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ARTICLE INFO ABSTRACT
Keywords: Objective: This study evaluated the correlation between intratumoural stroma proportion, expressed as tumour-
Rectal neoplasms stroma ratio (TSR), and apparent diffusion coefficient (ADC) values in patients with rectal cancer.

Magnetic Resonance Imaging

Aste ' . Methods: This multicentre retrospective study included all consecutive patients with rectal cancer, diagnostically
Diffusion Magnetic Resonance Imaging

confirmed by biopsy and MRI. The training cohort (LUMC, Netherlands) included 33 patients and the validation
cohort (VHIO, Spain) 69 patients. Two observers measured the mean and minimum ADCs based on single-slice
and whole-volume segmentations. The TSR was determined on diagnostic haematoxylin & eosin stained slides of
rectal tumour biopsies. The correlation between TSR and ADC was assessed by Spearman correlation (ry).
Results: The ADC values between stroma-low and stroma-high tumours were not significantly different. Intra-
class correlation (ICC) demonstrated a good level of agreement for the ADC measurements, ranging from
0.84-0.86 for single slice and 0.86-0.90 for the whole-volume protocol. No correlation was observed between
the TSR and ADC values, with ADCpeapn 7s= -0.162 (p= 0.38) and ADCp;, 7= 0.041 (p= 0.82) for the single-slice
and ry= -0.108 (p= 0.55) and rs= 0.019 (p= 0.92) for the whole-volume measurements in the training cohort,
respectively. Results from the validation cohort were consistent; ADCpean I's= -0.022 (p= 0.86) and ADCpip s =
0.049 (p= 0.69) for the single-slice and r;= -0.064 (p= 0.59) and r;= -0.063 (p= 0.61) for the whole-volume
measurements.

Conclusions: Reproducibility of ADC values is good. Despite positive reports on the correlation between TSR and
ADC values in other tumours, this could not be confirmed for rectal cancer.

Tumor Microenvironment

1. Introduction pelvic magnetic resonance imaging (MRI) scan for locoregional staging,
in order to predict the risk of synchronous and metachronous distant

Colorectal cancer is the third most common cancer in Europe, with metastases, and to select the appropriate treatment [2]. MRI is thus the
approximately 30% of these cancers arising from the rectum [1]. Cur- cornerstone of rectal cancer management. Hereby, advances are being
rent European guidelines on rectal cancer recommend performing a made not solely in imaging quality, but also in attaining additional

Abbreviations: TSR, tumour-stroma ratio; H&E, haematoxylin and eosin; MRI, magnetic resonance imaging; ADC, apparent diffusion coefficient; DWI, diffusion
weighted imaging; ROI, region of interest; SD, standard deviation; ICC, intraclass correlation coefficient.
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information on tumour biology. Tumour masses are pathologically
complex structures, which can consist of almost up to 50 percent of
stroma cells, wherein cancer-associated fibroblasts, immune cells and
angiogenic vascular cells create an activated tumour microenvironment,
promoting tumour progression, angiogenesis, invasion and metastasis
[3-5]. Microscopic quantification of the amount of intratumoural
stroma, referred to as the tumour-stroma ratio (TSR), has proven to be
prognostic in various solid tumours [6-13], wherein a high proportion
of intratumoural stroma is associated with a poor prognosis.

Recently, several studies have been published on the correlation
between intratumoural stroma and MR-imaging, whereby diffusion-
weighted imaging (DWI) permits quantitative measurement of diffu-
sion of water molecules, hence providing information on tumour
cellularity [14,15]. This measurement is constructed from parametric
apparent diffusion coefficient (ADC) maps and has proven to correlate
with stroma proportion in breast-, oesophageal-, prostate- and head and
neck squamous cell cancers [16-21]. In rectal cancer, studies have
focussed on MRI-DWI parameters in relation to disease detection [22,
23], response to neoadjuvant therapy [24,25] and tumour aggressive-
ness [26].

