W) Check for updates

A quantitative tumor-wide analysis of morphological
heterogeneity of colorectal adenocarcinoma

The Journal of Pathology: Clinical Research
J Pathol Clin Res July 2025; 11: e70034

Published online in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/2056-4538.70034

Mihnea P Dragomir' > @ Vlad Popovici*T @, Simon Schallenberg', Martina Carnogursl<é4, David Horst',

Rudolf Nenutil’, Fred Bosman® and Eva Budinska™*

'Institute of Pathology, Charité-Universitéitsmedizin Berlin, Berlin, Germany

2German Cancer Consortium (DKTK), Partner Site Berlin, and German Cancer Research Center (DKFZ), Heidelberg, Germany
*Berlin Institute of Health (BIH), Berlin, Germany

4/\/lasarykova Univerzita, RECETOX, Bmo, Czech Republic

>Masaryk Memorial Cancer Institute, Brmo, Czech Republic

University Institute of Pathology, University of Lausanne, Lausanne, Switzerland

*Correspondence to: Eva Budinskd, Masarykova Univerzita, RECETOX, Kamenice 753, 625 00 Brno-Bohunice, Czech Republic.
E-mail: eva.budinska@recetox.muni.cz

TThese authors shared first authorship.

Abstract

The intertumoral and intratumoral heterogeneity of colorectal adenocarcinoma (CRC) at the morphologic level is
poorly understood. Previously, we identified morphological patterns associated with CRC molecular subtypes and
their distinct molecular motifs. Here we aimed to evaluate the heterogeneity of these patterns across CRC. Three
pathologists evaluated dominant, secondary, and tertiary morphology on four sections from four different FFPE
blocks per tumor in a pilot set of 22 CRCs. An Al-based image analysis tool was trained on these tumors to
evaluate the morphologic heterogeneity on an extended set of 161 stage |-IV primary CRCs (n = 644 H&E
sections). We found that most tumors had two or three different dominant morphotypes and the complex
tubular (CT) morphotype was the most common. The CT morphotype showed no combinatorial preferences.
Desmoplastic (DE) morphotype was rarely dominant and rarely combined with other dominant morphotypes.
Mucinous (MU) morphotype was mostly combined with solid/trabecular (TB) and papillary (PP) morphotypes.
Most tumors showed medium or high heterogeneity, but no associations were found between heterogeneity and
clinical parameters. A higher proportion of DE morphotype was associated with higher T-stage, N-stage, distant
metastases, AJCC stage, and shorter overall survival (0S) and relapse-free survival (RFS). A higher proportion of
MU morphotype was associated with higher grade, right side, and microsatellite instability (MSI). PP morphotype
was associated with earlier T- and N-stage, absence of metastases, and improved OS and RFS. CT was linked to
left side, lower grade, and better survival in stage I-Ill patients. MSI tumors showed higher proportions of MU
and TB, and lower CT and PP morphotypes. These findings suggest that morphological shifts accompany tumor
progression and highlight the need for extensive sampling and Al-based analysis. In conclusion, we observed
unexpectedly high intratumoral morphological heterogeneity of CRC and found that it is not heterogeneity per
se, but the proportions of morphologies that are associated with clinical outcomes.
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Introduction

Morphological heterogeneity within colorectal adeno-
carcinoma (CRC) is a well-recognized phenomenon.
For instance, the WHO 2019 classification defines
mucinous adenocarcinoma, signet ring cell type, and

adenoma-like adenocarcinoma as tumors in which a
minimum of 50% of the lesion is composed of
these specific morphologies [1]. However, in diagnos-
tic practice, morphological heterogeneity is often
insufficiently considered [2], both in terms of making
a morphological diagnosis and in selecting tissue
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samples for molecular analysis. In addition, the
definitive cut-offs for different morphologies are
often controversial and arbitrary, making it difficult
to assess the prognostic significance of morphologic
heterogeneity in CRC [2]. The morphological diag-
nosis of a tumor is, as a rule, based on the dominant
histological pattern. Likewise, tumor molecular pro-
filing is typically performed on tumor regions that
have been macro- or microdissected or punched out
from a single FFPE block or on fresh frozen tumor
samples obtained from a single tumor region, with-
out taking morphological heterogeneity into account
[3,4]. In addition, for fresh-frozen specimens used in
molecular studies, histopathology is often performed
on an FFPE block from a different tumor region, and
all information regarding morphology, tumor purity,
and even diagnosis is derived from the different
tumor region. Therefore, such common practices may
lead to some discrepancies between molecular and
histological data.

