for selec-
ting complete responders4. The overall sensitivity for restaging was considerably 
better (84%) in a subgroup analysis focusing on studies that used DWI. Various 
studies have also shown that the addition of DWI significantly improves the per-
formance of MRI in differentiating viable tumour within areas of post-radiation 
fibrosis5-7. Moreover, a recent study has shown that out of a variety of MRI features 
(e.g. tumour location, signal intensity. T stage and N stage, tumour volume and 
volume reduction ratios), visual assessment of response on DWI was one of the 
best predictors of a complete tumour response on MRI8. 
In the majority of the published studies, DW images were read by expert radiolo-
gists, typically with dedicated experience (2–13 years) in reading rectal MR images 
and previous experience in reading DW images5-7, 9. The performance of such rea-
ders may not necessarily reflect that of general radiologists. It is well known that 
radiological readers with more experience will have better diagnostic performan-
ce. Moreover, in different imaging settings (for example, reading of mammograms, 
CT colonography examinations and MRI for diagnosing endometriosis) it has been 
demonstrated that a learning curve is required before non-expert readers can re-
ach a certain diagnostic performance level10-12. Teaching is therefore an important 
issue. 
It would be helpful to gain knowledge on the pitfalls and interpretation errors most 
commonly encountered by nonexpert readers when assessing DWI after CRT. This 
information could then serve as a teaching reference for future readers who wish 
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to improve their DWI reading skills. The aim of this study was therefore to establish 
the most common image interpretation errors and pitfalls encountered by non-ex-
pert readers when assessing DWI to discriminate between a complete tumour res-
ponse and residual tumour after CRT for rectal cancer and to explore the use of 
these pitfalls in a teaching setting.

MATERIALS AND METHODS

This study was a retrospective analysis of MR images acquired as part of routine di-
agnostic procedures. The local institutional review board approved the study and 
informed consent was waived.

Patients

From a retrospective imaging dataset, 105 consecutive patients with rectal cancer 
were selected who were receiving a long course of neoadjuvant treatment and 
who had undergone a restaging MRI examination including a DWI sequence at 
Maastricht University Medical Centre between November
2011 and November 2014. Five patients were used as training cases and the other 
100 patients constituted the study (test) dataset. Inclusion criteria were: (a) his-
topathologically proven rectal adenocarcinoma, (b) neoadjuvant treatment consis-
ting of a long course of CRT (or radiotherapy with a prolonged waiting period), (c) 
availability of a good quality restaging MRI scan including a DWI sequence, and (d) 
data on final response outcome. Patients with a low-quality DWI examination (e.g. 
severe susceptibility artefacts due to metal implants) as well as patients with a 
mucinous tumour (as these are known to exhibit different signal characteristics on 
DWI) were excluded. The routine neoadjuvant treatment consisted of 50.4 Gy radi-
ation + capecitabine 825 mg/m2 twice daily during the radiation period. According 
to current guidelines, patients with locally advanced disease (cT3/4 stage, involved 
mesorectal fascia on MRI, and/or clinical node-positive disease) were routinely 
stratified for a long course of CRT. 

MR imaging 

All MR examinations were performed at 1.5 T on an Intera Achieva or an Inge-
nia MR system (Philips Medical Systems, Best, The Netherlands) using a phased 
array surface coil with patients in feet-first supine position. The routine interval 
between completion of CRT and restaging MRI examinations was 6–10 weeks. To 
reduce bowel motility, patients received 20 mg of scopolamine butylbromide (Bus-
copan; Boehringer Ingelheim, Ingelheim am Rhein, Germany) intravenously, either 
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because of anticipated bowel movement artefacts on the sagittal planning scan 
(first part of the study period) or routinely (final part of the study period). From 
March 2014 patients also routinely received a microenema (Microlax ®; McNeil 
Healthcare Ireland Ltd, Dublin, Ireland) about 15 minutes before the start of the 
examination to reduce the amount of air in the rectal lumen. The standard clinical 
MRI protocol at the institution (both for primary staging and restaging) included 
2D T2-weighted fast spin echo sequences in the sagittal, axial and coronal planes 
and an axial echo planar imaging DWI sequence with b1000 being the highest 
b-value. The axial T2-weighted and DWI sequences were angled in an identical 
plane perpendicular to the rectal tumour axis. Apparent diffusion coefficient (ADC) 
maps were automatically generated by the operating system. 

Training

All images were independently read by two senior (5th year) radiology residents 
(S.G.C.v.E. and A.D.P.) with an interest in abdominal imaging but with no specific 
previous experience in reading DWI of rectal cancer. Before the start of the study 
both readers received a short (1–2 h) baseline training from an expert radiologist 
(D.M.J.L., with 8 years of specific expertise in reading rectal MRI and DWI) in how 
to read DWI and MRI scans of rectal cancer. Training consisted of discussion of 
various imaging examples and cases derived from PowerPoint presentations and 
previous literature as well as a hands-on training session with the first five training 
cases.

Scoring and feedback

The two readers were asked to independently assess the remaining 100 cases (the 
test dataset) and for each case to report the likelihood of a complete tumour res-
ponse using a five point confidence level score (Table 1; similar to scores described 
in the literature13). The readers based their score on the high b-value (b1000) DW 
images that were read in conjunction with the corresponding ADC maps and T2- 
weighted images (for anatomical reference). The ADC maps were mainly used to 
discriminate T2 shine-through effects from restricted diffusion in the presence of a 
high signal on b1000 DW Images. The primary staging MR images (including
DW images and ADC map) were also at the readers’ disposal. The readers were 
blinded to each other’s results as well as to the final patient outcome. In the first 
30 cases, the two readers received immediate expert feedback (as well as the final 
response outcome) after the scoring of each single case. In the last 70 cases the 
readers received feedback after every ten cases.
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Table 1 Confidence level scores to discriminate between tumour and complete response after CRT

Score Likelihood of complete tumour 
response

Imaging Report

0 Definitely complete response Completely normalized rectal wall without any focal high 
signal on high b-value DWI, or well-defined fibrotic wall 
thickening at the previous tumour site on T2-weighted 
MRI with no focal high signal on high b-value DWI

1 Probably complete response Fibrotic wall thickening with no or only minimal focal 
high signal on DWI, probably not related to the location 
of the former tumour bed

2 Possibly complete response/
possibly residual tumour 
(equivocal)

Indeterminate/ambiguous focal high signal on DWI; 
questionable whether it corresponds to the location of 
the former tumour bed

3 Probably residual tumour Focal high DWI signal corresponding to the location of 
the former tumour bed (i.e. within the fibrosis)

4 Definitely residual tumour Marked mass-like high signal on DWI (corresponding to 
suspicious residual mass on T2-weighted MRI)

Note: In case of any high signal on DWI, the readers were instructed to refer to the ADC map to con-
firm that the high signal was caused by restricted diffusion (with corresponding low signal on ADC) 
and not by T2 shine-through effect (with corresponding high signal on ADC) or artefacts

Documentation of interpretation pitfalls

For each single case the supervising expert reader documented any doubts, po-
tential reasons for error and interpretation pitfalls encountered by the two non-ex-
pert readers discussed during the feedback sessions. Pitfalls were discussed sepa-
rately with each reader and were recorded when discussed with either of the two 
readers regardless of whether or not they eventually resulted in false-positive or 
false-negative findings.

Reference standard

In 62 patients the final response outcome was based on the final tumour stage on 
histopathology after surgical resection (ypT stage). The remaining 38 patients had 
a complete clinical response and were intensively followed according to a wat-
chful waiting strategy (including follow-up with endoscopy and imaging 3-mont-
hly in the first year and 6-monthly in the 2nd to 5th years). In these patients a 
sustained complete clinical response (with repeated negative MRI examinations 
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and endoscopy with or without biopsy) was considered a surrogate endpoint for 
a complete response (yT0), similar to methods used in previous studies5, 13-15. The 
follow-up in these patients was 37 ± 11 months (mean ± SD). The responses in the 
whole patient group were dichotomized as residual tumour (ypT1–4) or complete 
response (ypT0 after surgery or ycT0 with a sustained complete response during 
watchful waiting).

Statistical analysis

The results were analysed using SPSS, version 22 (IBM Corp., Armonk, NY). Recei-
ver operator characteristic curves were constructed to analyse diagnostic perfor-
mance in assessing the presence of residual tumour, and areas under the curve 
with 95% confidence intervals were calculated. Two-way contingency tables were 
constructed to calculate diagnostic parameters (sensitivity, specificity, positive and 
negative predictive values, overall accuracy). For these calculations the confidence 
level scores were dichotomized as confidence level 0/1 or 2–4. Results were cal-
culated separately for the first 50 and final 50 study patients. Interobserver agree-
ment was analysed using kappa statistics with quadratic kappa weighting.

RESULTS

Patient characteristics

Of the 100 test patients, 69 were men and 31 women, and their median age was 
64 years (range 31–82 years). In total, 46 patients were complete responders (8 
ypT0, and 38 ycT0 of those undergoing watchful waiting), and 54 patients had 
residual tumour (7 ypT1, 16 ypT2, 25 ypT3, 6 ypT4). Further patient characteristics 
are given in Table 2.

Diagnostic performance and interobserver agreement

Table 3 shows the results for the two readers for the first 50 and final 50 study 
cases. The AUCs for the first 50 patients were 0.78 for reader 1 and 0.77 for reader 
2. The AUCs for the final 50 patients were 0.85 for reader 1 and 0.85 for reader 2. 
The numbers of equivocal (uncertain) scores for reader 1 were 11 for the first 50 
cases and 6 for the final 50 cases. The numbers of equivocal scores for reader 2 
were 4 for the first 50 cases and 0 for the final 50 cases. Interobserver agreement 
was moderate (κ 0.58) for the first 50 cases and good (κ 0.71) for the final 50 cases.
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Table 2. Baseline patient characteristics of the 100 patients and their treatment

Variable Value

Sex:
Male 69

Female 31

Median age (range) 64 (31-82)

Primary cTN stage (as assessed with MRI)

cT-stage

cT1-2 17

cT3 74

cT4 9

cN-stage

cN0 27

cN1 27

cN2 46

Surgical treatment

Low Anterior Resection 42

Abdominoperianal Resection microsurgery 12

Transanal Endoscopic Microsurgery 4

Pelvic exenteration 4

None (watchful waiting) 38

Mean follow up in months (±SD)  32 (±11)

Final yTN stage

yT-stage

yT0* 46

yT1 7

yT2 16

yT3 25

yT4 6

yN-stage

yN0^ 77

yN1 18

yN2 5

Final tumour response (yT-stage)

Complete response* 46

Residual tumour 54

* based on histopathology after surgery in n=8; based on long-term follow-up in n=38 patients with 
a sustained clinical complete response undergoing watchful waiting. 
^ based on histopathology after surgery in n=35; based on long-term follow-up without evidence of 
recurrence in n=4 patients after TEM and n=38 patients with a sustained clinical complete response 
undergoing watchful waiting. 
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Table 3. Diagnostic accuracy figures, number of equivocal scores and interobserver agreement for 
the first and final 50 study cases respectively

First 50 cases Final 50 cases

Reader 1 Reader 2 Reader 1 Reader 2

AUC (95% CI) 0.78 (0.65-0.91) 0.77 (0.64-0.90) 0.85 (0.74-0.95) 0.85 (0.74-0.96)

Accuracy 70% (35/50) 72% (36/50) 80% (40/50) 82% (41/50)

Sensitivity 60% (15/25) 67% (19/25) 72% (21/29) 86% (25/29)

Specificity 80% (20/25) 68% (17/25) 90% (19/21) 76% (16/21)

Postive Predictive value 75% (15/20) 70% (19/20) 91% (21/23) 83% (25/23)

Negative predictive 
value

67% (20/30) 74% (17/30) 70% (19/27) 80% (16/27)

No. Of equivocal scores 11 4 6 0

Interobserver  
agreement (κ) (95% CI)

0.58 (0.41-0.74) 0.71 (0.57-0.85)

CI Confidence interval, AUC Area under the ROC curve

Interpretation pitfalls

The five most common interpretation difficulties and pitfalls encountered by the 
non-expert readers that were discussed during the feedback sessions were as fol-
lows (and are summarized in Table 4):

1. Hypointense fibrosis on ADC map:
In patients with a complete response who showed a fibrotic residue, readers were 
taught not to erroneously interpret low signal on ADC as suspicious for tumour in 
the absence of a corresponding high signal on DWI (Figure 1).

2. Susceptibility effects:
Readers were taught to recognize high signal caused by susceptibility effects and 
differentiate it from high signal caused by the presence of tumour (Figure 2).

3. T2 shine-through:
A potential pitfall was the presence of high signal in the rectal lumen on b1000 
DWI caused by T2 shine-through effects of intraluminal fluid. Readers were taught 
to recognize these luminal shine-through effects and differentiate them from tu-
mour-related high signal by comparing the diffusion images with the ADC map 
(where fluid will result in high signal while tumour will show low signal) and by 
taking into account the shape of the signal (luminal shine-through effects are typi-
cally star-shaped while high signal caused by tumour is typically more nodular or 
tubular/U-shaped; Figure 3).
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Table 4. Overview of main potential causes of error (pitfalls)

No Potential pitfall Illustrated in: % of cases*
1 Misinterpretation of low signal on ADC map in case of fibrosis Figure 1 41%
2 Susceptibility effects Figure 2 33%
3 T2 shine through of fluid in the rectal lumen Figure 3 12%
4 Suboptimal sequence angulation Figure 4 6%
5 Collapsed rectal wall Figure 5 2%

ADC = Apparent Diffusion Coefficient
* Represents the percentage of cases in which a potential pitfall was present cq. identified by the ex-
pert reader after discussing the case with the two non-expert readers. It does not necessarily indicate 
that the case was in fact misinterpreted by one or both readers.

Figure 1. A male patient treated for a tumour on the left dorsolateral sidein the mid-rectum after CRT. a 
The restaging T2-weighted MRI image shows semicircular fibrotic wall thickening (black arrows). b On 
the ADC map the wall thickening is markedly hypointense (white arrows). c the b1,000 diffusion weigh-
ted image shows no high signal. This patient showed a complete response. The low signal on the ADC 
map is caused by the fact that fibrotic tissue (containing many macromolecules) has a low T2 relaxation 
time and the low signal is not due to diffusion restriction, which is why there is no high signal present 
on the b1,000 diffusion image.

Figure 2. A male patient with a tumour in the distal rectum on the dorsal side. T2-weighted images 
before treatment (a black arrows) and after CRT (b). b After CRT hypointense fibrotic wall thickening 
is seen (white arrows). c The corresponding b1,000 DW image shows hyperintensity in the rectal wall 
on the anterior side (arrowheads). This signal was misinterpreted as residual tumour by one of the 
readers. It is, however, caused by signal pile up from susceptibility effects caused by a small amount 
of air in the rectal lumen (b asterisk). The main clue to recognizing this signal as an artefact is that it is 
located on the opposite side of the tumour bed, which makes it very unlikely that it is actually a tumoral 
diffusion signal.
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4. Suboptimal sequence angulation:
In proximal rectal tumours, angulation perpendicular to the tumour results in co-
ronal-like imaging planes, which were found to be more difficult to interpret. Mo-
reover when the images before and after CRT were not angled in identical planes, 
the readers found it difficult to compare the images and correctly interpret the 
diffusion images after CRT (Figure 4).

5. Collapsed rectal wall:
In patients with a collapsed rectal wall, the readers found it difficult to determine 
whether a high signal on DWI was caused by superposition of the two sides of the 
rectal wall or by the presence of tumour (Figure 5).

Figure 3. Two patients, both with fibrotic wall thickening on T2-weighted MR images on the dorsal side 
(a,d white arrows), after CRT. In both patients a high signal is seen on the corresponding b1,000 DW 
images (b, e). a-c First patient. On the DW image (b) the signal is star-shaped and correspond to T2 
shine-through effects from fluid in the rectal lumen (a asterisk). On the ADC map (c), the signal in the 
lumen is also high (black arrows), indicating that there is no actual diffusion restriction. On the dorsal 
side there is markedly hypointense signal (arrowhead), caused by the short T2 relaxation times of the 
collagen in the fibrosis (see also Fig. 2). This patient showed a complete response. d-f Second patient. 
On the DW image (e) the high signal is U-shaped with corresponding low signal on the ADC map (f 
arrowheads). This is the typical shape of signal caused by residual tumour. Histopathology showed that 
this patient had a ypT2 tumour remnant. 
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Figure 5. A patient with a tumour in the upper third of the rectum on primary staging (a arrows) and 
after CRT (b, c). On the MR image (b), the rectal is collapsed at the site of the primary tumour, making 
it difficult to establish whether or not a tumour remnant is still present. On corresponding b1,000 DW 
image (c) some high signal is seen (arrow). This was, however, caused by superposition of the two side 
of the rectal wall. Histopathology showed that this patient had a complete reponse. 

Figure 4. A patient with a tumour in the lower third of the rectum, before treatment (a arrows) and after 
CRT (b, c). The T2-weighted (b) and diffusion-weighted (c) images after CRT are angled in a different 
plane from that of the primary staging MR image, so that it is more difficult to compare the tumour 
before and after treatment. After CRT some submucosal oedema is seen on the T2-weighted MR image 
but there is no clear tumour remnant. On the b1,000 DW image a small focus of high singal is seen (c 
arrow), which was erroneously interpreted as suspicious for residual tumour by both readers. Histopa-
thology showed that this patient had a complete reponse. 