To our knowledge, the value of quantitative ADC measurements as a
surrogate of stroma infiltration has not been evaluated in rectal cancer.
Therefore, the aim of this study is to evaluate whether there is a corre-
lation between the intratumoural stroma proportion (i.e. TSR) and ADC
values as derived from MRI-DWI, in order to determine if there is po-
tential for this parameter as biomarker for clinical decision making with
respect to neoadjuvant treatment and patient follow-up.

2. Material and Methods
2.1. Study population

For this study, we retrospectively assembled two cohorts of patients
diagnosed with rectal cancer. First, a pilot study was performed with
patients from LUMC (The Netherlands). In order to validate the findings
of our LUMC cohort, an independent validation cohort was assembled in
collaboration with Vall d’Hebron University Hospital in Barcelona
(Spain). Noteworthy to mention, Vall d’Hebron University Hospital
included DWTI in the standard protocol for rectal cancer in 2011, whereas
the LUMC started with incorporation in 2015, which influenced the
sample size of the training and validation cohort.

2.2. The LUMC cohort

The local institutional ethics committee approved this study and
considering the retrospective design no additional patient consent was
needed.

All patients who had a histologically proven diagnosis of rectal
cancer in our institution, between January 2015 — January 2017, were
eligible for this study, provided that a diagnostic (pre-treatment) biopsy
and diagnostic MRI scan with DWI sequences were available.

2.3. The VHIO cohort

For the validation cohort we included all patients undergoing stan-
dard care for a histologically proven stage 2 or 3 rectal carcinoma with
an available MRI-scan with DWI, between January 2011 - January 2018,
from the Vall d’Hebron University Hospital. The local institutional
ethics committee approved this study, likewise to the LUMC cohort no
additional patient consent was needed based on the retrospective study
design.

2.4. Histopathological analysis

Available haematoxylin and eosin (H&E) stained tumour tissue slides
of diagnostic rectal biopsies were scored for tumour-stroma ratio,
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according to the method described by Mesker et al [8]. In summary, the
area with the highest amount of stroma is selected using a 2.5x or 5x
objective. Using a 10x objective, an area with tumour cells present at all
borders is scored. Stroma percentages are given per tenfold (10%, 20%
etc.) per image field. A previously determined cut-off is used to divide
the scoring percentages into the categories stroma-high (> 50%) and
stroma-low (< 50%) [8]. In case multiple sections were available per
patient, all biopsies were scored for TSR. The highest score determined
the final stroma classification. Scoring of the H&E stained slides from the
VHIO cohort was performed digitally, using NanoZoomer Digital Pa-
thology (NDP.view 2, Hamamatsu). First, the entire tissue slide was
visually evaluated to determine the area with stroma abundance, sub-
sequently the most stroma-rich area was marked with a circular anno-
tation of 3.1 mm? and scored based on the previously described method.
The chosen annotation size is based on the 10x objective used in
microscopic scoring, which varies between 2.54 and 3.80 mm?
depending on the oculars that are used (Fig. 1) [27].

The two investigators (SZ, GP) were blinded to the clinical charac-
teristics and ADC values during histopathological scoring.

All pathological material was handled according to Dutch national
ethical guidelines (i.e. “Code for Proper Secondary Use of Human Tis-
sue”, Dutch Federation of Medical Scientific Societies).

2.5. MRI protocol

In the LUMC cohort, MRI was performed on a 1.5-T or 3.0-T MRI
device (respectively, Ingenia or Intera, Philips Healthcare, The
Netherlands) using a phased array or 16 channel torso coil. MRI of the
VHIO patients was performed on a 1.5-T MRI device (Avanto, Siemens
Healthcare, The Netherlands). A dose of 20 mg of the spasmolytic agent
hyoscine butilbromide (Buscopan, Boehringer Ingelheim) was adminis-
tered intravenously to all patients immediately prior to MR imaging. The
imaging protocol consisted of standard T2-weighted turbo spin-echo
sequences in three orthogonal directions, slice thickness 3-4 mm, and
axial DWI (single-shot spin echo-planar imaging) sequence with diffu-
sion sensitivity values (b values) of 0, 200, and 800 sec/mm? in the
LUMC cohort and 0, 500 and 1000sec/mm? for the vast majority of the
VHIO cohort with slice thickness 5 mm. The DWI sequence was set and
angulated identically to the axial T2-weighted turbo spin-echo
sequence, perpendicular to the tumour axis. ADC maps were gener-
ated automatically and included all three b values in a monoexponential
decay model.