As a result, molecular taxonomies of CRC such as
the Consensus Molecular Subtype classification [5]
are mostly based on tissue samples, morphologically
classified without taking intratumor heterogeneity
into account. Our group [6] and later others [7] man-
aged to replicate transcriptome-based molecular classi-
fication of CRC using image-based surrogate analysis
of readily available high-resolution digital H&E sec-
tions. These results confirmed the close relationship
between tumor morphology and coding transcriptome.
Transcriptomic profiling of macrodissected morpho-
logically distinct tumor regions, and comparison of
the results with the transcriptome of a morphologi-
cally heterogeneous sample of the same tumor showed
that these do not match [8]. These observations sug-
gest that molecular profiling and classification of CRC
should be based on morphologically well-defined
tumor tissue samples.

In this study, we investigated intratumoral morpho-
logical heterogeneity in CRC by addressing the follow-
ing questions: (1) what is the extent of intratumoral
morphological heterogeneity across CRC?; (2) are dif-
ferent morphologies topographically related?; and
(3) does morphological heterogeneity impact clinical
variables and CRC prognosis? To address these ques-
tions, prevailing morphotypes were established in four
different tumor blocks per CRC by visual assessment
by expert gastrointestinal pathologists and in parallel by
an Al-based tool. The main research objective of the
study was to analyze and quantify the morphological
intratumoral heterogeneity in CRC and to test potential
associations between different morphotypes and clinical
parameters.
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Materials and methods

Sample collection and preparation

The experimental design of this study was retrospec-
tive. We used histopathological material from 161 con-
secutive histologically confirmed stage I-IV CRCs,
retrieved from the hospital cohort of Masaryk
Memorial Cancer Institute in Brno, Czech Republic.
Tumors from patients who underwent neoadjuvant
treatment and patients with multiple tumors were
excluded. Initial diagnostic H&E evaluation was
performed by an expert pathologist according to the
2019 WHO classification [1]. For each tumor, we deter-
mined the T-stage, grade (G), localization, number of
positive lymph nodes and total number of lymph nodes
(N), and microsatellite instability (MSI) status.

For each case, in a standardized fashion, we selec-
ted four FFPE blocks representing: (1) the deepest
invasion point at the serosa side (relation to serosa);
(2) the deepest invasion point at the insertion side of
mesocolon/mesorectum (relation to adipose tissue);
(3) the transition point between the tumor and normal
mucosa (including luminal side of the tumor); and
(4) a central tumor block containing representative his-
tology as far as possible. In this way, we wanted to get
a global view of tumor heterogeneity. Of each of the
644 blocks a 5-pm section was stained with H&E. The
stained sections were scanned using the Pannoramic
Midi (3DHISTECH, Budapest, Hungary) scanner at
%20 magnification (0.234 pm/pixel resolution), with the
same settings across all scans.

The study was conducted in accordance with the
principles of the Declaration of Helsinki. The study
was approved by the ethical committee of Masaryk
Memorial Cancer Institute and all patients provided
written informed consent prior to enrolment.

Morphotypes and heterogeneity analysis

Morphotypes were defined as frequently occurring
‘pure’ histological patterns in CRC as described in our
previous publication [9]. These overlap in part with the
carcinoma subtypes as defined in WHO 2019 [1]. We
decided to use the term morphotypes to indicate a sin-
gle histological pattern, whereas the WHO subtypes are
(inherently) morphologically heterogeneous. The six
morphotypes were: complex tubular [CT; as found in
WHO adenocarcinoma NOS (non-otherwise specified)];
solid/trabecular (TB; as found in WHO medullary and
undifferentiated adenocarcinoma); mucinous (MU; as
found in WHO mucinous adenocarcinoma, but without
a 50% threshold); papillary (PA; mainly as found in
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WHO adenoma-like adenocarcinoma); desmoplastic
(DE; no WHO histopathological equivalent but
defined as with a stromal component exceeding 50%
of the tumor volume); and serrated (SE; as found in
WHO serrated adenocarcinoma). As other morphologi-
cal patterns encountered in WHO histopathological
subtypes, such as signet-ring cell carcinoma, adenos-
quamous carcinoma, and carcinomas with sarcomatoid
components, are rare these were not considered in our
morphotype definitions. The most frequently found
morphotype was called ‘dominant’, the second most
found as ‘secondary’ and the third most found as
‘tertiary’.