DISCUSSION

The main aim of this study was to document the most common potential interpre-
tation pitfalls encountered by nonexpert readers when reading DWI for assessing 
response to CRT to serve as a teaching reference for future readers. An important 
potential pitfall encountered was the misinterpretation of low signal on the ADC 
map as being suspicious for residual tumour. When studying the most basic con-
cepts of DWI, the typical instruction is to consider low signal on the ADC map as 
a sign of restricted diffusion. However, this is not always the case. Dense fibrosis 
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contains a lot of extracellular matrix macromolecules (collagen), which typically 
have such short T2 relaxation times that at the time of image acquisition (with 
commonly used clinical pulse sequences) the signal will be very low or even zero. 
As a result fibrosis will be markedly hypointense on the ADC map due to lack of 
sufficient signal itself and not due to actual diffusion restriction. The same goes for 
several other tissues and structures such as calculi, tendons and ligaments, cortical 
bone and some blood products, which also have insufficient MRI signal and will 
typically be dark on all sequences, including the DWI images and the ADC map16. 
In contrast, tissues with true diffusion restriction (e.g. tumour) will show low signal 
on the ADC map, but will always show a corresponding high signal on high b-value 
DWI. This effect has also been documented, for example, as an important caveat 
for assessing prostate cancer on DWI17. Therefore, if low signal is seen on the ADC 
map residual tumour should only be diagnosed if there is corresponding high sig-
nal on DWI. 
Referring to the ADC map is also important to differentiate T2 shine-through ef-
fects from tumoural signal. T2 shine-through is a well-known pitfall in diffusion 
imaging. Since a DWI sequence is an adaptation of a T2-weighted sequence; the 
signal intensity observed on DWI is dependent on both water diffusion and the 
T2 relaxation time. Structures with a very long T2 relaxation time (such as fluids) 
can therefore retain a high signal as a result of T2 effects, which may be mista-
ken for restricted diffusion. In rectal cancer, this pitfall will mainly be caused by 
small amounts of fluid causing high signal in the rectal lumen. The pitfall of ‘lu-
minal shine-through’ can be corrected by looking at the ADC map where if T2 
shine-through is present the signal will remain high (as opposed to structures with 
true diffusion restriction that will show low signal on DWI). Moreover, as demon-
strated in Figure 3, luminal shine-through effects will typically have a star-shaped 
configuration, while high signal caused by restricted diffusion will typically have a 
more nodular or tubular/U-shaped configuration. Critically looking at the shape of 
the signal is another feature that can therefore help differentiate residual tumour 
from luminal T2 shine-through. 
A third potential cause of error was the presence of small artefacts related to sus-
ceptibility effects caused by air in the rectal lumen. While severe artefacts that 
result in large geometrical distortions are easy to recognize, more subtle artefacts 
may lead to focal high signal projecting over the rectal wall, which may easily be 
mistaken for tumour. In these cases, the ADC map will not be of added value. It 
may be helpful to look at the location of the high signal and critically correlate this 
with the primary tumour location. If a tumour remnant is present, high signal will 
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occur solely within the boundaries of the (former) tumour bed. Readers were the-
refore instructed to ignore any high signal occurring outside the tumoural ‘region 
of interest’ and consider it as non-suspicious, as illustrated in Figure 2. 
However, given the potential interpretation difficulties caused by such air-indu-
ced artefacts, efforts should first be made to prevent them. Solutions advocated 
include the use of endorectal filling or the use of a small rectal enema, as used in 
our study. Endorectal filling might also have been beneficial in the small number 
of patients with tumours in the upper third of the rectum where the rectal wall 
was completely collapsed on the post-CRT images (Figure 5). This made it difficult 
to differentiate high signal from a small tumour remnant from signal caused by su-
perposition of the different layers of the adjacent sides of the rectal wall. Although 
rectal distension may be helpful in such individual cases, it is currently not routine-
ly advised18, 19. From the acquisition point of view, the use of turbo spin echo DWI 
sequences (rather than the typically used echo planar sequences) may reduce air 
artefacts20, although the use of such sequences within the abdomen has scarcely 
been studied so far. Finally, it is important to ensure optimal sequence angulation 
by well-trained personnel. This can prevent interpretation difficulties caused by 
suboptimal sequence planning as observed in a small number of cases (six pa-
tients) in this study. It is mainly important to ensure similar angulation between 
the pre-treatment and post-treatment scans to allow adequate comparison of the 
tumour before and after treatment. 
The pitfalls described above were used as the main input during the expert feed-
back and teaching sessions. Although this study was not designed as a formal 
learning curve study, and we therefore cannot draw any conclusions on the effects 
of this teaching from a statistical point of view, it is remarkable that in the final 50 
study cases both readers achieved an AUC of 0.85, which is similar to that pre-
viously reported for expert readers5-7. Moreover, the two readers showed good 
interobserver agreement in the final 50 cases (κ 0.71) while they were only in 
moderate agreement in the first 50 cases (κ 0.58). In the first 50 cases, equivocal 
(uncertain) scores were assigned to eleven cases by reader 1 and to four cases by 
reader 2. In the final 50 cases, the two readers assigned equivocal scores to six 
and zero cases, respectively. The difference between the two readers in assigning 
equivocal scores is remarkable. Although both readers were instructed to assign 
a confidence level 2 score whenever they felt uncertain about the diagnosis (see 
Table 1), reader 2 appeared to be keener to give a conclusive outcome.
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Our study had some limitations. First, as described above, in describing potential 
effects of expert feedback and teaching on diagnostic performance, this study was 
only a descriptive study. We fully acknowledge that it was not a formal learning 
curve study, which would require multiple readers and more advanced statistics. 
Second, there were some variations in the patient preparation and acquisition 
parameters of the DWI sequences used throughout the study. This reflects daily 
practice where protocols are subject to optimization/changes over time, which 
may have had some effect on the study results. However, we believe that this 
effect would probably have been limited since all scans were deemed to be of 
good diagnostic quality and because similar b1000 images (with comparable slice 
thickness and resolution) were consistently used. Scans with severe artefacts were 
excluded from the study.  Third, the number of complete responders in this study 
was very high (46%). This is because patient cases were derived from a database 
from a referral centre for watchful waiting to which patients with a suspected good 
response to CRT are referred for final response evaluation. Given the primary stu-
dy outcome (discrimination of complete responders) this may in fact have been 
beneficial, but it is not representative of the percentage of complete responders 
that will generally be encountered in daily clinics, which lies more in the range 10– 
24%21. The two readers in this study were aware of this specific ‘case mix’ at our 
institution. Finally, in 38 patients managed according to a watchful waiting policy, 
a clinical complete response (with a mean recurrence-free follow-up period of 37 
months) was used as a surrogate endpoint of a complete response, according to 
methods previously reported5, 13-15. However, we acknowledge that this is a subop-
timal standard of reference as very late recurrences (although reported to be rare 
after 2 years) may still occur in this group1, 2, 22, 23.

In conclusion, this study showed that there are five important potential DWI inter-
pretation pitfalls, which were documented with imaging examples and may serve 
as a reference to teach future readers interested in the use of DWI for rectal tu-
mour response evaluation. The study also showed that nonexpert readers (when 
trained using these pitfalls) could achieve a diagnostic performance comparable to 
that previously reported for expert radiologists with AUCs of 0.85.
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ABSTRACT

Purpose 

To review available literature on tumour size/volume measurements on MRI for 
response assessment after chemoradiotherapy, and validate these cut-offs in an 
independent multicenter patient cohort.

Methods

The study included two parts: [1] Review of literature; papers were included that 
assessed the accuracy of tumour size/volume measurements on MRI for tumour 
response assessment. Size/volume cut-offs were extracted. [2] Multicenter valida-
tion; Extracted cut-offs from literature were tested in a multicenter cohort (n=146). 
Accuracies were calculated and compared to reported results from literature.

Results

The review included fourteen papers, in which 3 different measurement methods  
were assessed: [1] tumour length, [2] 3-dimensonial tumour size, and [3] whole 
 volume. Study outcomes consisted of [1] complete response (ypT0) versus residu-
al tumour, [2] tumour regression grade (TRG) 1-2 versus 3-5, and [3] T-downstaging 
(ypT<cT). In the multicenter cohort, best results were obtained for the validation 
of the whole-volume measurements, in particular for the outcome ypT0 (accuracy 
44-80%), with the optimal cut-offs being 1.6 cm3 (post-CRT) and a volume-reduc-
tion of Δ80-86.6%. Accuracies for whole-volume measurements to assess TRG1-2 
were 52-61%, and for T-downstaging 51-57%. Overall accuracies for tumour length 
ranged between 48-53% and for 3D-size measurement between 52-56%. 

Conclusions

MR-volumetry using whole tumour volume measurements can be helpful in rec-
tal cancer response assessment with selected cut-off values. Measurements of 
tumour length or three-dimensional tumour size are not helpful. MRI volumetry 
is mainly accurate to assess a complete tumour response (ypT0) after CRT (accu-
racies up to 80%). 
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INTRODUCTION

Since the introduction of standardized total mesorectal excision (TME) and 
preoperative chemoradiation treatment (CRT), the outcome for rectal cancer 
patients has considerably improved1-3. Preoperative treatment often results in 
downsizing and downstaging of the tumour3, 4, and in 15-20% of the patients even 
in a complete tumour regression5. In patients with a clinically complete or near 
complete response, organ-preservation (local excision or “watch-and-wait”) is 
now increasingly considered as a potentially good alternative to surgical resec-
tion6-8. The recommended tools to assess tumour response include digital rec-
tal examination, endoscopy and imaging (mainly MRI). MRI, approximately 6-8 
weeks after completion of chemoradiotherapy9, 10, performs well in assessing 
tumour regression from initially invaded structures and can be beneficial in de-
termining the definitive surgical approach11. Although MRI has proven useful to 
assess changes in tumour volume and morphology12, evaluation of minimal resi-
dual tumour within post-radiation fibrosis remains difficult. As a result, the per-
formance of MRI to assess response after chemoradiotherapy remains limited, 
as was shown in a recent meta-analysis with an overall sensitivity of 50.4% and 
specificity of 91.2% for MRI in restaging tumour after CRT10. Various studies have 
investigated the value of measuring changes in the tumour size and/or volume 
on MRI as a predictor of response. Reported results for these measurements 
vary considerably, with overall accuracies ranging between 42%-88%13-27. This 
could partly be explained by the variety in methods for the tumour size/volume 
measurements (e.g. one-dimensional versus 3-dimensional versus ‘whole-volu-
me’ volumetry), by the variety in cut-off values, by the retrospective nature of 
the majority of often small-scale studies, and the different study endpoints used 
to define response. Furthermore, prospective validation of retrospectively deter-
mined cut-offs in an independent and large multicenter patient cohort is lacking.  
Aim of the current study was threefold: [1] to systematically review the availa-
ble literature on the value of tumour size/volume measurements on MRI (using 
routine T2-weighted sequences) for tumour response prediction and assessment 
in patients with rectal cancer undergoing preoperative CRT, [2] to prospectively 
validate the cut-off values reported in literature in an independent multicenter 
patient cohort, and [3] to evaluate – based on the above two steps – whether MRI 
volumetry is reliable to predict and assess primary tumour response and which 
method and cut-off values would be most accurate.
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MATERIALS AND METHODS

The study consisted of two parts: [1] systematic review of the available literature 
and [2] multicenter validation of the data derived from the literature review.

1. Literature review

A literature search was performed to identify all papers focusing on assessment of 
response to neoadjuvant treatment in patients with locally advanced rectal cancer 
by means of tumour size or volumetric measurements using routine morphologi-
cal (T2-weighted) MRI. We performed a search of three major databases: Embase, 
Medline, and Cochrane library using (a combination of) the following key words: 
“rectal cancer”, “rectal adenocarcinoma”, “rectal neoplasm”, “response evaluati-
on”, “response assessment”, “response prediction”, “radiotherapy”, “neoadjuvant 
therapy”, chemoradiation”, “chemoradiotherapy”, “tumour length”, “tumour vo-
lumetry”, “tumour size”, “tumour volume”, “tumour burden”, “tumour regressi-
on grade”, “tumour regression”, “downstaging”, and “pathological complete res-
ponse”. Inclusion criteria were: (1) tumour size/length or volume was measured 
on T2-weighted MRI before and/or after neoadjuvant therapy, (2) the main study 
outcome was the response to neoadjuvant treatment with the standard of refe-
rence being pathological complete response, tumour-downstaging (cT > pT), or fa-
vorable tumour regression grade (TRG), (3) cut-off values for tumour size/volume 
were used to determine the diagnostic performance for predicting response, and 
(4) the results were reported in 2x2 contingency tables or these could otherwise 
be derived from the data reported. Two reviewers checked the titles and abstracts 
of the identified studies to determine studies which potentially met the inclusion 
criteria. Additional studies were identified by checking the reference list of the 
selected studies. Full text copies were then studied to decide which articles met 
the final inclusion criteria. 

2. Validation study

Patients
According to our country’s national law, institutional review board approval is not 
required for this retrospective study and patients consent was waived. For the 
validation study, 146 locally advanced rectal cancer patients were included bet-
ween 2006-2013 in one of four study centres (2 academic referral centres and 2 
non-academic centres). None of the patients were previously included in any of 
the previously reported papers included in the review. Inclusion criteria consisted 
of (1) histologically proven rectal cancer, (2) locally advanced rectal cancer (cT3-
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4 and/or cN+), (3) long course of neoadjuvant treatment followed by resection, 
and (4) availability of T2-weighted MRI before and after neoadjuvant treatment. 
The routine neoadjuvant treatment protocol consisted of either 50.4 Gy radiation 
combined with 2x825 mg/m2/day capecitabine or 45 Gy radiation combined with 
225 mg/m2/day 5-fluorouracil (5-FU). Nineteen patients received an alternative 
scheme with additional oxaliplatin and/or bevacizumab. 

Magnetic Resonance Imaging
MRI was performed as part of the routine diagnostic workup for both primary sta-
ging and restaging after CRT in all centres. The standard interval between comple-
tion of CRT and the restaging MRI was 4-8 weeks in all centres. The standard MRI 
protocol included T2-weighted Fast Spin Echo (FSE) sequences in 3 orthogonal di-
rections. Slice thickness was 3-3.5 mm. Detailed information on scanning systems, 
patient preparation, and sequence parameters are described in Table 1. 

Image evaluation
MR images were evaluated on an offline workstation using the closed polygon tool 
in OsiriX Medical Imaging Software28 by one reader with 8 years of specific rectal 
MRI experience (S-XR). A second reader with 3 years of experience (MHM) re-eva-
luated the pre- and post-CRT images of a random sample of one third (n=48) of the 
study patients to evaluate interobserver reproducibility. The readers were blinded 
to each other’s results and all clinical and histopathological data. Tumour size and 
volume measurements (including only the tumour in the rectal wall, excluding any 
lymph nodes or extraluminal tumour deposits) were performed on the primary 
staging MRI as well as on the restaging MRI. Measurements were manually perfor-
med according to 3 different methods (concordant with different methodologies 
described in literature): [1] One-dimensional size measurement of the maximum 
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tumour length on sagittal MRI 15, 27, [2] 3-dimensional size measurements (i.e., tu-
mour length (sagittal plane) x anterior-posterior (AP) diameter (axial plane) x left-
right (LR) diameter (axial plane))26, 27, and [3] measurement of the whole tumour 
volume by manually tracing the tumour boundaries on each tumour-containing 
slice and multiplying these cross-sectional areas by the slice thickness (including 
the slice gap) 13-25. For all 3 methods the percentage of volume/size reduction (VΔ) 
was calculated by (Vpre-Vpost )/Vpre x 100, with Vpre and Vpost representing the volu-
mes/sizes pre- and post-CRT, respectively. The different measurement methods 
are illustrated in Figure 1.

Figure 1. (A) T2-weighted sagittal MRI, the arrow indicates the maximal tumour length (method 1). (B) 
T2-weighted axial MRI, the dashed arrow indicates the left-right (LR) diameter, the filled arrow repre-
sents the anterior-posterior (AP) diameter (method 2: length x LR x AP). (C) Delineation of the tumour 
boundaries for method 3 (tumour area x slice thickness).

Reference standard
All patients underwent surgical resection. Histopathological examination was 
performed according to the method described by Quirke et al29. The patholo-
gical T-stage (ypT) was reported for each patient. Tumour regression grade was 
assessed as part of routine clinical care according to the method described by 
Mandard30 or Dworak31. For study purposes, the TRGs measured according to the 
Dworak classification were converted to the method of Mandard, with TRG 1-2 
(concordant with Dworak TRG 3-4) being a good response and TRG 3-5 (concor-
dant with Dworak TRG 0-2) being a poor response32. 

Statistical Analyses
Statistical analyses were performed using the Statistical Package for the Social 
Sciences (SPSS, version 20.0, Inc., Chicago, Illinois, USA). For the measurements 
performed by both readers (n=48), interobserver agreement (IOA) was evaluated 
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by calculating the intraclass correlation coefficient (ICC) with ICC 0-0.20 indica-
ting poor, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 good and 0.81-1.0 indi-
cating excellent agreement. For all other analyses, the measurements of reader 1 
were used. Non-parametric Mann-Whitney U test was performed to compare the 
volumes between good/poor responders. Dichotomization between good/poor 
responders was performed according to different methods derived from the lite-
rature review: [1] complete response (ypT0) vs residual tumour, [2] Tumour-down-
staging (cT-stage > ypT-stage) vs no Tumour-downstaging (cT-stage ≤ ypT-stage), 
and [3] TRG 1-2 vs TRG3-5, where a favorable response (i.e. ypT0, cT>pT, TRG1-2) 
was consistently defined as the positive outcome. Lymph nodes were not taken 
into account. P-values <0.05 were considered statistically significant. Sensitivities, 
specificities, positive predictive values (PPV), negative predictive values (NPV), and 
overall accuracies including 95% confidence intervals (CI) for identifying a good 
response were calculated using the predefined cut-off values derived from the 
results of the literature review. 

RESULTS

1.Literature Review

Fourteen papers met the final inclusion criteria.  An overview of these studies is 
presented in Table 2. Two papers focused on the one-dimensional tumour size 
(method 1)15, 27. Two papers evaluated the 3-dimensional tumour size (method 2)26, 

27. The majority of the papers (12/14) focused on whole tumour volume measu-
rements (method 3). In 2 of the 14 studies, cut-off values used were predefined 
before onset of the study14, 27. In the other 12 studies, cut-off values were either 
retrospectively determined from the study dataset15-19, 21, 22, 26 or it was not clearly 
reported how these were determined13, 20, 23, 25. The results (i.e. accuracy figures) of 
the different studies are given in Table 3.
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Table 4. Patient and treatment characteristics
MRF = mesorectal fascia, 5FU = 5-fluorouracil, LAR = low anterior resection, APR = abdominopereanal resection, 
TEM = transanal endoscopic microsurgery, pCR = pathological complete response, TRG = tumour regression 
grade.
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2. Prospective validation study

Patient and treatment characteristics 
Of the 146 study patients 90 were male and 56 were female (mean age 64.6 years, 
±10.8). Mean interval between the completion of radiation and restaging MRI was 
5.7 weeks (±2.4), and mean interval between the completion of radiation and sur-
gery was 10 weeks (±3.8). Further patient and treatment details are given in Table 4. 
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Interobserver agreement
Interobserver agreement for the one-dimensional measurements (method 1) was 
good pre-CRT (ICC 0.78) and post-CRT (ICC 0.66). For the 3-dimensional measu-
rements (method 2) agreement was moderate pre-CRT (ICC 0.60) and good post-
CRT (ICC 0.61). For the whole-volume measurements (method 3), agreement was 
excellent pre-CRT (ICC 0.94) and good post-CRT (ICC 0.65). 

Tumour size and volume measurements.
Mean tumour length (method 1) was 5.1 cm (±1.5cm) before therapy and 3.1 cm 
(±1.1cm) post-therapy, with a mean decrease (Δ) of -36.6% (±20.2%). Mean vo-
lumes according to method 2 (length x AP x LR) were 57.9 cm3 pre-CRT (±50.6 
cm3), 17.0 cm3 post-CRT (±16.1 cm3), and VΔ was -65.8% (±23.9%). According to the 
whole volume measurements (method 3), mean volumes were 32.8 cm3 pre-CRT 
(±25.6 cm3), 10.9 cm3 post-CRT (±11.3 cm3), and VΔ was - 64.6% (±22.4%). 