2.6. Image analysis and ROI methods

All MRI images were retrieved from the PACS-system for further
analysis. In case no ADC map was available, this was calculated using
Philips IntelliSpace Portal 9.0 software.

Both centres applied an identical image analysis protocol. The LUMC
cohort was scored by one radiologist (AM) and one senior resident
specialized in abdominal imaging (BK) with respectively 6 and 4 years of
experience, whereas the VHIO cohort was scored by a senior resident
(MR) with 5 years of experience and a radiologist (RPL) with 10 years of
experience. All radiologists reviewed the MR images independently and
were blinded to each other’s results as well as to the clinical patient
characteristics, with exception to the diagnosis rectal cancer.

Tumour ADC measurements were obtained using two different pro-
tocols; (1) single-slice, (2) whole-volume. For the single-slice method, a
single freehand ROI was drawn alongside the tumour border of the
image-slice containing the largest tumour area. The tumour areas were
considered as the focal masses showing high signal intensity compared
with the signal of the normal adjacent rectal wall on the DWI high b
values and corresponding to intermediate signal intensity on the
anatomical T2-weighted images. For the whole-volume method, a total
of up to five freehand ROIs were drawn along the tumour border of
consecutive tumour containing slices according to the previously
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Fig. 1. Haematoxylin and eosin (H&E) stained paraffin sections of rectal cancer biopsies with 10x objective magnification for scoring.

la. Stroma-high.
1b. Stroma-low.

described method [25,28]. Mean ADC and minimal ADC were deter-
mined for each slice (Fig. 2). For further analyses of whole-volume
measurements, a final mean of these parameters was calculated per
observer. For further analysis of ADCs, the results of both observers were
averaged.

2.7. Statistical analysis

Inter-observer agreement for TSR scoring was tested using Cohen’s
kappa coefficient. Inter-observer agreement for single-slice and whole-
volume (five measurements) ADC measurements was analysed by
calculating the intraclass correlation coefficient ((ICC) < 0.5 poor, 0.50 -
0.75 moderate, 0.75 - 0.90 good, > 0.90 excellent correlation).

Depending on the distribution, either the unpaired T-test or Mann-
Whitney U-test was used to compare the mean ADC values between
the two TSR categories.

Spearman’s rank correlation (r5) was used to determine the correla-
tion between the TSR scores and ADC measurements.

Statistical analyses were performed using the Statistical Package for
the Social Sciences (SPSS, version 23.0, Chicago, IL, USA) and R version
3.5.3. A p-value < 0.05 was considered to indicate statistical
significance.

3. Results
3.1. Study population

Rectal biopsies were available from 52 patients, from which 44
(84.6%) were suitable for histopathological scoring. MRI-scans with
adequate DWI images and ADC-maps were available in 41 (78.8%) pa-
tients. The resulting study population from whom both parameters were
available consisted of 33 patients. This group contained 25 men (75.8%)

and 8 women (24.2%), with a median age of 70 years (range 46 — 81).
Additional baseline characteristics are provided in Table 1.

A total of 100 H&E slides from 52 patients were evaluated for TSR.
Twenty-three patients (44%) were classified as stroma-low, 21 patients
(40%) as stroma-high and in 8 cases (16%) the score could not be
determined due to lack of invasive tumour and/or low quality of the
material.

As previously mentioned, adequate TSR and ADC parameters were
available in 33 patients; 16 (48.5%) classified as stroma-low and 17
(51.5%) as stroma-high.