To define a training set for Al analysis, three
different pathologists assessed morphotype presence
on a selection of 22 cases in which at least two
morphotypes had been identified. Morphotypes had
been previously defined by one of us (FB) and digi-
tally documented as photomicrographs. Each patholo-
gist (MPD, SS, and RN) independently scored the
defined morphotypes and no common training sessions
were conducted to create ‘common ground’ in classi-
fying. We used this pilot phase to define interobserver
variability and to define regions with a morphotype on
which all pathologists agreed (ground truth).

Furthermore, one of the expert pathologists (MPD)
conducted a second assessment of the Al image analy-
sis, determining whether the annotations were accurate
(i.e., whether they represented a genuine phenomenon
or a hallucination) and identifying their locations across
the colonic wall (mucosa, submucosa, muscularis, and
fat tissue).

Al image analysis

In the training phase, a deep learning image analysis
Al model (DenseNet V2) was trained to automatically
detect the six morphotypes, using HALO® Image
Analysis Platform (version 3.6.4134. Indica Labs, Inc.,
Albuquerque, NM, USA) and HALO® AI software
(version 3.6.4134. Indica Labs, Inc.). The model was
trained using eight digital section files at low magnifi-
cation (equivalent to x1.25), selected from the
22-tumor set. The regions selected for training (from
these sections) corresponded to regions with perfect
agreement between expert pathologists and covered all
six morphotypes. The training stopped once the agree-

ment between annotations and predictions (defined as
[PNA]
] ' 1l
where P was the predicted region and A the annotated
region), was greater than 0.9 for all categories of inter-

est. Since the training procedure used transfer learning,

a modified ‘intersection-over-union’ coefficient:
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a limited number of images was enough for reaching
good performance. To reduce bias due to small regions
that have a higher likelihood of being misclassified,
we kept only the predicted regions occupying at least
5% of the tumor area in the section.

In the second phase, the Al model was applied
to all 644 digital section files in the collection from
the 161 CRC. Al automatically segmented all samples,
annotated them for the presence of the six morpho-
types, and quantified the surface area occupied by each
morphotype. We also studied correlations between
the morphotype characteristics, as a parameter of
intratumoral heterogeneity, with clinical and patholog-
ical parameters.

Statistical analysis

To measure inter-rater reliability between the three
pathologists, we calculated pairwise the Cohen’s
kappa coefficient for the observation of each of the
morphotypes separately, regardless of their prevalence.

For certain analyses, tumor morphotype proportions/
areas were defined as the average of proportions
of individual sections. To quantify morphotype hetero-
geneity within each section and each tumor, we
computed the Shannon index (standard measure of
sample diversity, based on proportions of constituting
parts) and standardized this index by dividing the
observed values by the maximum possible value (1.79
for six uniformly distributed morphotypes), resulting
in an index between 0 and 1 [normalized Shannon
index (NSI); the value O indicates that the slide is
100% composed of one morphotype only and value
1 indicates that the slide is composed of equal —
16.67% — proportions of all six morphotypes]. NSI
was computed either in each section separately or on
the average of proportions across sections in the tumor
(hereinafter tumor NSI).

To assess the association of clinical categorical vari-
ables (gender, TNM, stage, grade, site, MSI status)
with the morphotype categories (present/absent) or
between the two cohorts, Pearson’s chi-square test was
employed. The differences in the tumor morphotype
area between groups were assessed using Kruskal—
Wallis test (for more than two categories) or Mann—
Whitney U-test (for two categories). Age was tested
between the two cohorts using Student’s #-test.

Associations between morphotypes and overall and
relapse-free survival, in the whole cohort and in stage
I-III patients only, were evaluated using Kaplan—
Meier survival curves stratified by morphotype propor-
tion. Optimal cut-off values for dichotomization were
determined in an exploratory analysis using regression
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survival trees (rpart package in R), which identified the
most informative splits with respect to survival. Group
differences in survival were assessed using the log-rank
test. Where appropriate, we corrected for multiple
hypothesis testing by controlling false discovery rate
(FDR) using the Benjamini-Hochberg method. Results
were considered significant at FDR <10%. All statistical
analyses were performed using R version 4.3.2 [10].
Visualizations were performed using R packages ggplot2
(3.4.4), ggstatsplot (v.0.12.1), corrplot (v 0.92), and
forestploter (v.1.1.1).