Diagnostic performance of predefined cut-off values and comparison with litera-
ture
Diagnostic accuracy figures using the cut-off values derived from the literature re-
view are provided in Table 3, together with those originally reported in literature.  
 [1] For the one-dimensional size measurements overall accuracy (vs. that ori-
ginally reported in literature) to predict TRG1-2 ranged from 48-53% (vs. 53-
68%), sensitivity was 73-93% (vs. 75-100%) and specificity 10-36% (vs. 42-
46%); the outcomes ypT0 and T-downstaging were not reported/studied.   
 [2] For the 3-dimensional size measurements overall accuracy to predict TRG 1-2 
was 52-56% (vs. 53-60%), sensitivity 36-73% (vs. 35-78%) and specificity 35-73% 
(vs. 40-73% ); to predict ypT0-2 accuracy was 53% (vs. 79%), sensitivity 31% (vs. 
100%) and specificity 76% (vs. 75%); the outcome ypT0 was not reported/studied.  
 [3] For the whole-volume measurements accuracy to predict a comple-
te response (ypT0) was 44-80% (vs. 42-88%), sensitivity 14-100% (vs. 43-
100%) and specificity 30-97% (vs. 36-94%); to predict T-downstaging 
accuracy was 51-57% (vs. 58-61%), sensitivity 24-52% (vs. 60-78%) and spe-
cificity 64-86% (vs. 52-88%); to predict TRG1-2 accuracy was 52-61% (vs. 49-
82%), sensitivity 36-86% (vs. 35-100%) and specificity 32-83% (vs. 38-88%).  
 When comparing the results for the multicenter validation with those originally 
reported in literature, the prospectively calculated accuracy was >10% lower than 
originally reported in literature in 43% of the tested cut-offs , in 11% overall accu-
racy was >10% higher than originally reported and in the other 46% accuracy was 
similar (within a 10% range) to the originally reported data.
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DISCUSSION

Aim of this study was threefold. The first aim was to systematically review all availa-
ble literature investigating the value of tumour size/volume measurements on MRI 
to predict and assess tumour response to CRT in patients with locally advanced 
rectal cancer. The second aim was to prospectively validate different cut-off values 
derived from the literature review in an independent multicenter cohort of rectal 
cancer patients treated with CRT. The third aim was to evaluate – based on the 
former – whether MRI volumetry is reliable to predict and assess the response of 
the primary tumour to CRT and which method and cut-off values would be most 
accurate.
As expected, the diagnostic performance of retrospectively determined cut-off va-
lues from literature decreased when tested ‘prospectively’ in an independent new 
cohort of patients. Of the fourteen papers included in the review, cut-off values 
had been determined retrospectively from the study data in the majority (8/14) 
of studies, while another four papers did not report how cut-off values had been 
defined. Only two papers had defined the cut-off values beforehand and already 
applied the cut-offs prospectively in their study. For 43% of the cut-offs that were 
tested, the overall accuracies in our prospective multicenter validation cohort 
were at least 10% lower compared to the results reported in the original studies. 
Similarly, the sensitivity and NPV were at least 10% lower than initially reported 
in 44% and 56%, respectively. The specificity and PPV on the other hand were 
typically similar or even >10% better than initially reported. As one would expect, 
a certain tradeoff between sensitivity and specificity was observed depending on 
the chosen cut-off values. A stricter cut-off will result in a higher specificity at the 
expense of a lower sensitivity and vice versa. 
An important finding of our study is that both one-dimensional (i.e. tumour length) 
as well as 3-dimensional size measurements are insufficiently accurate to assess 
response. Overall accuracy for tumour length measurements in the review ranged 
between only 53%-68% and dropped to 48-53% in our validation cohort. For the 
three-dimensional size measurements (length x AP x LR), the overall accuracies 
showed a similar trend; moderate accuracies of 53-79% were reported in litera-
ture dropping to 52-56% when prospectively re-tested. In contrast, good results 
were reported for whole-tumour volume with overall accuracies of over 80% for 
both post-treatment and Δ% measurements, which could be reproduced in our 
validation cohort, with accuracies up to 79-80%. Moreover, interobserver agree-
ment was considerably better for the whole-volume measurements (e.g. ICC was 
0.94 pre-CRT versus 0.78 for tumour length and 0.60 for three-dimensional size 
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measurements). The whole-volume measurements offered the best results for as-
sessment and prediction of complete response (ypT0) as the outcome variable, 
with overall accuracies ranging up to 80%. For the other outcome measures – tu-
mour regression grade and T-downstaging – results were considerably poorer with 
accuracies of only 51-60%. Although we have to take into account that this discre-
pancy will also partly be influenced by the fact that a complete response is a less 
prevalent outcome measure than TRG1-2 or T-downstaging, it may also be related 
to intrinsic differences between the outcome measure ypT0 on the one hand, and 
TRG and T-downstaging on the other hand. The relation with the reduction of tu-
mour volume is less straightforward in TRG and T-downstaging, than for a com-
plete tumour response. A tumour can show a marked volume reduction but still 
be ypT3 because of a small remnant in the mesorectum. Likewise a tumour may 
shrink considerably but still be a non-responder on histological TRG assessment. 
Additionally, it is known that there is more interobserver variation in assessing the 
histological TRG, compared to assessing a complete regression or T-downstaging33. 
In our study we specifically focused on the response of the primary tumour itself 
and did not take into account the evolution in nodal status, which was beyond the 
scope of this study. 
 For whole-tumour volumetry, the most promising cut-off values to predict ypT0 
– based both on literature and the validation results – were a volume of 1.6 cm3 
post-CRT and a volume reduction post-CRT of Δ80-86.6%. The accuracies reported 
in literature for these cut-offs ranged from 72%-88%, prospective validation resul-
ted in comparable overall accuracies ranging from 73%-80%, with a corresponding 
sensitivity of 14-45% and specificity of 80%-97%. From a clinical point of view, it 
is particularly important to achieve a high specificity to ensure that no residual 
tumours are missed which would induce a risk for recurrence when considering 
patients for organ-preserving treatments.  The high specificity of 80-97% in our va-
lidation cohort indicates that most patients with residual tumour will be correctly 
identified and patients have a <3-20% chance of being falsely classified as comple-
te responders. However, corresponding sensitivities are relatively poor, indicating 
that many patients with a complete response will be missed and incorrectly diag-
nosed as having residual tumour. When selecting patients for organ-preservation 
after CRT using MR volumetry to support clinical selection tools would imply a very 
strict selection, since a substantial number of patients with a complete response 
might not be identified as such. 



84 | Chapter 5

5

In daily radiological practice, a potentially limiting factor of whole-volume tumour 
volumetry is the fact that it is a time consuming procedure. Future work should 
therefore focus on the development of post-processing methods such as auto-seg-
mentation techniques that may speed up the process of tumour delineation. In 
this regard, tumour volumetry using functional imaging techniques such as diffusi-
on-weighted MRI (DWI) or FDG-PET have already been investigated with good sen-
sitivities up to 70% for assessing a pCR with (semi-)automated segmentation34-36. 
The advantage is that both DWI and FDG-PET have superior strong contrast reso-
lution, a prerequisite for automated tumour delineation. 
Our study has some limitations. First, the validation part was performed using rou-
tinely acquired MRI data from 4 different hospitals. As such, there were variati-
ons in MRI hardware, scanning protocols and patient preparation. This approach 
however reflects daily clinical practice where protocols are subject to variations 
between different centres and therefore may render our results more generally 
applicable. Second, there was a subgroup of patients (n=19) that underwent an al-
ternative neoadjuvant treatment protocol, potentially affecting the treatment res-
ponse itself. Third, both in literature as well as in our validation cohort, there were 
variable intervals between imaging and surgery, potentially leading to the unde-
restimation on imaging of the final histopathological response. Fourth, due to the 
time consuming nature of the study the second reader performed measurements 
on only a sample of patients to test for interobserver differences. Our interobser-
ver agreement was, however, fully in line with various previously published re-
sults on IOA and we therefore believe that our results are representative16, 17, 22, 

34. Finally, there were some variations in inclusion criteria in the different reports, 
from which the studied cut-off values were derived. Although overall the selection 
criteria used to establish our current study group corresponded well with those 
applied in literature, these slight variations may have affected the study outcome.
 In conclusion, we have shown that MRI volumetry using whole tumour volume 
measurements may be helpful in rectal cancer response assessment when using 
selected cut-off values. Measurements of tumour length or three-dimensional tu-
mour size are not helpful. MRI volumetry is mainly accurate to assess a complete 
tumour response (ypT0) after CRT, but less to assess T-downstaging or TRG1-2. 
Further research should focus on the development of automated segmentation 
techniques which may accelerate the process of tumour delineation and facilitate 
its implementation in clinical practice. 
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ABSTRACT

Purpose

Diffusion-weighted imaging (DWI) tumour volumetry is promising for rectal cancer 
response assessment, but an important drawback is that manual per-slice tumour 
delineation can be highly time consuming. Aim was to investigate whether man-
ual DWI-volumetry can be reproduced using a (semi-)automated segmentation 
approach.

Methods and materials

Seventy-nine patients underwent MRI including DWI (highest b-value b1000/
b1100) pre- and post-chemoradiotherapy (CRT). Tumour volumes were assessed 
on b1000/b1100 DWI pre-/post-CRT by means of: [1] automated segmentation (by 
2 inexperienced readers), [2] semi-automated segmentation (manual adjustment 
of the volumes obtained by method 1 by two radiologists), and [3] manual seg-
mentation (by 2 radiologists), the latter which served as the reference standard. 
Intraclass correlation coefficients (ICC) and dice similarity indices (DSI) were cal-
culated to evaluate agreement between different methods and observers. Meas-
urement times  (from a radiologists’ perspective) were recorded for each method.

Results

Tumour volumes were not significantly different between the three methods, nei-
ther pre- nor post-CRT (P-values 0.08-0.92). ICCs compared to manual segmenta-
tion were 0.80-0.91 / 0.53-0.66 pre-/post-CRT for the automated segmentation 
and 0.91-0.97 / 0.61-0.75 for the semi-automated method. Interobserver agree-
ment (ICC) pre-/post-CRT was 0.82/0.59 for automated segmentation, 0.91/0.73 
for semi-automated segmentation and 0.91/0.75 for manual segmentation. Mean 
DSI between the automated and semi-automated method was 0.83/0.58 pre-CRT/
post-CRT; DSI between the automated and manual segmentation was 0.68/0.42 
and between the semi-automated and manual 0.70/0.41. Median measurement 
time for the radiologists was 0 sec (pre- and post-CRT) for the automated method, 
41-69 sec (pre-CRT) and 60-67 sec (post-CRT) for the semi-automated method, 
and 180-296 sec (pre-CRT) and 84-91 sec (post-CRT) for the manual method.

Conclusions

DWI-volumetry using a semi-automated segmentation approach is promising and 
a potentially time saving alternative to manual tumour delineation, particularly for 
primary tumour volumetry. Once further optimized it could be a helpful tool for 
tumour response assessment in rectal cancer.
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INTRODUCTION:

Response assessment to neoadjuvant chemoradiotherapy (CRT) is an increasing-
ly discussed issue in the treatment of rectal cancer. Previously, long course CRT 
(for patients with locally advanced rectal cancer) was routinely followed by to-
tal mesorectal excision, regardless of the treatment response. Organ-preserving 
alternatives such as a local excision or a “watch-and-wait” policy are, however, 
gaining ground for selected patients who respond very well to CRT, albeit so far 
mainly performed in trial settings1, 2. Apart from digital rectal examination and en-
doscopy, imaging – in particular MRI – can play an important role in the evalua-
tion of response. In a recent meta-analysis it was shown that for re-assessment 
of T-stage after CRT, morphological MRI has a high specificity of 91% but limited 
sensitivity of 50%. In the same meta-analysis, use of diffusion-weighted MRI (DWI) 
increased the sensitivity of MRI to 84%3. The routine use of DWI for tumour re-
sponse assessment is now even recommended in a recent consensus guideline 
from the European Society of Gastrointestinal and Abdominal Radiology (ESGAR)4.  
There are several ways in which DWI can be used to asses response. The first and 
most basic approach is to visually assess high b-value images for the presence of a 
remaining high signal (indicating residual tumour) after CRT, which can significant-
ly improve the ability of MRI to differentiate residual tumour within post-radiation 
fibrosis (5. Second, one can quantitatively measure tumour “apparent diffusion co-
efficient” (ADC) values, although varying success rates have been reported for this 
approach6-9. A third approach is to measure the volume of the high signal areas (i.e. 
tumour) on DWI, which has shown great promise to identify patients with a com-
plete tumour response6, 10-12. However, an important drawback of DWI-volumetry 
is that measurements are typically performed manually, i.e. by tracing the tumour 
boundaries on DWI on every single slice, which can add up to well over 30 slices in 
large tumours. Although this method has been found to be precise and well repro-
ducible6, 10, it is time consuming and therefore not likely to find its way into daily 
practice. As such we need to investigate ways to facilitate the assessment of tumour 
volumes on DWI and speed up the measurement process if we truly want to be able 
to use DWI volume measurements as an imaging biomarker for treatment response.  
 Aim of this study was to investigate whether manual DWI volume measurements 
can be accurately reproduced using a (semi-)automated segmentation software 
tool.
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MATERIALS & METHODS:

Patients

This study included a random sample of 79 patients from a previously reported 
bi-institutional study cohort10. All patients had biopsy proven rectal adenocarci-
noma, and were treated with a long course of neoadjuvant CRT. The routine neo-
adjuvant treatment scheme consisted of 50.4 Gy radiation combined with 2x825 
mg/m2/d capecitabine. Patients underwent a primary staging MRI before CRT and 
a second restaging MRI after CRT, both including a DWI sequence. The restaging 
MRI was routinely performed 6-8 weeks after completion of CRT.

MR imaging

MR imaging was performed at 1.5T (using either an Intera (Achieva) or Ingenia 
system, Philips Medical Systems, Best, The Netherlands (centre 1) or a Siemens 
Mangetom Avanto system, Siemens Healthcare, Forchheim, Germany (centre 2)) 
with a phased array surface coil. The DWI sequence was angled axially, perpendic-
ular to the tumour axis as defined on a sagittal planning scan. The highest b-val-
ue was 1000-1100. Detailed DWI sequence parameters are given in Supplemen-
tary material 110. The further MRI protocol consisted of standard 2-dimensional 
T2-weighted (T2W) fast spin-echo sequences in 3 orthogonal directions, of which 
the axial T2W sequence was angled identical to the DWI. Patients did not receive 
bowel preparation or rectal distension. 

Image evaluation / volumetric measurements

MR images were transferred in DICOM format and evaluated on an offline work-
station. Measurements were performed using using a freely distributed software 
tool (MANGO; Multi-image Analysis GUI, version 2.6, Research Imaging Institute, 
University of Texas Health Science Centre, San Antonio, USA). For each patient, 
tumour volumes were measured on the b1000-11000 DWI images on the prima-
ry staging MRI and on the restaging MRI. The corresponding T2-weighted imag-
es were at the readers’ disposal for anatomical reference. Window-level settings 
could be adjusted at the discretion of the readers. Measurements were performed 
in threefold, by means of: [1] ´automated´ tumour segmentation, [2] ´semi-auto-
mated´ tumour segmentation, and [3] manual tumour segmentation, the latter 
which served as the standard of reference. Time required to finalize the measure-
ments (in seconds) was recorded for each method. For each reading session, the 
respective observers were blinded to each other’s results, clinical patient data and 
histopathological outcome. 
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1. Automated tumour segmentation

Two independent readers without any specific experience in reading pelvic MRI 
performed the ‘automated’ segmentation. Both readers received a short training 
before the start of the study on rectal tumour assessment on DWI and specifically 
on how to recognize tumoural signal intensities, other organs and structures (e.g. 
prostate, lymph nodes) and artefacts such as susceptibility effects. Using a magic 
wand tool, the readers ‘scanned’ the range of signal intensities present within the 
suspected tumour area to identify the minimum and maximum signal intensity 
values. The lower boundary of the signal intensity range to be included in the auto-
mated segmentation was set at the minimum identified signal intensity with an ad-
ditional margin of 5% (i.e. in case of a minimum signal intensity of 100, the lower 
boundary was set at 95); the upper boundary was set at “infinitely high”. All voxels 
within the defined signal intensity range were then automatically segmented by 
means of region-growing in 3D on all slices (Figure 1). Total volumes (cm3) of the 
acquired volumes of interest (VOI) were automatically calculated by the software.

Figure  1. Example of automatically generated 3D tumour segmentation before (a) and after chemora-
diotherapy (b) in a male patient with a tumour in the mid-rectum.
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When obvious artefacts (i.e. susceptibility artefacts) or other organs outside the 
rectum (such as the prostate) were included in the VOIs, these were manually 
erased by the readers (Figure 2). VOIs were then saved and served as the basis for 
the semi-automated measurements.

Figure 2. Example of erroneous inclusion of a fat suppression artefact in the volume of interest by the 
automated segmentation method (a). The artefact was manually excluded from the VOI (b).

2. Semi-automated tumour segmentation

Two experienced radiologists independently performed the ‘semi-automated’ 
measurements. The readers uploaded the VOIs acquired by method 1, after which 
they could manually adjust the segmented areas per slice as they saw fit. After 
manual adjustment of the VOIs, tumour volumes (cm3) were again automatically 
calculated by the software.

3. Manual tumour segmentation 

For the manual segmentation  two radiologists manually delineated the high signal 
tumour areas on each axial slice containing tumour to obtain the cross sectional 
tumour areas, which were multiplied by slice thickness (including the interslice 
gap) to obtain the total tumour volume (cm3). 

Statistical Analysis

Statistical analyses were performed using the Statistical Package for the Social Sci-
ences (SPSS, version 21.0 Inc, Chicago, IL). Volumes obtained with the different 
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measurement methods were compared using the Wilcoxon Signed Rank test (sin-
ce data was not normally distributed). P-values <0.05 were considered statistical-
ly significant. The intraclass correlation coefficient (ICC) for single measures was 
calculated (using a two-way mixed model with absolute agreement) to determine 
agreement between the two readers for all three methods, as well as the agree-
ment of the automated and semi-automated segmented volumes, respectively, 
compared with the manually segmented volumes as the standard of reference. ICC 
is a measure representing agreement between different observers or evaluation 
methods on the same set of continuous data (i.e. volume in cm3 for the current 
study), with 0-0.20 indicating poor, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 
good, and 0.81-1.0 excellent agreement. Finally, Dice Similarity Indices (DSIs) were 
calculated to compare the spatial overlap of the VOIs generated by the different 
individual observers for the different segmentation methods13. DSIs were calcu-
lated using 3D-slicer, version 4.4.014 using the module ‘Dice Computation’15. The 
DSI was defined as DSI = 2(A∩B)/(A+B) in which A and B represent the different 
methods or observers, respectively. The DSI ranges from 0 (no spatial overlap bet-
ween VOIs) and 1 (complete overlap between VOIs). 

RESULTS

Patients

56 patients were male, 23 were female. Median age was 65 years (range 43-86). 
The initial tumour stage was cT1-2 (n=7), cT3 (n=62) and cT4 (n=10); nodal stage 
was N0 (n=4), N1 (n=25) and N2 (n=50); the mesorectal fascia was involved (≤1 
mm) in 49 and non-involved in 30 patients. 75 patients underwent total meso-
rectal excision (n=15 ypT0, n=5 ypT1, n=16 ypT2, n=39 ypT3, and n=4 ypT4). The 
remaining 4 patients had clinical evidence of a complete response after CRT and 
were followed according to a wait-and-see policy with a median disease free fol-
low-up period of 41 months (range 27-50). These patients were considered yT0. 

Volumetry results

Table 1 shows the median tumour volumes for the three methods. There were 
no significant differences in volumes between the three different approaches (P 
0.08-0.92). Table 2 shows the ICCs for agreement of the automated/semi-automa-
ted segmentation compared with the manual segmentation and agreement bet-
ween observers. Agreement of the automated segmentation compared to manual 
segmentation was good-excellent pre-CRT (ICC 0.80-0.91) and moderate-good 
post-CRT (ICC 0.53-0.66).  For the semi-automated segmentation, agreement with 
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Table 2. ICCs for assessment of agreement between the automated and semi-automated segmenta-
tion with manual segmentation as the reference standard, as well as agreement between observers.

Parameters Pre-CRT Post-CRT

Correlation with manual segmentation*

Automated segmentation  0.80-0.91 0.53-0.66 

Semi-automated segmentation 0.91-0.97 0.61-0.75

Correlation between observers

Automated segmentation 0.82 (0.73-0.88)  0.59 (0.42-0.71)

Semi-automated segmentation  0.91 (0.86-0.94)  0.73 (0.60-0.82)

Manual segmentation 0.91 (0.86-0.94) 0.75 (0.63-0.83)

ICC = Intraclass Correlation Coefficient. ICCs represent results for single measurements. 95% confi-
dence intervals are given in parentheses. 
* = range of ICCs between the two methods for the different observers.

Table 1. Tumour volumes obtained by the 3 different measurement methods.

Pre-CRT  
volume (range) (cm3)

Post-CRT
volume (range) (cm3)

Automated segmentation 19.7 (2.0 - 198.2) 1.9 (0.0 – 15.9)

Semi-automated segmentation 18.0 (2.4 - 97.4) 1.9 (0.0 – 27.8)

Manual segmentation 17.4 (0.4 – 185.7) 1.5 (0.0 – 16.4)

Numbers are medians (for the value averaged between the 2 observers). Comparison of the 3 measu-
rement methods using the Wilcoxon signed rank test revealed no significant differences among the 3 
measurement methods (P = .08-.92 pre-CRT; P = .80-.92 post-CRT)

manual segmentation was excellent pre-CRT (ICC 0.91-0.97) and good post-CRT 
(ICC 0.61-0.75). Interobserver agreement was excellent for all three methods (ICCs 
0.82-0.91) pre-CRT. Post-CRT, interobserver agreement was good for the manual 
and semi-automated segmentation (ICC 0.75 and 0.73) and moderate for the au-
tomated segmentation (ICC 0.59). 