Material of 82 rectal cancer patients was available for histopatho-
logical scoring. Thirteen (15.8%) patients were excluded due to the
absence of a diagnostic MRI, resulting in a validation cohort of 69 pa-
tients. This group contained 39 men (57%) and 30 women (43%), with a
median age of 68 years (range 45 — 87). See Table 1 for patient
characteristics.

Thirty-two patients (46.4%) were classified as having stroma-high
tumours and 37 patients (53.6%) as stroma-low tumours.

3.2. Inter-observer agreement

Cohen’s kappa coefficient showed a substantial to excellent level of
agreement for TSR scoring, respectively k = 0.84 for LUMC cohort and k
= 0.67 for VHIO cohort.

For the ADC measurements a good level of agreement was achieved.
For single-slice measurements the ICCs ranged from 0.84 - 0.86,
whereas for the whole-volume measurements from 0.86 — 0.90
(Table 2).

3.3. Correlation between tumour-stroma ratio and ADC values

For both the single-slice and whole-volume measurements, the mean
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Fig. 2. MRI performed for primary tumour staging in a 65 year old female.

(a-b) Sagittal and coronal T2-weighted image showing a semi circumferential mass dorsally in the midrectum with a tumour length of approximately 3 cm.
(c) Axial T2-weighted image perpendicular to the tumour-axis at a caudal level (striped line in Fig. 1a), showing a mass on the dorsal rectal wall.
(d) Axial DW image with a b value of 800 sec/mm?, derived at the same level as Fig. 1c, perpendicular to the tumour-axis. The image shows crescent-shaped diffusion

restriction in the mass (arrow).

(e) ADC map at the same caudal level, showing corresponding crescent-shaped hypo-intense signal in the tumour, delineated by a manually drawn ROI (dotted line).
(f) Axial T2-weighted image perpendicular to the tumour-axis at a more cranial level (solid line in Fig. 1a).
(g-h) Axial DW image and ADC map at the same level as Fig. 1f, respectively a striped line pointing towards and a striped ROI delineating the tumour.

of ADC-values was not significantly different between stroma-low and
stroma-high tumours, in both cohorts respectively (Table 3; Fig. 3).
For the LUMC cohort Spearman rank correlation analyses ruled out a
significant correlation between the TSR and the various ADC measure-
ments, with ADCpean 5= -0.162 (p= 0.38) and ADCpip s = 0.041 (p=
0.82) for the single-slice measurements and r; = -0.108 (p= 0.55) and r;

= 0.019 (p= 0.92) for the whole-volume measurements, respectively.
The results from the validation cohort were consistent, with ADCyean 's=
-0.022 (p= 0.86) and ADCp;, s = 0.049 (p= 0.69) for the single -slice
measurements and rs= -0.064 (p= 0.59) and r; = -0.063 (p= 0.61) for the
whole-volume measurements.
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Table 1

Baseline characteristics of LUMC training cohort and VHIO validation cohort
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Baseline characteristics of LUMC training cohort and VHIO validation cohort

LUMC training cohort

Stroma-low Stroma-high

Gender N=
Female 8 3 (37%) 5 (63%)
Male 25 13 (52%) 12 (48%)
Median age in years (range)

33 71.5 (53 - 78) 64.0 (46 — 81)
Mean tumor size (mm)

23 26.7 (15 - 41) 22.3(8-39)
Histological grade
undifferentiated NA NA NA
well differentiated 1 1 (100%) 0
moderately differentiated 20 9 (45%) 11 (55%)
poor differentiated 7 3 (43%) 4 (57%)
unknown 5 3 (60%) 2 (40%)
cTNM
I 5 3 (60%) 2 (40%)
I 4 3 (75%) 1 (25%)
111 19 9 (47%) 10 (53%)
v 1 (20%) 4 (80%)