Dice similarity indices

Table 3 shows the DSIs between the different segmentation methods and between 
observers. DSI between the automated/semi-automated approaches was excel-
lent pre-CRT (DSI 0.83) and moderate post-CRT (DSI 0.58); between the automa-
ted/manual approaches DSI was good pre-CRT (DSI 0.68) and moderate post-CRT 
(DSI 0.42); between the semi-automated/manual approaches DSI was good pre-
CRT (DSI 0.70) and moderate post-CRT (DSI 0.41). DSIs between observers were 
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0.76/0.50 pre-/post-CRT for the automated segmentation, 0.85/0.57 for the se-
mi-automated segmentation, and 0.68/0.53 for the manual segmentation. In sup-
plementary material 2, DSIs are given separately for tumours in the low, mid, and 
high rectum.

Table 3. Dice similarity indices (± SD) for the automated and semi-automated segmentations

DSI Pre-CRT Post-CRT

Automated vs. semi-automated (all observers) 0.83 ±0.19 0.58 ±0.33

Automated vs. manual (all observers) 0.68 ±0.15 0.42 ±0.23

Semi-automated vs. manual (all observers) 0.70 ±0.14 0.41 ±0.22

Observer 1 vs. observer 2 (automated) 0.76 ±0.20 0.50 ±0.28

Observer 1 vs. observer 2 (semi-automated) 0.85 ±0.19 0.57 ±0.30

Observer 1 vs. observer 2 (manual) 0.68 ±0.11 0.53 ±0.11

Numbers are means, standard deviations (SD) are given in parentheses. 

Effects on timing

Measurement times for the different segmentation methods (from a radiologist 
perspective) are given in Table 4. For manual segmentation, median measurement 
time was 180-296 sec pre-CRT and 84-91 sec post-CRT. For the semi-automated 
segmentation, median measurement time was 41-69 sec pre-CRT (median de-
crease of 96-236 sec, P<0.001) and 60-67 sec post-CRT (median decrease of 20-
21 sec, P=0.001-0.03). Since the automated measurements were performed by 
non-radiological readers, the time required for the radiologists themselves was 0 
seconds. 
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Table 4. Median time in seconds required from the radiologists’ perspective to finalize the segmentations

Pre-CRT Post-CRT

Obs 1 Obs 2 Obs 1 Obs 2

Automated segmentation 0 0 0 0

Semi-automated segmentation 69 
(17-251)

41
(19-300)

67
(0-220)

60
(15-370)

Manual segmentation 180
(60-438)

296
(61-1118)

91
(20-191)

84
(11-383)

Decrease in time required compared to manual segmentation

Automated segmentation 180
(60-438)*

296
(61-1118)*

91
(20-191)*

84
(11-383)*

Semi-automated segmentation 96
(-104-290)*

236
(-125-1085)*

21
(-110-130)*

20
(-172-346)*

Numbers are medians (seconds); ranges are given in parentheses. Time measurements for the auto-
mated and semi-automated segmentations were compared to the manual segmentation using the 
Wilcoxon Signed Rank test. 
* indicates a significant difference compared to the manual segmentation method (P <0.05).

DISCUSSION

Aim was to investigate whether (semi-)automated segmentation tools can re-
place manual tumour segmentation to measure rectal tumour volumes on dif-
fusion-weighted MRI. Results show that particularly a semi-automated approach 
– where automatically generated volumes are manually adjusted by a radiologist 
– can accurately reproduce manual measurements with good-excellent interob-
server agreement, whilst resulting in a median decrease in median measurement 
time of up to 4minutes per patient pre-CRT. 
Our results are in line with those of Carbone and colleagues who used a semi-au-
tomated approach to delineate rectal tumour volumes on DWI in a small group of 
14 patients with excellent interobserver agreement (ICC 0.96)12. Encouraging re-
sults have also been suggested for auto-segmentation on DWI in metastatic bone 
lesions16, brain tumours17 and prostate cancer18. An important aim of (semi-) auto-
mated tumour segmentation is to reduce measurement times. Manual segmenta-
tion requires delineation of tumour per slice, which is time consuming, particularly 
in large and irregularly shaped tumours. In our cohort, measurement time ranged 
from 60 to 1118 seconds (±18.5 minutes) for the manual delineation of prima-
ry tumours.  Post-CRT, measurement time was considerably shorter (20-383 sec-
onds), which is logical since tumour remnants after CRT are considerably smaller 
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than tumours at primary staging. The ‘automated’ segmentation was performed 
by two inexperienced readers, who were merely asked to select a high signal area 
within the bowel wall/tumour after which the software automatically segment-
ed and calculated the total tumour volume. The only additional action from their 
part was the manual exclusion of obvious incorrectly included structures such as 
other organs, lymph nodes or artefact areas (Figure 2). Readers without any ex-
perience in MR pelvis were deliberately chosen because – if such an approach 
works – this would imply that we can allow non-radiological readers (i.e. MRI tech-
nicians) to perform segmentations, which would free the time of the radiologist. 
For the semi-automated approach – where the radiologists had to manually ad-
just the automatically generated VOIs – the median measurement time decreased 
by 96-236 seconds for the two readers pre-CRT. After CRT median measurement 
time reduced by only 20-21 seconds. Albeit statistically significant, this is not a 
relevant reduction in measurement time from a clinical perspective. Although 
overall the post-CRT segmentation required less time, results were considerably 
less reproducible compared to the pre-CRT measurements. Pre-CRT, agreement 
of both the automated and semi-automated approach compared to manual seg-
mentation was excellent (ICC 0.80-0.91 and 0.91-0.97) and the DSIs between the 
different methods were good to excellent (DSI 0.68-0.83). After CRT, ICCs of the 
semi-automated segmentation compared to manual segmentation were consid-
erably better than for the automated method (ICC 0.61-0.75 versus 0.53-0.66). 
DSIs between the different methods were only 0.41-0.58. The lower DSIs after CRT 
can partly be explained by the fact that DSIs will always be lower when delineat-
ing smaller volumes. In addition, ICCs and DSIs post-CRT are lower because after 
CRT it is more difficult to determine which areas still represent tumour. Remain-
ing high signal areas are often much less conspicuous and sometimes scattered 
throughout the fibrosis. This also explains our lower interobserver agreement 
after CRT, a finding concordant with previous reports6, 10. Results, including time 
efficacy, may be further enhanced in the future by optimization of autosegmen-
tation algorithms, improvement of DWI image quality (e.g. reduce artefacts) and 
integration of the measurement tools into clinically used PACS viewing systems. 
An important clinically relevant application of diffusion-weighted tumour volum-
etry is to predict which patients will respond well to chemoradiotherapy as this 
knowledge would allow for further tailoring of treatment with one of the options 
being organ preserving therapy. Initial retrospective reports in patient cohorts 
of 14 to up to 100 patients consistently showed good results for DWI-volume-
try in analysing response to CRT6, 11, 12. Carbone et al. showed a very good cor-
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relation between post-CRT DWI-volumetry and histopathological tumour regres-
sion grade (TRG) of rho=0.847, which was significantly better compared to the 
correlation between volumetry performed using standard T2-weighted images 
(rho=0.597)12. The groups of Curvo-Semedo6 and Ha11 both reported very good 
results for DWI-volumetry in selecting complete responding rectal tumours. Par-
ticular good results were obtained for the DWI-volume post-CRT and the rela-
tive decrease in DWI volume (Δvolume) with areas under the Receiver Operator 
Characteristics (ROC) curve of up to 0.91 and 0.93, results superior to those of 
both tumour volumetry using standard T2-weighted MRI as well as to quantitative 
ADC measurements. In a recent report, DWI volume thresholds retrospectively 
determined in the study by Curvo-Semedo et al. were prospectively tested in a 
new cohort of 112 patients, which confirmed the good results of DWI-volumetry 
with a prospectively calculated sensitivity of 70% and specificity of 98% to identi-
fy the complete responders10. Another potential application of DWI-volumetry is 
image guided radiotherapy planning. Regini et al. used diffusion-weighted images 
for delineation of the gross target volume (GTV), after which a software tool au-
tomatically calculated 3D tumour volumes for radiotherapy planning. They con-
cluded that use of DWI (compared to T2W-MRI) resulted in significantly smaller 
GTVs, which may be attributed to better lesion conspicuity on DWI19. In a pre-
liminary communication from van Brussel et al. diffusion images were success-
fully used for dose painting in a small group of 5 rectal cancer patients20. This 
is a potentially interesting application of DWI that should be further explored. 
There are some limitations to our study design. First, the segmentations were 
performed on an offline workstation using a software tool that was not linked to 
the hospital’s PACS system. Should DWI-volumetry find its way into clinical prac-
tice, (auto-)segmentation should preferably be performed using a tool that can be 
integrated into the clinical PACS system. Also, the auto-segmentation algorithms 
used in our study should be compared with other segmentation methods. Second, 
there were some variations in acquisition parameters of the DWI protocols used 
throughout the course of the study, which may have introduced some variations in 
scan quality and signal to noise ratios which may have affected the study results. 
Moreover, window-level settings were not standardised. On the other hand, such 
variations reflect daily practice and our favourable results despite standardisation 
of such factors suggest that our results may be generalized to daily practice. Third, 
our time measurements may not be fully representative for daily practice, since 
readers who measure many consecutive patients in a study setting will tend to 
be faster than readers in clinical practice who only perform these measurements 
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‘every once in a while’. Fourth, despite good ICCs of 0.91 pre-CRT and 0.75 post-
CRT, the DSIs for the manual segmentation (the standard of reference) were rel-
atively low (0.68 pre-CRT and 0.53 post-CRT). This effect has been previously re-
ported and makes sense, since manual segmentations are obtained by subjective 
interpretation as opposed to the more standardised computer algorithms used 
for the automated segmentations21. Finally, segmentation was performed using 
high b-value (b1000-1100) DWI. We chose this approach, as the high signal to 
background ratio makes it the most suitable method for automated segmenta-
tion. There are, however, potential drawbacks that need to be taken in to account: 
high signal caused by T2 shine-through effects, surrounding structures such as the 
prostate or lymph nodes and artefacts (e.g. susceptibility effects) may erroneously 
be included in the automated VOIs, as illustrated in figure 2. These effects will need 
to be corrected. 
   
In conclusion, we have shown that (semi-)automated segmentation tools can ac-
curately reproduce rectal tumour volumes as measured on DWI by manual deline-
ation. At primary staging, the best results are obtained with semi-automated seg-
mentation (in which automatically generated volumes are manually adjusted by a 
radiologist): agreement compared to manual segmentation is excellent whilst re-
sulting in a median decrease in measurement time of up to 4 minutes per patients. 
Acceptable results can also be achieved at primary staging with an automated 
approach, which results in a 100% decrease in measurement time for a radiol-
ogist, since measurements can be performed by non-radiological readers. After 
chemoradiotherapy, a semi-automated approach offers the best results and more 
accurately reproduces manually delineated tumour volumes compared to an au-
tomated approach, although it does not result in a substantial reduction in meas-
urement time (±20 sec). Overall, semi-automated tumour volume measurements 
could be a good alternative to manual DWI tumour volumetry, the latter of which 
has been proven to be an accurate imaging tool to assess a complete response to 
CRT, yet not practical because it is time consuming. Future studies should focus on 
further optimising DWI image acquisition and segmentation algorithms as well as 
on integrating these tools into clinical viewing systems to allow implementation in 
daily practice and further improve time efficacy.
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SUPPLEMENTARY MATERIAL 2

Table 5. Dice similarity indices (± SD) specified for low, mid and high rectal tumours

DSI Heigth Pre-CRT Post-CRT

Automated vs. semi-automated (all observers) Low 0.85 ± 0.15 0.56 ±0.29

Mid 0.93 ±0.09 0.53 ±0.31

High 0.66 ±0.27 0.57 ±0.32

Automated vs. manual (all observers) Low 0.71 ±0.13 0.53 ±0.13

Mid 0.70 ±0.10 0.52 ±0.10

High 0.55 ±0.16 0.52 ±0.08

Semi-automated vs. manual (all observer) Low 0.73 ±0.09 0.43 ±0.22

Mid 0.73 ±0.11 0.46 ±0.18

High 0.51 ±0.24 0.37 ±0.24

Observer 1 vs. observer 2 (automated) Low 0.77 ±0.19 0.41 ±0.26

Mid 0.82 ±0.14 0.62 ±0.29

High 0.57 ±0.26 0.49 ±0.24

Observer 1 vs. observer 2 (semi-automated) Low 0.86 ±0.13 0.59 ±0.28

Mid 0.92 ±0.09 0.57 ±0.32

High 0.60 ±0.30 0.49 ±0.37

Observer 1 vs. observer 2 (manual) Low 0.68 ±0.12 0.53 ±0.13

Mid 0.69 ±0.10 0.52 ±0.10

High 0.64 ±0.10 0.52 ±0.08

Numbers are means, standard deviations are given in parentheses.
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ABSTRACT:

Purpose

The Apparent Diffusion Coefficient (ADC) is a potential prognostic imaging-marker 
in rectal cancer. Typically mean ADC values are used, derived from precise ma-
nual whole-volume tumour delineations by experts. Aim was to explore whether 
non-precise circular delineation combined with histogram analysis can be a less 
cumbersome alternative to acquire similar ADC-measurements and second to ex-
plore whether histogram analyses provide additional prognostic information. 

Methods

Thirty-seven patients who underwent a primary staging MRI including diffusi-
on-weighted imaging (DWI; b0,25,50,100,500,1000; 1.5T) were included. Volu-
mes-of-interest (VOIs) were drawn on b1000-DWI: [1] precise delineation, ma-
nually tracing tumour boundaries (2 expert readers); [2] non-precise delineation, 
drawing circular VOIs with a wide margin around the tumour (2 non-experts). 
Mean ADC and histogram metrics (mean,min,max,median,SD,skewness,kurto-
sis,5th-95th percentiles) were derived from the VOIs and delineation time was re-
corded. Measurements were compared between the two methods and correlated 
with prognostic outcome parameters.

Results

Median delineation time reduced from 47-165 sec (precise) to 25-43 sec (non-pre-
cise). The 45th percentile of the non-precise delineation showed the best correlati-
on with the mean ADC from the precise delineation as the reference standard (ICC 
0.71-0.75). None of the mean ADC or histogram parameters showed significant 
prognostic value; only the total tumour (VOI) volume was significantly larger in 
patients with positive clinical N-stage and mesorectal fascia involvement. 

Conclusion

When performing non-precise tumour delineation, histogram analysis (in specific 
45th ADC percentile) may be used as an alternative to obtain similar ADC-values as 
with precise whole-tumour delineation. Histogram analyses are not beneficial to 
obtain additional prognostic information.
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INTRODUCTION

In recent years, diffusion-weighted imaging (DWI) has increasingly found its way to 
the clinical practice of Magnetic Resonance (MR) imaging in rectal cancer. Its value 
has particularly been demonstrated in the restaging setting to assess the response 
of the primary tumour to neoadjuvant chemoradiotherapy (CRT) and determine 
whether or not a residual tumour mass is still present within the post-radiation 
fibrosis1-3. In this setting the addition of DWI has been shown to improve the sensi-
tivity for tumour restaging after CRT by >30% in a recent meta-analysis4.
Furthermore, in research settings, several studies have shown that quantifying the 
diffusion of rectal tumours by measuring the Apparent Diffusion Coefficient (ADC) 
may be used as an imaging biomarker. This could be beneficial in clinics to predict 
prognostic factors such as nodal stage, mesorectal fascia (MRF) involvement and 
histological differentiation grade5-8. Moreover, ADC may have value to predict the-
rapeutic response9-13, which (in the future) could impact treatment stratification. 
For example neoadjuvant treatment may be further tailored depending on the an-
ticipated treatment response. Moreover, accurate response evaluation can benefit 
the selection of good responding patient who can be candidates for minimally 
invasive follow-up treatments such as local excision or watchful waiting. 
ADC values are most often expressed as the mean ADC, which can be acquired 
either from a single tumour slice14, 15, from tumour sample measurements3, 5 or by 
manually delineating the whole tumour volume on the diffusion-weighted ima-
ges1, 12, 16, 17. The latter approach is most commonly advocated and has been shown 
to provide the most reproducible results18, 19. As such, it is now considered more 
or less the standard reference method of choice to acquire tumour ADC measure-
ments. It is, however, a labor intensive and time-consuming method, which is one 
of the factors that hampers translation of the use of quantitative ADC measures 
from research settings to clinical practice. 
Hypothetically, an alternative approach to obtain whole-volume ADC measure-
ments could be to perform a non-precise tumour delineation, e.g. by roughly pla-
cing a circular volume of interest (VOI) with a wide margin around the tumour. 
This saves time, but non-tumoural tissues such as mesorectal fat, normal bowel 
wall and lumen and surrounding organs and muscle structures will be included in 
the VOIs, which will affect the ADC measurements. In theory, this effect may be 
compensated for by adding histogram analyses as a post-processing step. With 
histogram analysis we analyze the spectrum of ADC values obtained from all voxels 
within the VOI. By doing so we can not only extract the mean ADC values, but 
also for example calculate minimum and maximum values and different percentile 
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ranges. In principle, this information may be used to specifically focus on those 
ADC values within the VOI representing tumour (which will typically be the lower 
ADC values within the spectrum), for example by extracting only lower percentile 
values thereby filtering out ‘noise’ from other included tissues. This could allow ra-
diologist to save time with the delineation process whilst in principle obtaining the 
same ADC information. In addition, adding histogram analysis provides informati-
on about the distribution of ADC values within the tumour, which can potentially 
offer valuable additional insights into tumour structure and heterogeneity. This 
information could be of added benefit to predict response and prognosis, as has 
been suggested by previous authors9, 10. 
Therefore the aim of this study was two-fold. The primary aim was to test – on 
primary staging (pre-treatment) DWI-MRI - if histogram ADC analysis can be used 
to compensate non-precise tumour delineation and may be used as an alterna-
tive method to acquired similar ADC values as would normally be derived from 
precise whole-volume tumour delineation as the current ‘standard of reference’. 
The second aim was to evaluate if histogram analysis provides valuable additional 
information to predict treatment outcome and prognosis. 

MATERIALS AND METHODS

Patients

Forty-four patients diagnosed with and treated for rectal cancer at Maastricht Uni-
versity Medical Centre between October 2012 and June 2014 were considered for 
inclusion in this retrospective study. The study was approved by the local ethical 
institutional review board. Due to the retrospective nature of the study, informed 
consent was waived. Inclusion criteria were (a) biopsy proven non mucinous type 
rectal adenocarcinoma, (b) availability of a primary staging MRI including DWI 
(with a standardized acquisition protocol at 1.5T), (c) availability of follow-up data 
on treatment and outcome. Seven patients were excluded for the following rea-
sons: severe artifacts on DWI, e.g. susceptibility artifacts due to air or metal pros-
theses (n=5), multiple tumour sites in the rectum (n=1), and prior pelvic radiation 
in (n=1). This left a final study population of 37 patients.

MR Imaging

All patients underwent a primary staging MRI at 1.5T MRI (Ingenia system, Philips 
Medical Systems, Best, The Netherlands), using a phased-array 16-channel body 
coil. Patients did not receive any bowel preparation. An intravenous bolus injection 
of 20 mg of butylscopolamine (Buscopan®, Boehringer Ingelheim bv, Ingelheim, 
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Germany) was administered intravenously to reduce peristaltic movement. The 
standard imaging protocol included standard two-dimensional T2-weighted (T2W) 
fast spin-echo sequences in 3 orthogonal directions (with the transverse images 
angled perpendicular and the coronal images angled parallel to the tumour axis as 
identified on the sagittal scan), and an axial echo planar imaging (EPI) DWI sequen-
ce angled in the same plane as the T2W transverse images. The DWI sequence 
was performed with spectral attenuated inversion recovery (SPAIR) fat-suppressi-
on (b-values 0,25,50,100,500,1000 s/mm2; TR/TE 4147/66 msec; EPI factor 77; 5 
number of signal acquired; 1.82 x 2.26 x 5.00 mm acquisition voxel size, 20 slices, 
slice gap 0.5 mm; 6:44 minutes acquisition time). Apparent diffusion coefficient 
maps were automatically generated by the operating system, using a mono-expo-
nential decay model including all six b-values.

Precise and non-precise tumour delineation

All primary staging MR images were transferred to an offline workstation for tu-
mour delineation, which was performed using the freely available program Med-
view (Github clmedview, Maastricht, the Netherlands). Volumes-of-interest (VOIs) 
were drawn on the high b-value (b1000) diffusion images in two ways: [1] precise 
delineation and [2] non-precise delineation. For the precise delineation two expe-
rienced radiologists (R1 and R2; both with 8 years of experience in reading rectal 
MRI) manually closely traced the tumour boundaries on each consecutive slice to 
include the whole tumour volume. For the non-precise delineation two additio-
nal non-expert resident level readers (R3 and R4; both with no specific previous 
experience in reading rectal MRI) drew a circular/oval VOI with a margin around 
the tumour on each slice. The T2W-images were at the disposal of all four readers 
for anatomical reference. An example illustrating the two delineation methods is 
given in Figure 1. Time required to perform the delineations was recorded in a re-
presentative sample of n=18 study patients (for 1 expert and 1 non-expert reader) 
in order to quantify the potential reduction in measurement time. 

Histogram metrics

VOIs were transferred from the b1000 diffusion images to the ADC map to calcula-
te mean ADCs and histogram metrics. Histogram plots were generated using a de-
dicated script written in MATLAB (The MathWorks Inc., Natick, MA, 2000) by one 
of the authors [BLINDED]. The following histogram parameters were calculated: 
minimum, maximum, mean, median (50th percentile), standard deviation (SD), 
skewness, kurtosis and every fifth percentile (5th- 95th). The total volume (cm3) of 
each VOI was also recorded.
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A

C

B

D

Figure 1 Example of the MR exam of a 82-year old female patient. A: Axial T2W image shows a se-
mi-circular tumour, B: the b-1000 DWI shows high signal in the tumour area, C: example of the precise 
delineation (solid line; performed by reader 1) and the non-precise delineation (dotted line; performed 
by reader 3), the latter including both tumour and surrounding tissues, D: both delineations transferred 
to the ADC map.

Outcome parameters

Various prognostic and therapeutic outcome parameters were collected. [1] From 
the primary staging MRI reports the cT-stage, cN-stage, and mesorectal; fascia 
(MRF) involvement. [2] From the clinical patient database the presence of distant 
metastases, neoadjuvant and surgical procedures. [3] From the pathology reports 
(of the biopsy and surgical specimens) the tumour differentiation grade, and [4] in 
patients undergoing a long course of neoadjuvant treatment the final treatment 
response defined as the tumour regression grade (TRG; method of Mandard) as-
sessed at histopathology after surgery, where TRG1-2 was considered a good res-
ponse and TRG3-5 a poor response20. 
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Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sci-
ences (SPSS, version 23.0, INC., Chicago, IL). The intraclass correlation coefficient 
(ICC; using a two-way mixed method with absolute agreement for single measu-
res) was used to calculate agreement between the different readers and delineati-
on methods. ICCs were also used to compare the various ADC histogram metrics of 
the non-precise delineation to the mean ADC of the precise delineation (being the 
most commonly used parameter in previous literature and therefore serving as 
the ‘standard of reference’). Agreement was additionally assessed using Bland-Alt-
man statistics. Independent sample T-tests (or Mann-Whitney U/Wilcoxon Rank 
test in case of non-normally distributed data) were used to compare mean ADC 
values and various histogram metrics between (1) cN0 vs. cN+ patients, (2) cMRF- 
vs. cMRF+ patients, (3) patients with vs. without metastases, (4) tumours with 
good-moderate vs. poor differentiation grade at histopathology and (5) good (TRG 
1-2) vs. poor (TRG 3-5) responders. The Holm-Bonferroni correction method was 
applied to correct for multiple testing21. A Wilcoxon Rank test was performed to 
compare the delineation time between the two methods. P-values ≤ 0.05 were 
considered statistically significant. 

RESULTS

Patient and treatment characteristics

Of the 37 study patients, 28 were male, nine female. Median age was 72 (range 
29-86). Initial tumour stage on MRI was cT1-2 in 7 patients, cT3 in 27 patients and 
cT4 in 3 patients. Eleven patients were cN0 and 26 cN+. Eight patients had distant 
metastasis. Fifteen patients with non-locally advanced tumours underwent surge-
ry without neoadjuvant treatment or immediately after a short course of 5x5 Gy. 
Seventeen locally advanced patients underwent a long course of CRT (28x1.8Gy 
radiotherapy with 2 x 825 mg/m2/d capecitabine) or 5x5 Gy with a prolonged wai-
ting interval before surgery. Five patients received palliative care. 

Precise versus non-precise delineation method

VOI volumes, mean ADCs and histogram metrics derived form the primary sta-
ging MRIs are provided in Table 1. The mean volume of the VOIs used to calculate 
the ADCs was 3.22 cm3 (R1) and 2.86cm3 (R2) for the precise delineation method 
versus 8.65 cm3 (R3) and 9.63 cm3 (R4) for the non-precise delineation method 
(P<0.001). Mean ADC (*10-3 mm2/s) was 1.44 (R1) and 1.43 (R2) for the precise 
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delineation versus 1.51 (R3) and 1.51 (R4) for the non-precise delineation (P=0.01-
0.06). An example comparing the histograms of the precise and non-precise deli-
neation method is shown in Figure 2. Table 2 shows the delineation times for the 
two measurement methods. Compared to precise delineation, non-precise deli-
neation significantly reduced the delineation time for small, intermediate sized as 
well as for the large tumours with a median reduction in measurement time of 28 
up to 132 seconds per patient/tumour. 

Table 2. Delineation times for the non-precise and precise delineation method

Tumour volume 
(cm3) 

Delineation time (sec)

Precise Non-precise Difference P

Small (n=6) 0.57 (0.16-1.05) 47 (29-65) 21 (15-25) 28 (14-40) 0.03

Intermediate (n=6) 2.28 (1.87-2.49) 101(77-145) 31 (30-37) 71 (40-109) 0.03

Large (n=6) 6.24 (4.99-18.32) 165 (107-292) 43 (34-64) 123 (68-228) 0.03

NB, numbers are medians with ranges provided in parentheses
Delineation time was measured for reader 1 (precise) and reader 3 (non-precise) in a representative 
sample of n = 18 tumours that were categorized into ‘small’, ‘intermediate’ and ‘large’ tumours by 
sortng all n = 37 tumour ascendingly according to their volume (derived from Table 1), dividing the 
group into 3 equal subsets based on tumour volume and randomly selecting a sample of n = 6 from 
each group.

Figure2 Example of the normalized histograms for the precise and non-precise delineation in the same 
patient. The vertical lines in bold represent the mean ADC per method (solid line indicating a mean ADC 
of 1.13*10-3 mm2/s for the precise delineation and the dotted line indicating a mean ADC of 1.64*10-3 
mm2/s for the non-precise delineation). These normalized histograms shows than the ADC values of 
the non-precise delineation are much more spread out due to the inclusion of other tissues, resulting 
in a higher mean ADC. 
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Interobserver and intermethod agreement

ICCs between the different readers and delineation methods are given in Table 1. 
Interobserver agreement was excellent, both for the precise method (R1 vs. R2) 
and the non-precise method (R3 vs. R4) with ICCs ranging between 0.80-0.98. ICCs 
comparing the precise and non-precise method were poor to good (ICC 0.00-0.67). 
Table 3 shows the correlations of the various histogram metrics of the non-precise 
method to the mean ADC of the precise method (as the standard of reference): 
best correlation was found for the 45th percentile ADC of the non-precise method 
(ICC of 0.71-0.75). Results for the mean ADC and 45th percentile measurements 
are illustrated using Bland-Altman plots in Figure 3. 

ADC histogram analysis vs. prognostic factors 

In Table 4, VOI volumes, mean ADCs and various histogram metrics are compared 
between different prognostic and response subgroups for both delineation me-
thods. VOI volumes were significantly larger in the cN+ patients (both for the preci-
se and non-precise delineation; P=0.04) and in patients with MRF involvement on 
MRI (for the precise delineation; P=0.04). Mean ADCs and the various histogram 
metrics were not significantly different between these subgroups. For the other 
outcome parameters (good vs. poor histopathological differentiation grade, good 
vs. poor response, metastasized versus non-metastasized patients) none of the 
volume, ADC or histogram metrics resulted in any significant differences between 
subgroups. 

Figure 3 Bland-Altman plots showing the reproducibility for tumour ADC measurements plotted as the 
mean ADC of the two methods (x-axis) against the difference in ADC between the two methods (y-axis). 
The middle line represent the mean absolute difference (bias) between the two methods while the 
outer lines represent the 95% confidence intervals (limits of agreement). Plot A compares the mean 
ADC derived from the precise delineation and non-precise delineation. Plot B compares the mean of 
the precise method and the 45th percentile of the non-precise method. Measurements were averaged 
for the two readers for both methods.
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Table 3. ICCs constructed to explore which histogram parameter derived from non-precise delineation 
correlates best with the mean ADC of the precise delineation (as the standard of reference).

Precise (reference standard) Mean ADC (R1): Mean ADC (R2):

Non-precise  R3 R4 R3  R4

Mean 0.63 0.63 0.63 0.62

Min 0.00 0.00 0.01 0.00

5th 0.02 0.01   0.02 0.01

10th 0.05 0.04 0.05 0.05

15th 0.09 0.09 0.09 0.09

20th 0.16 0.16 0.17 0.16

25th 0.27 0.26 0.28 0.26

30th 0.41 0.40 0.42 0.41

35th 0.55 0.55 0.56 0.55

40th 0.67 0.67 0.66 0.67

45th 0.73 0.75 0.71 0.73

50th (median) 0.72 0.74 0.71 0.72

55th 0.65 0.67 0.62 0.65

60th 0.55 0.58 0.53 0.55

65th 0.45 0.48 0.44 0.46

70th 0.36 0.38 0.36 0.37

75th 0.28 0.29 0.29 0.29

80th 0.22 0.22 0.22 0.23

85th 0.16 0.16 0.17 0.17

90th 0.11 0.11 0.12 0.12

95th 0.08 0.07 0.08 0.08

Max 0.02 0.02 0.02 0.02

NB Best results are printed in bold.
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Table 4. Correlation of histogram metrics with prognostic and therapeutic outcome parameters for both methods.

cMRF involvement cN-stage Differentiation grade# Response after CRT† Distant Metastases

cMRF-
n=23

cMRF+
n=14

P
cN-

n=11
cN+

n=26
P

Good
N=19

Poor
N=3

P
Good
N=7

Poor
N=10

P
M-

N=29
M+
N=8

P

Method 1 (precise)

Volume 1995±1686 4751±5086 0.04 1388±1195 3737±4040 0.04 3903±4761 1417±1029 1 1698±745 4080±5151 1 2717±3370 4202±4360 1

Minimum 0.33±0.30 0.28±0.23 1 0.46±0.32 0.25±0.23 0.64 0.30±0.27 0.49±0.27 1 0.22±0.23 0.30±0.23 1 0.29±0.26 0.40±0.26 1

Maximum 2.96±0.59 3.53±0.46 0.05 2.83±0.64 3.32±0.54 0.20 3.17±0.63 2.86±0.74 1 2.88±0.43 3.21±0.55 1 3.13±0.61 3.33±0.59 1

Mean 1.37±0.18 1.54±0.32 1 1.50±0.27 1.40±0.25 0.96 1.45±0.25 1.44±0.18 1 1.50±0.19 1.45±0.26 1 1.44±0.26 1.43±0.23 1

Median  1.32±0.19 1.50±0.34 1 1.48±0.27 1.35±0.26 0.63 1.40±0.26 1.41±0.15 1 1.23±0.19 1.41±0.27 1 1.39±0.28 1.38±0.22 0.96

SD 0.36±0.08 0.45±0.12 0.22 0.35±0.09 0.42±0.10 0.22 0.39±0.08 0.33±0.05 1 0.38±0.09 0.39±0.08 1 0.39±0.10 0.41±0.10 1

Skewness 0.64±0.46 0.71±0.63 1 0.33±0.38 0.81±0.51 0.12 0.64±0.39 0.34±0.93 1 0.57±0.48 0.62±0.38 1 0.61±0.49 0.88±0.59 1

Kurtosis 4.08±0.96 4.60±1.92 1 3.59±0.84 4.57±1.50 0.45 3.90±1.03 3.91±1.09 1 4.03±1.28 3.93±0.90 0.89 4.11±0.97 4.86±2.42 1

5th 0.87±0.16 0.90±0.25 1 0.98±0.18 0.84±0.19 0.54 0.91±0.16 0.93±0.20 1 0.74±0.30 0.91±0.16 1 0.88±0.16 0.88±0.30 1

30th 1.18±0.20 1.29±0.29 1 1.31±0.22 1.18±0.24 0.56 1.22±0.22 1.27±0.18 0.98 1.14±0.30 1.23±0.23 1 1.23±0.25 1.19±0.22 1

45th 1.30±0.21 1.45±0.33 1 1.44±0.25 1.32±0.27 0.55 1.36±0.25 1.37±0.14 1 1.27±0.29 1.37±0.26 1 1.36±0.28 1.33±0.21 1

70th 1.54±0.24 1.73±0.40 1 1.67±0.32 1.56±0.32 0.46 1.32±0.30 1.57±0.19 1 1.51±0.30 1.61±0.31 1 1.62±0.34 1.59±0.26 1

95th 2.04±0.30 2.32±0.44 0.3 2.17±0.38 2.17±0.38 0.70 2.16±0.37 2.02±0.32 1 1.99±0.31 2.15±0.34 1 2.15±0.40 2.15±0.32 1

Method 2 (non-precise) 

Volume 7018±3820 12627±10419 0.36 5371±3750 10735±8107 0.04 3275±3327 11109±9973 1 7199±3551 12398±11173 1 8742±7525 10586±7552 1

Minimum 0.01±0.02 0.02±0.02 0.48 0.01±0.01 0.01±0.02 1 0.02±0.02 0.01±0.02 1 0.01±0.01 0.01±0.02 1 0.01±0.01 0.02±0.02 1

Maximum 3.42±0.55 3.89±0.30 0.13 3.22±0.57 3.75±0.41 0.12 3.07±0.54 3.61±0.57 0.88 3.37±0.31 3.55±0.56 1 3.56±0.51 3.72±0.58 1

Mean 1.45±0.18 1.59±0.21 0.44 1.48±0.19 1.52±0.21 1 1.35±0.20 1.52±0.22 1 1.48±0.09 1.54±0.19 1 1.51±0.20 1.52±0.22 1

Median 1.45±0.15 1.58±0.23 0.50 1.50±0.17 1.49±0.21 1 1.39±0.18 1.50±0.20 1 1.47±0.10 1.54±0.18 1 1.50±0.19 1.49±0.22 1

SD 0.56±0.12 0.59±0.13 0.86 0.54±0.11 0.59±0.13 1 0.48±0.02 0.58±0.13 0.84 0.56±0.10 0.55±0.08 1 0.58±0.13 0.53±0.07 1

Skewness 0.04±0.29 0.36±0.53 0.54 0.14±0.37 0.17±0.44 1 0.19±0.43 0.06±0.28 1 0.07±0.42 0.34±0.49 1 0.13±0.43 0.29±0.36 1

Kurtosis 3.24±0.61 3.63±1.03 1 3.16±0.46 3.48±0.90 1 3.03±0.55 3.28±0.07 0.72 3.16±0.52 3.08±0.29 1 3.22±0.65 3.96±1.09 1

5th 0.52±0.20 0.65±0.27 0.54 0.52±0.21 0.59±0.24 1 0.49±0.20 0.58±0.27 1 0.54±0.22 0.61±0.23 1 0.54±0.21 0.68±0.29 1

30th 1.17±0.16 1.28±0.18 0.48 1.23±0.17 1.21±0.18 1 1.12±0.22 1.22±0.19 1 1.21±0.17 1.26±0.15 1 1.21±0.17 1.24±0.22 1

45th 1.39±0.16 1.51±0.22 0.42 1.44±0.17 1.43±0.20 1 1.33±0.18 1.44±0.20 1 1.42±0.13 1.47±0.17 1 1.43±0.18 1.43±0.22 1

70th 1.74±0.19 1.87±0.29 1 1.78±.21 1.80±0.25 1 1.62±0.17 1.80±0.24 1 1.72±0.07 1.83±0.22 1 1.80±0.24 1.75±0.24 1

95th 2.41±0.40 2.60±0.32 0.55 2.34±0.33 2.55±0.39 0.88 2.08±0.25 2.52±0.42 0.65 2.28±0.22 2.46±0.31 1 2.50±0.41 2.42±0.27 1

NB. Values for each method are averaged for the two readers; 
# ‘Good’ = good, good-moderate and moderate differentiation, ‘Poor’ = poor or poor-moderate differentiation; 
†‘Good’ = tumour regression grade 1-2, ‘Poor’ = TRG 3-5. To correct for multiple testing Holm-Bonferroni correction 
was performed (and mainly the most commonly reported percentile ranges were tested to reduce the number of 
testing variables). Significant results are printed in bold.
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Table 4. Correlation of histogram metrics with prognostic and therapeutic outcome parameters for both methods.

cMRF involvement cN-stage Differentiation grade# Response after CRT† Distant Metastases

cMRF-
n=23

cMRF+
n=14

P
cN-

n=11
cN+

n=26
P

Good
N=19

Poor
N=3

P
Good
N=7

Poor
N=10

P
M-

N=29
M+
N=8

P

Method 1 (precise)

Volume 1995±1686 4751±5086 0.04 1388±1195 3737±4040 0.04 3903±4761 1417±1029 1 1698±745 4080±5151 1 2717±3370 4202±4360 1

Minimum 0.33±0.30 0.28±0.23 1 0.46±0.32 0.25±0.23 0.64 0.30±0.27 0.49±0.27 1 0.22±0.23 0.30±0.23 1 0.29±0.26 0.40±0.26 1

Maximum 2.96±0.59 3.53±0.46 0.05 2.83±0.64 3.32±0.54 0.20 3.17±0.63 2.86±0.74 1 2.88±0.43 3.21±0.55 1 3.13±0.61 3.33±0.59 1

Mean 1.37±0.18 1.54±0.32 1 1.50±0.27 1.40±0.25 0.96 1.45±0.25 1.44±0.18 1 1.50±0.19 1.45±0.26 1 1.44±0.26 1.43±0.23 1

Median  1.32±0.19 1.50±0.34 1 1.48±0.27 1.35±0.26 0.63 1.40±0.26 1.41±0.15 1 1.23±0.19 1.41±0.27 1 1.39±0.28 1.38±0.22 0.96

SD 0.36±0.08 0.45±0.12 0.22 0.35±0.09 0.42±0.10 0.22 0.39±0.08 0.33±0.05 1 0.38±0.09 0.39±0.08 1 0.39±0.10 0.41±0.10 1

Skewness 0.64±0.46 0.71±0.63 1 0.33±0.38 0.81±0.51 0.12 0.64±0.39 0.34±0.93 1 0.57±0.48 0.62±0.38 1 0.61±0.49 0.88±0.59 1

Kurtosis 4.08±0.96 4.60±1.92 1 3.59±0.84 4.57±1.50 0.45 3.90±1.03 3.91±1.09 1 4.03±1.28 3.93±0.90 0.89 4.11±0.97 4.86±2.42 1

5th 0.87±0.16 0.90±0.25 1 0.98±0.18 0.84±0.19 0.54 0.91±0.16 0.93±0.20 1 0.74±0.30 0.91±0.16 1 0.88±0.16 0.88±0.30 1

30th 1.18±0.20 1.29±0.29 1 1.31±0.22 1.18±0.24 0.56 1.22±0.22 1.27±0.18 0.98 1.14±0.30 1.23±0.23 1 1.23±0.25 1.19±0.22 1

45th 1.30±0.21 1.45±0.33 1 1.44±0.25 1.32±0.27 0.55 1.36±0.25 1.37±0.14 1 1.27±0.29 1.37±0.26 1 1.36±0.28 1.33±0.21 1