VHIO validation cohort

P-value Stroma-low Stroma-high P-value
N=
0.48 30 14 (47%) 16 (53%) 0.34
39 23 (59%) 16 (41%)
0.09 68.9 (49 - 87) 67.3 (45 - 84) 0.35
0.22 NA NA NA
NA NA NA
0.68 20 8 (40%) 12 (60%) 0.28
24 14 (58%) 10 (42%)
7 3 (43%) 4 (57%)
17 12 (71%) 5 (29%)
0.39 NA NA NA 0.43
11 8 (73%) 3 (27%)
57 29 (51%) 28 (49%)
NA NA NA

Abbreviations: NA not applicable

Table 2
Inter-observer agreement MRI analyses LUMC training cohort

Parameter Level of agreement

Tumour-stroma ratio k= 0.84

ADC measurements Single slice Whole-volume
ADCpean ICC = 0.84 ICC = 0.86
ADCpjin ICC = 0.86 ICC = 0.90

Abbreviations: ADC Apparent diffusion coefficient, ICC intraclass correlation
coefficient

4. Discussion

To our knowledge, this is the first study to correlate diffusion re-
striction on MRI as expressed by quantitative ADC measurements to the
amount of tumour stroma in rectal cancer, to determine whether it holds
potential as a biomarker for clinical decision making with respect to
neoadjuvant treatment and patient follow-up. In our study we did not
find a correlation between ADC values and the tumour-stroma ratio.
This was unexpected, since numerous previous studies in other solid
cancers clearly found a correlation between MRI parameters and TSR
[17,18,29-31]. For instance, Ko et al. demonstrated a significantly lower
ADCppean in stroma-low tumours (p < 0.001) and a negative correlation

Table 3
ADC measurements in LUMC training cohort and VHIO validation cohort

between TSR and the ADCpean (rs= -0.545; p<0.001) in breast cancer
patients [18]. Four other studies, performed in prostate- and breast
cancer, could not demonstrate a relationship between the ADC values
and the intratumoural stroma proportion [32-35]. However, with the
exception of the publication by Yamaguchi et al., these studies applied
alternative methods than TSR, to express the amount of cellular and
stromal components.

Since ADC-values are not fully standardized for this current appli-
cation, studies have reported variations of ADC values in this setting [17,
20]. It is possible that the currently applied ADC measurements are not
the best parameters to evaluate TSR-ADC correlation, which could have
been reflected by the wide range in the standard deviation of the ADC
measurement as a sign of tumour inhomogeneity (data not shown).
Moreover, it could be argued that the ADCp,eqn does not fully reflect the
tumour heterogeneity, and histogram analysis is a more accurate
approach. This method relies on characterization of the distribution of
all voxels within a tumour region, which has been reported to evaluate
tumour heterogeneity more thoroughly, in addition to overcoming low
representability of ADCpean methods [36,37]. In efforts to explore
whether the more strenuous manual tumour delineation of current ADC
measurements could be improved, van Heeswijk et al. set out to combine
non-precise tumour delineation with histogram analysis in a rectal
cancer cohort. Although, they found a good correlation (ICC = 0.75)

LUMC training cohort

Stroma-low (N = 16)

Stroma-high (N = 17)

Total (N = 33)

Mean Minimum Maximum Mean Minimum Maximum P-value Mean Minimum Maximum
Single slice
ADCin 564.9 230.0 1068.0 575.6 115.0 1079.5 0.90 570.4 115.0 1079.5
ADCrean 1033.8 750.0 1391.0 981.1 734.5 1479.0 0.36 1006.7 734.5 1479.0
Whole-volume
ADCpin 588.2 357.0 1068.0 605.5 278.3 1045.5 0.80 597.1 278.3 1068.0
ADCpean 1030.1 782.9 1411.1 1017.2 734.9 1404.0 0.54 1023.5 734.9 14111
VHIO validation cohort

Stroma-low (N = 37) Stroma-high (N = 32) Total (N = 69)

Mean Minimum Maximum Mean Minimum Maximum P-value Mean Minimum Maximum
Single slice
ADCpin 366.7 30.8 860.2 346.3 28.9 854.4 0.82 357.2 28.9 860.2
ADCrean 982.6 199.2 1691.8 1042.7 465.1 1707.3 0.59 1010.5 199.2 1707.3
Whole-volume
ADCpin 341.9 19.4 775.8 393.8 28.9 712.6 0.26 366.0 19.4 775.8
ADCrean 1036.9 442.8 1659.8 1076.1 636.2 1429.6 0.21 1055.1 442.8 1659.8

Abbreviations: ADC Apparent diffusion coefficient
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Fig. 3. Violin plot of mean and minimum ADC distribution in LUMC training and VHIO validation cohort.