70th 1.54±0.24 1.73±0.40 1 1.67±0.32 1.56±0.32 0.46 1.32±0.30 1.57±0.19 1 1.51±0.30 1.61±0.31 1 1.62±0.34 1.59±0.26 1

95th 2.04±0.30 2.32±0.44 0.3 2.17±0.38 2.17±0.38 0.70 2.16±0.37 2.02±0.32 1 1.99±0.31 2.15±0.34 1 2.15±0.40 2.15±0.32 1

Method 2 (non-precise) 

Volume 7018±3820 12627±10419 0.36 5371±3750 10735±8107 0.04 3275±3327 11109±9973 1 7199±3551 12398±11173 1 8742±7525 10586±7552 1

Minimum 0.01±0.02 0.02±0.02 0.48 0.01±0.01 0.01±0.02 1 0.02±0.02 0.01±0.02 1 0.01±0.01 0.01±0.02 1 0.01±0.01 0.02±0.02 1

Maximum 3.42±0.55 3.89±0.30 0.13 3.22±0.57 3.75±0.41 0.12 3.07±0.54 3.61±0.57 0.88 3.37±0.31 3.55±0.56 1 3.56±0.51 3.72±0.58 1

Mean 1.45±0.18 1.59±0.21 0.44 1.48±0.19 1.52±0.21 1 1.35±0.20 1.52±0.22 1 1.48±0.09 1.54±0.19 1 1.51±0.20 1.52±0.22 1

Median 1.45±0.15 1.58±0.23 0.50 1.50±0.17 1.49±0.21 1 1.39±0.18 1.50±0.20 1 1.47±0.10 1.54±0.18 1 1.50±0.19 1.49±0.22 1

SD 0.56±0.12 0.59±0.13 0.86 0.54±0.11 0.59±0.13 1 0.48±0.02 0.58±0.13 0.84 0.56±0.10 0.55±0.08 1 0.58±0.13 0.53±0.07 1

Skewness 0.04±0.29 0.36±0.53 0.54 0.14±0.37 0.17±0.44 1 0.19±0.43 0.06±0.28 1 0.07±0.42 0.34±0.49 1 0.13±0.43 0.29±0.36 1

Kurtosis 3.24±0.61 3.63±1.03 1 3.16±0.46 3.48±0.90 1 3.03±0.55 3.28±0.07 0.72 3.16±0.52 3.08±0.29 1 3.22±0.65 3.96±1.09 1

5th 0.52±0.20 0.65±0.27 0.54 0.52±0.21 0.59±0.24 1 0.49±0.20 0.58±0.27 1 0.54±0.22 0.61±0.23 1 0.54±0.21 0.68±0.29 1

30th 1.17±0.16 1.28±0.18 0.48 1.23±0.17 1.21±0.18 1 1.12±0.22 1.22±0.19 1 1.21±0.17 1.26±0.15 1 1.21±0.17 1.24±0.22 1

45th 1.39±0.16 1.51±0.22 0.42 1.44±0.17 1.43±0.20 1 1.33±0.18 1.44±0.20 1 1.42±0.13 1.47±0.17 1 1.43±0.18 1.43±0.22 1

70th 1.74±0.19 1.87±0.29 1 1.78±.21 1.80±0.25 1 1.62±0.17 1.80±0.24 1 1.72±0.07 1.83±0.22 1 1.80±0.24 1.75±0.24 1

95th 2.41±0.40 2.60±0.32 0.55 2.34±0.33 2.55±0.39 0.88 2.08±0.25 2.52±0.42 0.65 2.28±0.22 2.46±0.31 1 2.50±0.41 2.42±0.27 1

NB. Values for each method are averaged for the two readers; 
# ‘Good’ = good, good-moderate and moderate differentiation, ‘Poor’ = poor or poor-moderate differentiation; 
†‘Good’ = tumour regression grade 1-2, ‘Poor’ = TRG 3-5. To correct for multiple testing Holm-Bonferroni correction 
was performed (and mainly the most commonly reported percentile ranges were tested to reduce the number of 
testing variables). Significant results are printed in bold.
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DISCUSSION

The primary aim of this study was to assess the feasibility of calculating ADC values 
of rectal tumours at the time of primary staging using non-precise rectal tumour 
delineation combined with histogram analysis as an alternative to precise manual 
tumour delineation, aiming to simplify and speed up the delineation process. Pre-
cise volumetric delineation (typically performed by manual tracing of the tumour 
boundaries by expert readers) is the most commonly used method in current lit-
erature to calculate mean tumour ADCs and therefore in a way considered the 
current ‘standard of reference’ method. The benefit of a non-precise delineation 
(e.g. simply placing a circular ROI with a margin around the tumour area) is that it 
is faster and can be performed by non-experienced readers. The main drawback, 
however, is that tissues other than tumour such as the normal rectal wall, peri-
rectal fat and adjacent organs will be included in the delineation, which will affect 
the mean ADC. Our hypothesis was that this effect may be overcome by adding 
histogram analysis to filter out these effects and specifically focus on ADC values 
of the tumour within the histogram in order to acquire similar ADCs as would have 
normally been derived by calculating the mean ADC from a precise delineation. 
 Our results show that when using histogram post-processing in such a way, the 
45th percentile ADC from the non-precise delineation showed the best correlation 
with the mean ADC from the precise delineation as the standard of reference (ICC 
0.71-0.75). Results without the addition of histogram post-processing were con-
siderably poorer with an ICC of only 0.64 between the mean ADCs of the precise 
and non-precise method. The main reason for this poorer correlation is that the 
non-precise delineation resulted in remarkably higher overall ADC values, which 
can be explained by the fact that voxels with relatively high ADCs for example from 
the bladder, seminal vesicles, prostate and normal rectal wall were often included 
in the VOIs (see Figures 1 and 2). 
Although use of the 45th percentile instead of mean ADC from the non-precise 
delineation thus improved the results, an agreement with a maximum ICC of 0.75 
was still suboptimal, especially when comparing it for example to the ICC of 0.98 
between the two readers for the precise delineation method. A previous study ex-
plored the use of (semi-) automated tumour segmentation (using computer algo-
rithms) as an alternative method to overcome the problem of time consuming and 
labor-intensive manual tumour segmentation in rectal cancer. Similar to the cur-
rent study the results of manual delineation were used as the reference standard. 
Although the main outcome was the volume of the VOI itself (and not the ADC as 
in our study), high ICCs of 0.91-0.97 for semi-automated tumour segmentation 
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were reported22. It would seem logical to assume that such an approach (given 
the excellent agreement when comparing the VOI volumes) would also result in 
a good agreement in ADC measurements if these were to be derived from these 
(semi-) automatically generated VOIs. It was reported that median delineation 
time decreased from 180-296 seconds for precise manual delineation to 41-69 
seconds for semi-automated segmentation, which entails a considerable decrease 
in time and input required from readers22. In our study delineation time also sig-
nificantly reduced with the non-precise method to a median measurement time 
ranging between 21 and 43 seconds per tumour/patient depending on the tumour 
volume. This would make it a similarly or even more effective solution with regard 
to time efficacy with the added benefit that the non-precise delineations can be 
performed by non-experienced readers and does not necessarily require expert 
input. The clinically relevant question is, however, if and how different delineation 
methods affect the utility of the acquired ADC measurements as a prognostic im-
aging biomarker.
Therefore, the second aim of this study was to explore the prognostic value of 
ADC measurements derived from the two delineation methods. In addition, we 
aimed to evaluate whether addition of histogram analysis provides valuable extra 
information. Previous studies have shown that mean ADC at primary staging may  
differentiate prognostically unfavorable tumour subtypes (e.g. tumours with MRF 
involvement, clinical N+ stage, tumour deposits and poor differentiation grade)5, 6. 
In our study we could unfortunately not reproduce these findings. Mean ADC 
values were not useful to differentiate between cMRF- and cMRF+ tumours, cN- 
and cN+ tumours, well and poorly differentiated histological tumour subtypes, or 
between patients with/without metastasized disease. Moreover, addition of his-
togram parameters did not lead to improved results. For the prediction of treat-
ment response in the subgroup of patients undergoing chemoradiotherapy, nei-
ther mean ADC nor any of the histogram parameters showed significant results 
to differentiate between the poor and good responders using the tumour regres-
sion grade at histopathology as the outcome. Results in literature regarding this 
issue have also been conflicting. Some groups reported significantly lower mean 
ADC values in patients who showed a good response to treatment, suggesting 
that pre-treatment ADC may have potential to predict response, which could be 
of potential clinical benefit to tailor (neoadjuvant) treatment strategies depend-
ing on the anticipated response11-13, 23-25. Conversely, other groups found – similar 
to the current study – no significant differences in pre-treatment ADC between  
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responders and non-responders25-29. To date, only a few studies have investigated 
the potential benefit of adding histogram post-processing to predict rectal tumour 
response. Nougaret et al. reported that histogram metrics did not add to median 
ADC values for assessment of rectal tumour response after CRT19. Choi et al. found 
some promising results after CRT, with significant differences between poor and 
good responders after CRT for several histogram parameters (minimum ADC, 10th, 
25th, 50th and 75th percentiles)10. This was confirmed by another study by Cho et 
al. who reported significantly different 10th and 25th percentile values between 
responders and non-responders with better diagnostic performance compared to 
mean ADC [9]. However, similar to the findings of our current study, Choi et al. find 
no benefit in any of the ADC or histogram metrics for pre-treatment prediction of 
response10.
Interestingly, the VOI volume, was the only parameter that resulted in significant 
differences between some of the favorable and unfavorable (cN+, cMRF+) sub-
groups. Previous studies also showed superior results for DWI tumour-volumetry 
compared to ADC measurements, albeit that these studies focused on assessment 
of tumour response after chemoradiotherapy rather than for predicting prognos-
tic factors at primary staging. Pre-treatment DWI tumour volumes in those pre-
vious reports did not show any significant correlations with the final treatment 
outcome1, 30, which is in line with our current findings. 
Our study had some limitations, the first of which being its retrospective nature 
and the relatively small number of patients. Second, for some of the study patients 
not all of the outcome variables were available (for example because patients 
underwent palliative treatment and did not proceed to surgery). Moreover, the 
prognostic outcome factors (such as N-stage and MRF involvement) were primarily 
based on the MRI staging result rather than histopathology. This method – also 
previously used by other authors5, 6 – was chosen, since part of the study patients 
underwent neoadjuvant treatment before surgery and in these patients the final 
histopathology will no longer reflect the primary tumour stage. We, however, ac-
knowledge that the clinical staging is a subjective measure that will be influenced 
by known limitations of MRI in assessing these factors, as well as radiologists’ ex-
perience. Third, mean ADC derived from a precise expert delineation was arbitrari-
ly defined as a standard of reference, because it is the measure that is currently 
most widely used in published reports. We acknowledge, however, that this is a 
subjective standard of reference that will vary for example depending on the DWI 
image protocol (e.g. acquisition parameters, patient preparation etc.) as well as 
the experience of the readers. Finally we performed our analyses based on the 
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assumption that the ADC values from both the precise and non-precise methods 
are normally distributed within patients (as illustrated in Figure 2), which would 
make it acceptable to identify the non-precisely measured 45th percentile as the 
best surrogate measurement for the mean ADC from the precise method. This 
was, however, not tested for each individual patient. 

In conclusion, the 45th percentile ADC of the histogram derived from non-precise 
delineation correlates well with the mean ADC of the precise method and may 
thus be used as an alternative measure. In our study we could not confirm the 
previously reported potential value of ADC measurements to predict the prognos-
tic tumour profile or response to treatment. Moreover, histogram ADC analysis 
did not appear to provide any additional prognostic information. Tumour volume 
was the only parameter found to correlate with prognostic features (N+ and MRF+ 
status). 
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In recent years, novel MR techniques and image quantification methods have 
been developed and studied to investigate their potential to address the diag-
nostic challenges we are facing in rectal cancer staging and restaging. Radiologists 
need to keep adapting to changes in order to remain indispensable partners in the 
multidisciplinary team involved in the treatment of rectal cancer. This is especially 
to the current trend toward more patient tailored treatments, based on the spe-
cific needs of the individual patient. Medical research is the beating heart of this 
evolution. Unfortunately, many promising research discoveries never make it past 
the early research phase, because they are not sufficiently validated, unpractical 
for daily use or because they lack a clear clinical incentive. A good example of a 
research technique that has proven to be successful is diffusion-weighted imaging 
(DWI). Since its introduction as a potential oncologic imaging technique, over 5000 
scientific reports have been published on the use of DWI in oncology, with over 
200 specific publication on the topic of DWI for rectal cancer imaging. 
With this thesis we aimed to help overcome this problem by taking previous re-
search (including work from our own group) one step further, and to investigate 
new ways that help translate the use of novel imaging and image quantification 
techniques from research to daily clinical practice. 

PART I - DIFFUSION-WEIGHTED IMAGING FOR RECTAL STAGING 
AND RESTAGING IN DAILY PRACTICE

DWI for response evaluation after chemoradiotherapy

Diffusion-weighted imaging was originally mainly used for imaging of the brain 
as a highly sensitive technique to detect brain ischemia1. Over the last few years, 
DWI has slowly also found its way to body imaging. DWI is a functional imaging 
technique that measures the extracellular movement (‘diffusion’) of water protons 
between tissues. As this diffusion varies in different tissues, DWI can distinguish 
normal from pathological tissues2. The first studies on the use of DWI in rectal 
cancer originate from 2002 and focused on response evaluation after chemora-
diotherapy (CRT)3, 4. In 2009, Kim et al. were the first to convincingly show that 
the addition of DWI increases the diagnostic accuracy in the visual diagnosis of a 
complete tumour response after neoadjuvant treatment compared to the use of 
only the standard morphological T2-Weighted (T2W) imaging sequences5. After 
this publication, several reports, including a recent meta-analysis from 20136 have 
supported this finding and DWI is nowadays implemented in many centres as part 
of the standard rectal MRI protocol, particularly for restaging after CRT. However, 
a critical note is that in almost every study on DWI for response evaluation, the 
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images were read by abdominal radiologists or even specific rectal MR experts, 
often with many years of previous MR reading experience. In liver MR imaging, it 
has been demonstrated that the level of experience is a significant factor that can 
contribute to DWI reading performance7. In rectal cancer DW imaging, this factor 
has not been specifically addressed before. This was one of the reasons why our 
research group initiated a nationwide multicentre study in 2012, funded by the 
Dutch Cancer Society, in which eight centres in the Netherlands participated. In 
this study, DWI was routinely added to the rectal MRI protocol for primary staging 
as well as for response evaluation after neoadjuvant CRT. DW images were read by 
local radiologists and then re-assessed by expert readers, who also provided the 
local radiologists with feedback. Inclusion of patients has recently been completed 
and the results are currently being analysed. As an adjunct to this multicentre 
study, we initiated a project (chapter 4) in which we asked two radiology residents 
with no specific previous rectal MRI experience to read 100 consecutive restaging 
MRIs including DWI to evaluate response to CRT. The readers received regular ex-
pert feedback. The aim was to explore the most common interpretation pitfalls 
encountered by non-expert readers when assessing DWI scans of the rectum and 
to study the effects of structured expert teaching. At the end of the study, the two 
readers were able to differentiate between patients with a complete response and 
patients with residual tumour after CRT with AUCs of up to 0.88, which is similar 
to that previously reported for experts. These results suggest that, after some trai-
ning, DWI can be a useful addition to standard MRI and other clinical tools, such 
as the digital rectal examination and endoscopy. Together these tools can be used 
in daily clinical practice to assess resonse after CRT, and may help select clinical 
complete responders, who may be eligeble for a watchful waiting approach. In this 
setting, the combination of DWI-MRI together with clinical evaluation including 
endoscopy has been shown highly accurate to select complete responders after 
CRT with a post-test probability of 98%8.

DWI for primary tumour staging 

While the role of DWI for response evaluation after CRT is already relatively well 
established, evidence for its use in the primary staging setting is still sparse. Some 
studies have shown that DWI may help in the primary detection of rectal tumours 
on MRI. Although from a clinical point of view the role of MRI is not so much to de-
tect but rather to stage tumours, the high conspicuity of tumours on DWI may still 
be of added value in this staging process. In chapter 2 we evaluated the potential 
value of DWI to measure tumour height and tumour length in the primary staging 
setting. The incentive to perform this study was that previous studies have sugge-
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sted that use of standard (T2-weighted) sequences may result in an overestimation 
of the extent of rectal tumours on MRI9. Our results in chapter 2 appear to support 
this finding: particularly when measurements are performed by a relatively inex-
perienced reader, use of DWI instead of T2-weighted MRI results in a significantly 
smaller assessment of tumour length and consequently a larger tumour height, 
suggesting that addition of DWI may help reducing the overestimation of tumour 
size. 

DWI for Lymph node staging

The role of DWI for lymph node imaging is a topic that has been the subject of 
ongoing debate in recent literature. There is a general consensus that DWI is a 
very powerful tool to detect lymph nodes, due to the fact that lymph node tissue 
has a very dense cellular structure, which results in high signal and thus excellent 
visibility on DWI10-14. Several studies, in rectal cancer as well in other malignan-
cies, have shown that DWI detects a much higher number of nodes compared to 
standard T2W imaging. For example Lambregts et al. reported that on restaging 
MRI after CRT DWI detected 26% more nodes than T2-weighted MRI13. Despite 
this high detection rate so far DWI has not shown a convincing clinical benefit for 
nodal staging. This is because it lacks the ability to further characterize the nodes 
once detected. Various studies have looked into the signal intensities of nodes on 
DWI to differentiate between malignant and benign lymph nodes, but did not find 
any difference between the two groups14, 15. In addition, studies looked into quan-
titative DWI analysis of nodes using Apparent Diffusion Coefficient (ADC) measu-
rements, again with disappointing results. Different studies could not produce a 
significant difference in ADC values between benign and malignant nodes14, or did 
find a significant difference but with significant overlap in ADC values between the 
malignant and benign lymph nodes13. This limits the clinical utility of measuring 
ADC, which was also reported by several groups who found no clear added value 
in terms of diagnostic accuracy when adding ADC measurements to routine visual 
(size and morphology based) assessment of lymph nodes13, 16, 17. Therefore we set 
out in chapter 3 to use DWI in an alternative, more practical way, focussing on the 
main strength of DWI: its high sensitivity to detect even very small lymph nodes. 
After CRT, lymph nodes are known to reduce in size, which makes them harder to 
detect and assess18, 19. We hypothesized that if any positive nodes remain after 
CRT, these should be visible on DWI. In other words, if there are no nodes visible 
on DWI after CRT, this should indicate that all nodes have been sterilised and con-
sidered proof of an yN0 status. Selection of these node-negative patients after CRT 
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is important, particularly when considering patients for organ saving treatments 
such as watchful waiting. We indeed found that - although the total absence of 
nodes on DWI was not a frequent finding – it was a 100% reliable predictor for a 
yN0-status. When used in this way, DWI may thus still be of practical added benefit 
for lymph node evaluation after CRT, in addition to its already established role for 
response assessment of the primary tumour described above. 

PART II – QUANTIFICATION – A PRACTICAL APPROACH

There is much more information that can be derived from imaging than what 
can be observed with visual assessment alone. Therefore, in recent years a lot 
of research has focussed on quantitative imaging assessment. One of the most 
often studied quantitative measurements in rectal cancer is the tumour size. The 
common notion is that with increasing tumour size, outcome will be worse: larger 
tumours have shown to have a more aggressive tumour profile, and to have a 
poorer response to neoadjuvant therapy20-23. Moreover, when a tumour shows litt-
le reduction in size as a result of treatment, this is typically associated with a poor 
response. Although over 15 studies have been published on the topic of rectal 
tumour size/volume, it is difficult to draw firm conclusions about the best way to 
perform measurements (one-dimensional, 3-dimensional or whole-volume), the 
reproducibility of the variable threshold values reported, their clinical implications 
and how these measurements may be used in daily practice. This is the reason 
why we performed the study described in chapter 5. In this study, we conducted 
a review of all existing literature on tumour size/volume measurements for res-
ponse assessment in rectal cancer and validated the findings of these studies in 
an independent multicentre patient cohort of n=146 patients. We found that one 
dimensional (length) or 3-dimensional size measurements are of limited use to as-
sess response. Whole-volume measurements on the other hand, can be helpful in 
rectal cancer response assessment when using selected cut-off values, particularly 
to assess a complete tumour response (ypT0) after CRT with accuracies – after 
prospective validation – of up to 80%. However, these results for whole tumour 
volumetry on T2-weighted MRI are still inferior to those reported for visual assess-
ment on T2W images combined with DWI (with reported accuracies up to 94%)23-25.  
Tumour volumes on MRI are typically acquired by the exact manual delineation of 
the tumour boundaries on each slice by experienced readers. These precise deli-
neations are also required to calculate tumour ADC values, as whole-volume de-
lineations have been shown to provide the best reproducible tumour ADC values 
with superior results compared to sample or single slice measurements24, 25. Howe-
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ver, the obvious downside of these whole-volume delineations is that they require 
extensive input from radiologists and are highly time-consuming. In order to make 
tumour quantification more practically applicable, there is thus an obvious need to 
study methods that can facilitate tumour delineation. In chapter 6 we investigated 
the option of automated tumour segmentation on DWI. The practical advantage 
of DWI is that it has a very high tumour-to-background contrast. This makes DWI 
potentially suitable for automated detection and segmentation of tumours using 
software algorithms. When using manual tumour segmentation as the reference 
standard, our first results showed that similir outcomes can beachieved when the 
radiologists manually adjust the inaccuracies of automatically generated segmen-
tations. This approach saved up to 18 minutes delineation time per patient when 
compared to full manual delineation. The input required from radiologists may be 
reduced even more when these auto-segmentation software models are further 
developed, for example using machine-learning algorithms26.
 
In chapter 7 we investigated an alternative method to reduce the delineation input 
and time that is required from radiologists to calculate tumour ADC values. We 
investigated whether non-precise tumour delineations performed by non-expert 
readers could be used as an alternative if we compensate for the delineation in-
accuracies by adding histogram analysis as a post-processing step. Histograms are 
used to assess the distribution of individual voxels values within a certain region 
of interest. As such histograms may theoretically be used to focus on specific ADC 
values (e.g. tumoural values) within the spectrum, thereby filtering out ‘noise’ cre-
ated by inaccurate delineations. We indeed found that histograms may be used in 
such a way and that the time saved with the delineation procedure was almost si-
milar to that for the auto-delineation software algorithms used in chapter 6. As an 
added benefit, no expert input was required, as delineations could be performed 
entirely by non-expert (resident level) readers. On the other hand, reproducibili-
ty compared to whole-volume manual delineations was considerably poorer than 
the results for our software algorithm approach in chapter 6. As a secondary goal, 
we tested the prognostic value of the ADC values obtained in our study and com-
pared these to results from previous literature. ADC is the most commonly used 
quantitative diffusion measure and (indirectly) provides information about the tu-
moural cell and tissue architecture. Some studies have shown that ADC can be 
used as a prognostic biomarker to predict tumours with a more or less aggressive 
tumour tissue profile27-30. Moreover, some studies have demonstrated significantly 
lower ADC values in tumours that show a better response to treatment31, 32. The 
hypothesis is that tumours with lower ADC values have less necrotic changes and 
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are therefore better susceptible to neoadjuvant CRT. Despite these promising ini-
tial results, various others reports could not confirm these findings. We were also 
not able to demonstrate the benefit of measuring ADC to predict prognostic tu-
mour factors or treatment outcome in our study. Furthermore, we could not find a 
clear additional prognostic value for calculating histogram metrics. Therefore, the 
role of ADC as a clinical biomarker to date remains questionable.

FUTURE PERSPECTIVES 

The development of novel imaging and post-processing methods is a hot topic in 
medical imaging research. The model of development, research and implementati-
on of DWI described in this thesis could serve as an example to stimulate research 
on other promising functional imaging techniques, such as dynamic contrast enhan-
cement (DCE) MRI, hypoxia imaging, fibrosis imaging (magnetization transfer MRI), 
hybrid PET-MR imaging, etcetera. In the future we should attempt to define the most 
clinically meaningful (functional) imaging parameters and combine these with other 
clinical, histopathological an immunohistochemical markers into comprehensive 
multiparametric models to help further optimize and tailor treatments to a patients 
individual tumour profile. The ultimate aim is to offer each patient the best possible 
treatment, chance of cure and quality of life. 

RECOMMENDATIONS FOR CLINICAL PRACTICE

With this thesis, we aimed to explore ways to facilitate the general use of DWI in 
the daily management of rectal cancer patients in a practical manner, and to see 
what steps should be taken to help translate the use of more novel and quanti-
tative DWI applications such as DWI tumour volumetry and ADC measurements 
from research to daily clinical practice.
As shown by previous research, DWI is a useful adjunct to the clinical and en-
do-scopic selection of rectal cancer patients with a complete response after CRT. 
This thesis further proves that DWI can aid in the selection of patients for or-
gan-preservation by accurately identifying patients with a node negative status 
after CRT. Absence of nodes on post CRT DWI is 100% predictive of a yN0 status. 
Also, it has been shown that a general radiologist needs to be trained in 40-60 ca-
ses to reach diagnostic performance levels similar to that of expert readers. 
With regard to tumour quantification, the results in this thesis do not support 
the routine use of ADC as an imaging biomarker. Tumour volumetry on standard 
T2-weighted MRI is inferior to that on DWI, and T2W volumetry for the assess-
ment of response therefore is of limited use for daily practice. DWI volumetry 
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could work but it is a time consuming process and therefore unpractical for daily 
use. In this thesis we have shown that mainly (semi-) automated software algo-
rithms are promising to reduce the time required for tumour segmentations on 
DWI. However the currently available algorithms still requires manual input from 
radiologists. Therefore, future research should focus on further optimizing these 
algorithms in order to make DWI tumour volumetry a practically applicable tool 
for daily use.
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In the last century, significant steps have been made in the treatment of cancer. 
Although there is no therapy to cure every type of cancer, in many types of cancer 
treatment strategies have evolved to make it a chronic illness that can be managed 
and controlled for a long period of time. Despite these developments, cancer is still 
in the top 10 of causes of death in the Western World. Colorectal cancer in specific 
is the 3rd and 2nd most common type of cancer in men and women, respectively 
and worldwide the 3rd most common cause of cancer death. Rectal cancer ac-
counts for approximately one third of all colorectal cancers, with 500 new cancer 
diagnoses in the Netherlands every year. Patients with rectal cancer traditionally 
had a very poor prognosis, mainly due to the high risk of a local recurrence of the 
tumour after surgery. The introduction of standardised surgical techniques (total 
mesorectal excision), as well as neoadjuvant treatment (chemotherapy and radia-
tion therapy) for patients with more advanced tumours have lowered the number 
of local recurrences drastically. These discoveries further stimulated the urge to 
personalize treatment for each individual patient. To decide which patient benefits 
from which treatment it is important to divide the patients in different risk cate-
gories based on their primary tumour status. There are three main risk categories: 
low risk tumours that can be treated with direct surgery without neoadjuvant tre-
atment, intermediate risk tumours who receive a short course of radiotherapy be-
fore surgery,  and the high risk group with locally advanced  tumours who receive a 
long course of neoadjuvant chemoradiotherapy (CRT) to downstage the tumour be-
fore surgery. MRI plays a key role to stage rectal tumours in order to determine the 
tumour risk profile and thus the appropriate treatment for each individual patient.  
Recently there have been new developments to further personalize treatment 
in rectal cancer, the most important one being the introduction of ‘organ saving’ 
treatment strategies.  Up until recently all patients with advanced rectal tumours 
treated with neoadjuvant chemoradiotherapy proceeded to surgery, regardless of 
the response to the chemoradiotherapy.  In a small percentage (± 15%) of the-
se patients, the response to chemoradiotherapy is so substantial that no residual 
viable tumour is found at surgical resection. For these patients  it may now be 
considered to defer from radical surgery and instead monitor the patients (‘wait-
and-see’) or perform a small local excision, thereby saving the rectum and pre-
venting a stoma and other peri- and postoperative morbidity. In the light of these 
organ-saving treatments, it becomes more and more important to accurately eva-
luate the response to chemoradiotherapy with imaging or even predict before the 
start of treatment which patients are likely to show a good response to chemora-
diotherapy so that the neoadjuvant treatment may be further optimized. Standard 
morphological MRI will no longer be sufficient to answer these more advanced 
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imaging questions and new techniques will need to be developed and studied to 
meet the new clinical needs.
One of the most important new techniques that has been developed and studied for 
rectal cancer imaging in recent years is diffusion-weighted imaging (DWI). DWI is a 
type of MR sequence that can easily be added to any routine rectal MRI protocol. It 
can provide radiologists with unique information on the cellularity of tissues and has 
shown great benefit for the differentiation between high-cellular (tumour) and nor-
mocellular (non-tumour) tissues. At the start of this thesis, the use of DWI had mainly 
been studied in purely research settings and studies focussing on implementation 
of DWI in clinical settings were lacking. Moreover, previously studied methods of 
DWI analysis so far often included quantitative measurement methods that are im-
practical and time-consuming and therefore difficult to implement in daily practice.  
This triggered us to study practical ways to use DWI in a clinical setting, and to 
make it available and applicable for every radiologist, to avoid that this potentially 
promising and potentially clinically beneficial technique may get stuck in research 
settings. Therefore, the main aim of this thesis was to look for strategies and tools 
that can benefit the clinical use of DWI in different clinically relevant scenarios 
within the spectrum of rectal cancer treatment. 

RELEVANCE OF SCIENTIFIC RESULTS IN THIS THESIS

The results of the thesis offer several practical points of advice on how DWI may 
be used for rectal cancer management. First, it shows that after a certain training 
every radiologist can use DWI for tumour response assessment after neoadjuvant 
treatment, with results similar to those previously reported for expert readers 
in research settings. Moreover, we also discovered several important pitfalls and 
learning points, that can serve as a teaching reference for future radiologists. Se-
cond, this thesis shows that DWI can very practically be put to use to help select 
patients with a complete response of their lymph node metastases after chemora-
diotherapy by simply counting the number of lymph nodes on DWI, a method that 
is easily applicable for daily use. Finally this thesis shows different ways in which 
quantitative analysis of DWI can be performed in a more practical manner. The use 
of DWI tumour volumetry has previously been shown to be promising. However 
due to the time-consuming nature of manual delineation of tumour volumes it 
has not yet found its way to clinical practice. This thesis shows that there are other 
ways to measure tumour volumes on DWI that are easier, quicker and offer similar 
results. Based on the results of this thesis, the use of more advanced quantificati-
on methods at this point has no clear added value for clinical use. 
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TARGET POPULATION

All patients with rectal tumours routinely undergo MRI as part of the clinical di-
agnostic path, according to the national guidelines. Patients with intermediate or 
high risk tumours then receive neoadjuvant treatment, followed by surgery (or 
in some cases by organ-saving treatments, as discussed above). These patients 
undergo a second restaging MRI to assess the tumour response. The target po-
pulation includes all these patients undergoing MRI. In addition, the radiologists 
who assess the MR Images are part of the target population of this thesis, as the 
teaching of radiologists is a very important feature that will benefit the actual use 
of novel MR techniques and its implementation in clinical protocols.

INNOVATION AND FUTURE

The role of imaging in the treatment of cancer has grown considerably with ongoing 
developments in cancer treatment. Introduction of novel imaging strategies such 
as the use of diffusion-weighted MR imaging in rectal cancer can facilitate the se-
lection of patients for organ-saving treatments. However, there is no clear consen-
sus on the best strategy to put DWI to use in daily practice. Although the results 
of these thesis already contribute to solving this issues, further research is still 
required, particularly with respect to quantitative DWI evaluation. An important 
next step is multicenter validation of (semi-)automated DWI volumetry methods  
 
Moreover, the same path to translate research into daily practice should be explo-
red for other novel imaging techniques apart from DWI (which was the main focus 
of the current thesis), for example perfusion and fibrosis imaging. Ultimately, the 
future most probably lies in finding a way to smartly combine these different tech-
niques. Such multiparametric imaging evaluations most likely will offer the most 
comprehensive insights into tumour biology and can be expected to contribute a 
better understanding of cancer and treatment processes and thereby ultimately 
help to further personalize and optimize treatment individual cancer patients.
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The aims of this thesis were to investigate practical ways to enhance the role of 
diffusion-weighted imaging (DWI) in daily rectal cancer staging and restaging and 
to find ways to facilitate the role of quantitative MRI and DWI image analysis in 
rectal cancer. 

Part I Diffusion-weighted imaging for daily rectal staging

Chapter 2 explores the measuring of the tumour length and height with DWI as an 
alternative to the commonly used standard T2-Weighted imaging (T2W) sequen-
ces. In previous studies, it was shown that T2W-MRI tends to overestimate tumour 
length. DWI may help to overcome this problem. Indeed we found that the tumour 
length was significantly smaller when measured on DWI instead of standard T2W, 
both at primary staging as well as for restaging after chemoradiotherapy. This con-
sequently translated into a larger tumour height when measured on DWI, particu-
larly at restaging. However, differences were small and probably will have limited 
impact on treatment decision-making.
In chapter 3 we tested whether use of DWI could aid in differentiating between 
patients with and without residual nodal metastases in the restaging setting, after 
completion of chemoradiotherapy. We hypothesized that – given the known excel-
lent sensitivity of DWI to detect lymph nodes – the absence of nodes on DWI after 
CRT would be proof that all metastatic nodes have vanished. We indeed found in a 
group of 90 patients that the 10 patients (14%) who did not had any visible nodes 
on the b1000 DWI scans all had a confirmed yN0 status (resulting in a sensitivity 
of 100% for DWI). Unfortunately, this does not work as well the other way around: 
most patients with an yN0 status still had visible lymph nodes on DWI resulting in a 
low specificity of only 14%. We thus concluded that – although it is not a frequent 
finding – the absence of lymph nodes on a restaging DWI can play a supporting 
role in the selection of node-negative patients which is an important factor when 
considering patients for organ-preservation after CRT. 
In chapter 4, we explored how expert teaching can be used to improve the diag-
nostic performance of general or resident radiologists when assessing DWI to eva-
luate the response of rectal tumours after neoadjuvant treatment. Results showed 
that after training by an expert readers with approximately 50 cases non-expert 
readers are able to achieve a diagnostic accuracy of around 85% to differentiate 
between patients with a complete response and residual tumour, similar to those 
previously reported for experts. Furthermore, we documented five main interpre-
tation pitfalls that may serve as a reference to teach future readers interested in 
the use of DWI for rectal tumour response evaluation. 
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Part II – Quantitative analysis of rectal cancer imaging – a practical approach

In chapter 5 we reviewed all available literature on tumour size and volume measu-
rements on standard T2-weighted MR for rectal tumour response assessment 
after CRT. From these results we extracted reported size and volume threshold, 
which we then tested and validated in a new prospective multicenter cohort to 
determine their potential clinical value to assess and predict response. We tested 
3 different reported measurement methods: one-dimensional tumour length, 3 
dimensional measurements (length x height x width) and whole tumour volume-
try. Results showed that whole tumour volume measurements provided the best 
results and might be helpful in rectal cancer response assessment when using se-
lected cut-off values, with accuracies up to 80%. MRI whole tumour volumetry 
was mainly accurate to assess a complete tumour response (ypT0) after CRT, but 
less helpful to assess T-downstaging or TRG1-2. Measurements of tumour length 
or three-dimensional tumour size are not useful with accuracies ranging only be-
tween 48% and 56%.
In chapter 6 we subsequently focussed on whole tumour volumetry using DWI 
instead of T2-weighted MRI. Previous studies have shown that DWI-volumetry is 
more useful than standard T2W-volumetry to assess response, but the typically 
used manual segmentation methods required to calculate tumour volumes are far 
too time consuming to be useful in daily practice. For this project we studied the 
use of automated segmentation techniques (that can be performed by non-radio-
logists) and a semi-automated method (where automatically generated volumes 
are manually adjusted by expert radiologists) and compared this to manual tumour 
segmentation. We found that there is excellent agreement between the manual 
delineation method and the (semi) automated segmentation tools, with Intraclass 
coefficients (ICCs) ranging from 0.80-0.91 at primary staging and 0.53-0.66 after 
CRT for the automated segmentation, and 0.91-0.97 (staging) and 0.61-0.75 (after 
CRT) for the semi-automated segmentation. Moreover, both methods can save the 
radiologist a considerable amount of time compared to manual delineation (espe-
cially for the primary staging MRI) with a decrease in measurement time of up to 18 
minutes per patient for both the semi-automated and automated approach. Given 
the superior reproducibility (compared to manual delineation) of the semi-automa-
ted method, this strategy could have real potential to provide a good alternative to 
manual DWI tumour volumetry for rectal tumour response assessment. Future stu-
dies should focus on further optimising DWI image acquisition and segmentation 
algorithms as well as on integrating these tools into clinical viewing systems to allow 
implementation in daily practice and further improve time efficacy.
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Manual whole-volume tumour delineations are also typically used to obtain tu-
mour Apparent Diffusion Coefficient (ADC) measurements, the main quantitative 
measure of DWI reflecting tumour cellularity. In chapter 7 we investigated an al-
ternative way to overcome the fact that these delineations are time consuming 
and cumbersome. We investigated whether none-precise delineation combined 
with histogram analysis (to compensate for delineation inaccuracies) could pro-
vide the same ADC information as when derived from precise delineations. Mo-
reover, we investigated whether the addition of histogram analysis would provide 
valuable extra information to predict prognostic tumour profiles and response. 
We found that the 45th percentile of the ADC histogram derived from non-precise 
delineation correlated well with the mean ADC derived from exact manual tumour 
delineation, and may thus be used as an alternative measure whilst considerably 
saving time in the delineation process. We could unfortunately not confirm results 
previously reported that ADC measurements have potential as a clinical prognostic 
biomarker. Moreover, addition of histogram ADC analysis did not offer any additio-
nal prognostic information. The only parameter found to correlate with important 
prognostic features (N+ and MRF+ status), was the DWI tumour volume.
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De doelstellingen in deze thesis waren om te onderzoeken of er een praktische 
manier is om de rol van diffusie gewogen MRI (DWI) te vergroten in de dagelijkse 
praktijk bij zowel primaire stadiëring als bij de respons evaluatie van het rectum-
carcinoom, en daarnaast om te kijken of het mogelijk is om het gebruik van kwan-
titatieve analyse van MRI en specifiek DWI bij het rectumcarcinoom te faciliteren.