2a. Mean ADC
2b. Minimum ADC

with the ADCpean Of the non-precise delineation, this remained inferior
to the agreement results from their previous study, wherein two ob-
servers reached an excellent level of agreement when using the precise
method (ICC = 0.98) [38]. Additionally, the histogram analyses were
not able to reproduce previous predictive results of ADC measurements
and failed to provide additional prognostic information [39]. Therefore,
it remains uncertain whether this approach will truly improve current
methods within rectal cancer.

We hypothesized that stroma-low tumours would have lower ADC
values, due to the higher cellularity and consequent limited diffusion of
free water molecules, but this was not observed within our training
cohort nor in the independent validation cohort. A possible explanation
could be a relatively small size of the tumours; mean tumour size 23 mm.
Perhaps intravoxel incoherent motion (IVIM) imaging based perfusion
MRI, a method to quantitatively assess microscopic translational mo-
tions (i.e. perfusion of tissue microcirculation and molecular diffusion of
water) applied by Yim et al. in breast cancer and by Li et al. in cervical-
and breast cancer, could serve as a better imaging entity for correlation
to TSR [29-31,40].

We must acknowledge that the TSR scoring was determined on bi-
opsy material and not on resected whole tumour tissue slides, since the
latter have been subjected to chemoradiation and therefore do not
demonstrate the original tumour morphology. So it must be taken into
account that the area with the highest amount of stroma scored on a
biopsy, might not necessarily represent the whole tumour content.
Remarkably, both cohorts had an almost 50/50 distribution between the
TSR categories, which is an uncommon observation since previous
colorectal studies typically report a 30/70 ratio for stroma-high and
stroma-low tumours, respectively [7,9,10,13,41-43]. However, if a
sampling bias would have occurred, an underestimation of the
stroma-high tumours would have been more sensible, which was
apparent in two studies performed in colon- and oesophageal cancer
[44,45]. In these studies, the TSR was determined in diagnostic biopsies
and demonstrated the expected lower amount of stroma-high tumours.

Our study had some limitations. First the relatively small sample
sizes could have led to the inability to demonstrate a correlation be-
tween the TSR and the ADC measurements. However, reproduction of
the same results in an independent cohort does seem to support the
findings. Secondly, the retrospective nature of the study. Third, we
acknowledge that we used the ADCpean values to determine the asso-
ciation with TSR, whereas other studies evaluating the correlation with
stroma proportion applied other ADC values (e.g. ADCqiff). However, as
previously mentioned, ADC measurements are currently not standard-
ized, though the ADCpean is the most widely applied method in pub-
lished literature which justifies our choice for this method. A final

limitation is the fact that patients from the LUMC cohort were scanned
on either a 1.5 T or 3.0 T MRI scanner, respectively 20 (60.6%) and 13
(39.4%) patients. The VHIO cohort was completely performedona1.5T
MRI scanner, so strictly only the results of the patients scanned on 1.5 T
MRI should be used for correlation. Taking into account the aforemen-
tioned limitations, we recommend not to abandon the potential of TSR-
ADC correlation right away and encourage validation studies in larger
(prospective) cohorts.

5. Conclusion

In conclusion, despite positive reports on the correlation between the
intratumoural stroma proportion and ADC values in other solid cancers,
we did not find a correlation between the ADC values as derived from
MRI-DWI and the TSR in rectal cancer. Reproducibility of ADC values is
good.
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