Deel I Diffusie gewogen MRI in de dagelijkse praktijk voor de stadiëring van 
rectumcarcinomen

In hoofdstuk 2 wordt onderzocht of het meten van de tumorlengte en –hoogte 
op DWI een goed alternatief is voor het meten hiervan op de standard gebruikte 
T2-gewogen (T2W) sequentie. Eerdere studies hebben laten zien dat op T2W MRI 
de lengte van de tumor kan worden overschat. DWI kan dit probleem wellicht ver-
helpen. We vonden inderdaad dat de tumorlengte significant kleiner was wanneer 
deze werd gemeten op DWI in plaats van standaard T2W MRI beelden. Dit was 
zowel het geval bij de primaire stadiëring als bij respons evaluatie na behandeling 
met chemoradiotherapie (CRT). Dit had als gevolg dat de tumor hoogte op DWI 
beelden groter werd gemeten, met name bij respons evaluatie. Echter, de geme-
ten verschillen waren klein en waarschijnlijk is de invloed beperkt voor de besluit-
vorming rondom behandeling.
In hoofdstuk 3 hebben we getest of het gebruik van DWI zou kunnen helpen bij 
het differentiëren of patiënten wel of geen lymfeklier metastasen hebben op het 
moment van de respons evaluatie na de neoadjuvante behandeling met CRT. Onze 
hypothese was, gezien het feit dat DWI heel sensitief is voor het detecteren van 
lymfeklieren, dat de afwezigheid van klieren op DWI bewijs zou kunnen zijn voor 
het feit dat alle lymfeklier metastasen zouden zijn verdwenen.  We vonden inder-
daad in een groep van 90 patiënten dat de 10 patiënten (14%)  bij wie geen klieren 
meer werden gezien op de b1000 DWI scans allemaal een yN0 status hadden (wat 
maakt dat de sensitiviteit 100% was voor DWI). Jammer genoeg werkt dit niet 
andersom: bij de meeste patiënten met een yN0 status waren nog lymfeklieren 
zichtbaar op de DWI, waardoor de specificiteit van deze bevinding slechts 14% 
is. Derhalve hebben we geconcludeerd dat, ook al komt het niet vaak voor, de 
afwezigheid van lymfeklieren op de DWI scan voor respons evaluatie een onder-
steunende rol kan hebben voor het selecteren van patiënten met een yN0 status. 
Dit is een belangrijke factor voor het bepalen of een patiënt in aanmerking komt 
voor orgaan-preservatie na CRT. 
In hoofdstuk 4 hebben we onderzocht of scholing door experts kan worden ge-
bruikt om de diagnostische vaardigheden bij het beoordelen van DWI voor res-
pons evaluatie van het rectumcarcinoom van algemene radiologen of artsen in 
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opleiding tot radioloog te verbeteren. De resultaten lieten zien dat na een scholing 
door experts van ongeveer 50 casussen ervoor zorgde dat een diagnostische ac-
curaatheid van 85% werd gehaald voor het onderscheiden van patiënten met of 
zonder complete tumorrespons door de niet-experts. Dit is vergelijkbaar voor de 
accuratesse van experts die in eerdere studies werd beschreven. Bovendien heb-
ben we de vijf belangrijkste valkuilen gedocumenteerd van de interpretatie van 
DWI, die als referentie kunnen worden gebruikt om in de toekomst radiologen te 
scholen die zijn geïnteresseerd in het gebruik van DWI voor tumorrespons evalu-
atie bij rectumtumoren. 

Deel II – Kwantitatieve analyse van MRI bij rectumcarcinoom – een praktische 
benadering. 

In hoofdstuk 5 wordt een overzicht gegeven van de beschikbare literatuur over het 
meten van tumor grootte en volume op standaard T2W MRI voor de respons eva-
luatie na CRT. Uit deze resultaten werden verschillende grootte en volume afkap-
punten gehaald, die vervolgens prospectief werden getest en gevalideerd in een 
nieuwe multicenter cohort. Hier werd bij 3 verschillende meetmethoden (lengte, 
3D-grootte en volume) bepaald wat de klinische waarde was van deze afkappun-
ten om de respons evaluatie te bepalen en voorspellen. Er werd gevonden dat het 
meten van het tumorvolume de beste resultaten liet zien en dat dit bruikbaar kan 
zijn wanneer de juiste afkapwaarden worden gebruikt, met een accuratesse tot 
80% voor het bepalen van de tumorrespons. Hierbij lijkt het meten van het volume 
van de tumor vooral bruikbaar om te bepalen of de patiënt een complete tumor-
respons heeft na CRT (ypT0). De accuratesse van het meten van tumorlengte en 
3D volume op T2W liet lage accuratesse zien (tussen 48% en 56%) . 
In hoofdstuk 6 lag de focus vervolgens op het bepalen van tumor volume op DWI 
beelden in plaats van de T2W beelden. Eerdere studies lieten al zien dat volu-
memetingen op DWI geschikter zijn voor het bepalen van respons na CRT, maar 
doorgaans wordt het volume gemeten door het handmatig intekenen van de tu-
morgrenzen op de beelden. Deze methode kost te veel tijd om in de dagelijkse 
praktijk te gebruiken. Derhalve hebben we in dit project onderzoek gedaan naar 
het gebruik van geautomatiseerde segmentatie technieken en semi-automatische 
methoden (waarbij de radioloog het automatisch gegenereerde volume handma-
tig aanpast). We vonden hierbij date er sprake is van een uitstekende overeen-
stemming tussen de handmatige en de (semi-)automatische methoden, waarbij 
de Intraclass coefficients (ICCs) tussen 0.80-0.91 lagen bij primare tumoren en 
tussen 0.53-0.66 na CRT voor de automatische methode en voor de semi-auto-
matische methode tussen 0.91-0.97 (primair) en 0.61-0.75 (na CRT). Bovendien, 
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beide methodes besparen de radioloog een aanzienlijke hoeveelheid tijd verge-
leken met de handmatige methode. Dit geldt vooral voor d volume metingen bij 
primaire tumoren, waar tot wel 18 minuten per patient werd bespaard met zowel 
de automatische als semi-automatische methode. Omdat de semi-automatische 
een betere reproduceerbaarheid had (vergeleken met de handmatige method), 
heeft deze meetmethode potentie om een goed alternatief te worden voor de 
handmatige tumor volume metingen voor respons evaluatie. 
Bij het bepalen van handmatige tumor volumes op DWI, kan ook de Apparent 
Diffusion Coefficient (ADC) worden bepaald, wat een kwantitatieve meting is voor 
de cellulariteit van de tumor. In hoofdstuk 7 is onderzocht of er een alternatieve 
manier is voor deze handmatige, tijdrovende methode om de tumor ADC te bepa-
len. Hierbij is onderzocht of ruime omlijning van de tumor gecombineerd met His-
togram analyse (om te compenseren voor ruis) vergelijkbare ADC informatie kan 
verschaffen als de exacte tumor delineatie methode. Daarbij werd ook onderzocht 
of het toevoegen van histogram analyse wellicht meer informatie kan verschaffen 
over het prognostische tumorprofiel dan de standaard gebruikte gemiddelde ADC 
waarde. Hierbij vonden we dat het 45e percentile van de ruime delineatie het bes-
te overeenkomst met het gemiddelde ADC van de exacte delineatie method. Dit 
betekent dat de ruime delineatie de 45e percentile kan worden gebruikt als tijdbe-
sparend alternatief. We konden helaas het eerder gerapporteerde potentieel van 
ADC als klinische prognostische biomarker bevestigen in deze studie. Ook bleek 
dat het toevoegen van ADC histogram analyse geen toegevoegde waarde had. De 
enige parameter die correleerde met belangrijke prognostische factoren (N+ en 
MRF+ status), was het volume van de tumor op DWI.
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Dan het dankwoord. Natuurlijk hét moment om veel mensen te bedanken, maar 
ook om te laten zien hoeveel fijne mensen ik de afgelopen jaren heb ontmoet. Het 
spijt me oprecht als ik iemand ben vergeten, ik had dit proefschrift nog gemakkelijk 
kunnen verdubbelen in dikte door lofzangen en dankbetuigingen. 

Prof. Dr. Regina Beets-Tan, beste Regina, heel erg bedankt dat je me hebt overtuigd 
om onderzoek te gaan doen! Wie had dat gedacht een aantal jaar geleden. Ook al 
zaten we de laatste maanden wat verder uit elkaar, je vertrouwen en enthousiasme  
betekenen veel voor mij. Hartelijk dank voor de kansen die je me hebt gegeven. Ik 
ben trots om jou als promotor te hebben en van het Recteam deel uit te mogen 
maken.

Prof. Dr Geerard Beets, beste Geerard, ook jou wil ik van harte bedanken voor de 
afgelopen jaren. Jouw nuchtere kijk en relaxte instelling maken je een bijzonder 
fijn persoon om mee te werken. Je houdt altijd de patiënt in het oog. Ik weet 
zeker dat het watch-and-wait project zich verder zal verspreiden door het land en 
internationaal! Hartelijk dank en succes verder in Amsterdam!

Dr. Doenja Lambregts, beste Doenja, jouw onuitputbaarheid en inzicht zijn 
jaloersmakend. Een betere begeleider had ik me niet kunnen wensen. Je 
enthousiasmeert, bent rechtvaardig en bracht me regelmatig het overzicht terug. 
Ik vond het fijn om met je te sparren, maar zeker ook om een borrel te drinken. 
Succes in de toekomst, die zeker gouden bergen zal hebben. En ik beloof dat ik 
nooit meer statistiek met een rekenmachine zal doen.

Prof. dr. Roy Kruitwagen, het is een eer dat u voorzitter van mijn beoordelingscommissie 
wilde worden. Ik wil u en de andere leden van de beoordelingscommissie, Prof. dr. 
Simon Robben, Prof. dr. Laurent Stassen, Prof. Dr. Uulke van der Heiden en Dr. 
Elleke Dresen, alsmede de leden van de oppositiecommissie, hartelijk danken voor 
de kritische beoordeling van mijn proefschrift. 

Lieve Rianne en Britt, heel veel dank voor alles wat jullie de afgelopen jaren voor mij 
hebben betekend. Jullie hebben nogal wat met me te stellen gehad, maar ik heb 
jullie hopelijk ook veel gebracht (en niet alleen in gebakken vorm). Rianne, jouw ‘doe-
maar-normaal/rustig’ instelling was precies wat ik af en toe nodig had. Die instelling 
is ook de reden dat ik hier niet te veel veren in je derrière zal steken. Je weet namelijk 
zelf precies hoe blij ik met jou als collega ben. Britt, we zaten soms angstaanjagend 
veel op 1 lijn, of in ieder geval vaak in herkenbare situaties. Ik wil je bedanken voor je 
gezelligheid, je lunch als je die weer niet op kreeg, en tot slot natuurlijk een quote: 
“If I don’t input those numbers… it doesn’t make much of a difference.”
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Het Recteam. Wat ben ik trots om met jullie een clubje met zo’n vreemde obsessie 
voor keutels te vormen! Mo: dank voor alle keren dat je me advies gaf. Niet alleen 
over Radiologie, statistiek en onderzoek, maar ook over pensioen, make-up en 
carrière.  Max, jouw kijk op het leven bevalt me wel, dank voor de keren dat ik je om 
advies vroeg! Milou, ik hoop dat je niet onderschat hoeveel ik van jou heb geleerd. 
Ik was maar wat trots dat ik van je student later je collega werd. Hetzelfde geldt 
voor jou Luc! Joost: jouw kennis en vaardigheden zijn snel onmisbaar geworden in 
het team, maar ik was vooral blij dat er nog een koffie liefhebber op onze kamer 
kwam! Ook Marit, Rebecca, Jasenko en Elias, hartelijk dank voor alle gezelligheid! 

Frans Bakers, je enthousiasme voor abdominale radiologie is bijzonder inspirerend. 
Bedankt voor alle keren dat je de tijd nam om me iets uit te leggen en het 
vertrouwen dat je met hebt gegeven. Ik hoop dat onze paden snel weer kruisen!

Natuurlijk de rest van de afdeling Radiologie. Ik vond het ontzettend leuk om 
alles bij elkaar 3.5 jaar op de afdeling in Maastricht te mogen rondlopen! De 
sfeer tussen assistenten, staf en alle rest van het personeel is bijzonder prettig 
en heeft mijn voorliefde voor radiologie alleen maar versterkt. Een speciale dank 
voor alle collega’s met wie ik op de afdelingsfeesten en congressen een dansje 
kon wagen. Janneke Houwers, Miguel Palm en Stanley Oei, bedankt voor de fijne 
samenwerking. En ook zeker een speciaal woord van dank voor Prof. Robben, 
beste Simon, bedankt voor alle inzichten en advies. 

De dames van het secretariaat Radiologie: Monique, Elfie, Christianne en Monique. 
Bedankt voor alle hulp voor mij als coassistent, WESP-student, GEZP-student EN als 
onderzoeker. Ik denk dat ik niemand zoveel heb lastig gevallen als jullie. Bedankt 
voor de gelpennen, engelse drop, maar vooral voor de gezellige praatjes afgelopen 
jaren.  

Jos Slenter, zoals ik je vaker heb gezegd: je bent een ontzettend fijne vent. Dank 
dat ik je altijd domme vragen mocht stellen. Natuurlijk ook bedankt Marc voor alle 
technische ondersteuning!

Dank ook alle WESP-studenten en student-assistenten die ons hebben geholpen 
de afgelopen jaren in de kamer met de keutel op de deur. Het was ontzettend leuk 
om jullie inhoudelijk iets over de behandeling van rectumcarcinomen te leren. 
Maar daarnaast vond ik het vooral leuk dat we jullie een beeld hebben geven over 
de gang van zaken in een ziekenhuis en in de wetenschap. Babs, van je begeleider 
naar collega, maar vooral ook naar vrienden. Ik hoop dat we ook later als collega’s 
kunnen werken! Geertje, ik vond het ontzettend leuk zo’n goede vriendin kennis te 
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laten maken met onderzoek. Bedankt ook collega-onderzoekers bij Radiologie en 
Heelkunde, met name Paul, Yvonne, Martine, Nienke, Koos, en natuurlijk Jeroen 
van 2 deuren verderop. 

Hartelijk dank aan Roland Kersemakers en alle MRI laboranten voor jullie uitleg, 
geduld met ons als we weer helemaal vanuit UNS40 moesten komen, het 
meedenken en de gezelligheid in de afgelopen jaren!

De dames en heren van de balie: Anita, Anja, Annie, Audrey, Bea, Daisy, Guus, 
Imane, Irene, Jan, Jeanette, Lieke, Maria, Rosita, Sylvia en Vivian. Ik wil jullie 
ontzettend bedanken voor alle gezellige uren die ik met jullie heb doorgebracht en 
vooral voor jullie onvermoeibare inzet voor het plannen van patienten die van ver 
kwamen! Zonder jullie was dit boekje en het wait-and-see beleid niet wat het nu 
is! Ook hartelijk dank voor al je hulp met alle beelden van alle verwijzingen, Frans 
Kusters.

De afdeling Chirurgie, prof. dr. Stassen, Drs Keymeulen, Dr. Boerma, Dr. Engelen 
(als onze voorganger) en in het bijzonder Jarno Melenhorst en Stephanie Breukink. 
Jarno, dank voor al het vertrouwen dat je in ons had. Stephanie, bedankt dat je 
ons in het oog hield. Christel Gielen, ik heb ontzettend respect voor jouw inzet en 
omgang met patiënten. Zoals jij ken ik er maar één. 

Alle radiologen, chirurgen, MDL-artsen, verpleegkundigen en epidemiologen die 
aan de MRI2-studie en de wait-and-see studie hebben meegewerkt, bedankt! 
Vooral ook Jeroen Leijtens, Jeroen Heemskerk, Nicky Peters, Roy Vliegen en Peter 
Kint hartelijk dank voor de fijne samenwerking. Nikos Papnikolau, thank you for 
your help and collaboration. 

Mijn collega arts-assistenten en de radiologen in het UMC Utrecht, dank voor het 
warme welkom in een nieuwe stad en nieuw ziekenhuis! 

Lieve Richard, bedankt voor het prachtige omslag ontwerp! Roy Sanders, bedankt 
voor de mooie opmaak van dit proefschrift.

Dan nu een stuk over mijn vrienden, wat waarschijnlijk voornamelijk interessant 
is voor de desbetreffende personen. Ik prijs mijzelf ontzettend gelukkig met een 
grote groep fijne mensen om mij heen, niet alleen in Maastricht en Utrecht, maar 
door het hele land. Allereerst lieve musketiers: Merel, Aimée en mijn homie Kim, 
jullie hebben mij tijdens mijn studententijd ontzettend veel plezier gebracht. 
Wat fijn dat we allemaal zo onze plek hebben gevonden. Lieve dames: Yvonne , 
Maartje, Jeske en Jolijn, vanaf onderwijsgroep 1 een vast kliekje en een stabiele 
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basis. We kunnen altijd terugvallen op elkaar en schromen niet advies te geven. 
Ik ben dankbaar dat jullie mijn vriendinnen zijn. Lieve INKOM helden, met vooral 
Chantie, Baaten, Bart, Jolien, Geertje, Lorân, mijn nieuwe huisgenootje Maron en 
mijn collega Paul (maar zeker nog veel meer!): een van de beste beslissingen die 
ik ooit heb gemaakt is solliciteren voor de Centrale Post. Jullie zijn stuk voor stuk 
energiek, houden van aanpakken en ik voel me helemaal thuis bij jullie. Ik vind het 
fijn nu dichter bij de meesten van jullie te wonen! Lieve Tomas, wij hebben maar 
1 woord nodig: knuffel! Lieve Lucas, mijn oudste vriend. Al meer dan meer dan 25 
jaar vriendschap, je bent onmisbaar! Daarnaast zijn er nog een paar namen: Dul, 
Paulus, Nadine, Gijs, Daphne, Steffie, Yvette, want ook jullie ben ik niet vergeten!

Ooh Juul… Lieve Julia, Guliorupio, mijn paranimf/wingman. Ondanks dat we elkaar 
meteen niet mochten bij de eerste ontmoeting, ben je in rap tempo uitgegroeid tot 
een van de beste vriendinnen die een mens zich kan wensen. Je kan schaamteloos 
met me lachen om al die bizarre situaties, maar hebt ook altijd wijze raad en haalt 
me uit mijn chaos als dat weer eens nodig is. Je bent attent, gezellig en, ook al 
laat je me soms mijn eigen grenzen testen, heel lief. Ik ben blij dat we, na al die 
avonden bellen op de fiets na het werk in Maastricht en Leusden/Naarden, nu 
eindelijk weer in dezelfde stad wonen. 

Lieve Merel, mini(-Hommen), muis, ik weet nog goed de eerste keer dat wij elkaar 
ontmoetten in café de Uni tijdens de INKOM 2007. Het begin van een hechte en 
vooral hele fijne vriendschap. Je bent een steun en toeverlaat, eerlijk als nodig 
en je bent regelmatig mijn geweten. En daarnaast vind ik je vooral heel lief! Je 
vriendschap betekent veel voor me, natuurlijk moet jij mijn paranimf zijn. Opdat 
we nog maar veel zullen culinairen. 

Lieve familie en iedereen die ik als familie beschouw (Van Heeswijk, Beerens, 
Driessen, Kloek), hartelijk dank voor jullie vertrouwen in mij en voor al jullie 
gezelligheid! Cees, dank voor alle bemoedigende woorden. Ria, dank voor al je 
support en kaartjes de afgelopen jaren. Lieve Oma, dit boekje is voor u. Ik hoop dat 
ik u trots heb kunnen maken. En luister naar uw dokter-kleindochter: u mag best 
ook af en toe twéé paracetamolletjes nemen. 

Lieve Esau, van grote zus naar mijn gelijke. Ik ben ontzettend trots op je 
doorzettingsvermogen en gun jou alles wat je hartje begeert. Lieve papa en mama, 
kleine mimi’s worden groot. Bedankt voor alles wat jullie mij hebben geleerd. En 
daarbij vooral ook dank voor jullie warme opvoeding, geduld en onuitputbare 
interesse. Zonder de steun van jullie drieën waren dit allemaal lege bladzijdes 
geweest. 
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medical study she also obtained a Mas-
ter of Science-degree at Maastricht Uni-
versity in Healthcare, Policy, Innovation 

and Management. She was a graduate Intern at Medtronic  Hospital Solutions 
where she wrote her Master Thesis ‘Carelink Express Lane: Redesigning the pa-
tient process of pacemaker follow-up with CareLink® and Mediconnect’, on patient 
logistics and innovation implementation in the Reinier de Graaf Gasthuis, Delft, NL.  
 
In her final year of her medical study she did her clinical internship at the de-
partment of Radiology and a research internship in the research team of Prof. Dr. 
Regina Beets-Tan in Maastricht, where she co-wrote her first medical publication. 
In September 2014, immediately after graduation, she continued this research 
as a PhD student at Maastricht University (GROW) under the supervision of Prof. 
Dr. Regina Beets-Tan and Prof. Dr. Geerard Beets. During this period she was one 
of the coordinators of the Dutch Colorectal Cancer Group Multicenter trial: the 
Maastricht Rectal Imaging (MRI2) study. She was nominated as an ESGAR top 20 
presenter in 2015. For the yearly national Radiology congress in the Netherlands 
she wrote a top 5 abstract in 2015 and gave a key-note presentation in 2017.
     
In Januari 2017, she started working as a Radiology resident at the University Me-
dical Centre in Utrecht under the supervision of dr. R.J. Nievelstein, with a special 
focus on medical education.
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