Results

Visual morphotype assessment

To test whether morphological analysis can be
implemented in clinical practice and to generate the
ground truth for a machine learning tool that can auto-
matically detect morphotypes of CRC, three expert
histopathologists evaluated the presence and distribu-
tion (as dominant, secondary, and tertiary, in terms of
the proportion in the tumor section) of the six previ-
ously described morphotypes (Figure 1A) in four his-
tological sections from different blocks of 22 tumors,
matched for age, gender, site, and stage (Table 1).

For CT, PP and SS, the interobserver variability was
high, while it was lower for MU, DE, and TB (supple-
mentary material, Figure S1). All pathologists scored
CT as the most frequently present morphotype in all
sections and in tumors (supplementary material,
Figure S2A,B). The pathologists disagreed on the least
frequent morphotype: TB, DE, and SE (supplementary
material, Figure S2A,B). In tumors containing the CT
morphotype, it was dominant in at least one of the
tumor sections in most tumors (supplementary mate-
rial, Figure S2C). DE was never the dominant
morphotype in all four sections of a tumor (supple-
mentary material, Figure S2C). In most tumors, two or
three different morphotypes were dominant across the
four sections (supplementary material, Figure S2D).
In most tumors, two to four different secondary
morphotypes and more than two different tertiary
morphotypes were found (supplementary material,
Figure S2D). Overall, while the recognition of the six
morphotypes showed an acceptable degree of inter-
pathologist reproducibility, the semi-quantitative cate-
gorization showed high inter-pathologist variability.

Next, to obtain an objective quantitative basis
per case, we developed an Al-based image analysis
tool. From this 22-tumor set, regions with perfect
agreement between expert pathologists that covered all
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six morphotypes were selected for the Al model train-
ing. Representative annotations of the Al-based image
analysis results side by side to prototypical H&E slides
can be found in Figure 1B-E.

Morphotype assessment by Al

The clinicopathological characteristics of the set of
22 cases evaluated by pathologists were quite similar to
the full set of 161 cases; the only significant differences
were regarding tumor site (Table 1). Al-based image
analysis allowing automated reproducible quantification
of percentage of area per morphotype per section was
applied to the 644 digital section files. By Al, CT was
again the most commonly present morphotype in indi-
vidual sections (581/644, 90.2%) as well as in the com-
bined sections of a tumor (158/161, 98.1%). The least
common morphotype was TB (in sections 164/644,
25.5% and in tumors 73/161, 45.3%) (Figure 2A,B).
CT morphotype also tended to occupy the largest area
of tumor within a section (mean 49.8%); for other
morphotypes this was between 12.5% (SE) and 19.3%
(PP) (Figure 2C). CT morphotype was the dominant
morphotype in at least one of the four tumor sections in
most tumors (123/158, 77.8%) (Figure 2B). Other
morphotypes were rarely dominant (Figure 2B,D). DE
was never the dominant morphotype in all four exam-
ined sections of a tumor but most often dominant in
only one of four sections (15/23, 65%), similar to SE
(12/16, 75%) (Figure 2D).

Two or three different dominant morphotypes were
found across the four examined H&E sections in 54%
(87/161) of the tumors; four different dominant
morphotypes were never observed in a tumor. Two to
four secondary morphotypes were found in 86.3%
(139/161) tumors and two to four tertiary morphotypes
in 74.5% (120/161). Overall, these initial observations
match well with those of the expert pathologists.

In most tumors, intratumoral morphological
heterogeneity is average or high

Figure 3 documents the striking degree of intratumoral
heterogeneity. When distribution patterns (4, 3 + 1,
2+2,and 2+ 1+ 1) of dominant morphotype com-
binations (DMC) in the four sections per tumor are
plotted, 39 groups (grp) emerge (Figure 3A). The most
frequent DMCs were 3 xCT+1XxPP (n=16
tumors), followed by 3 x CT + 1 x DE (n = 13),
2xCT+2xPP (n=8), and 3 xCT+1 x
SE (n = 6).

We further evaluated intratumoral morphological het-
erogeneity by computing a normalized Shannon diversity
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A
Complex tubular (CT) Desmoplastic (DE) Mucinous (MU)  Solid/trabecular (TB)
2 Y N

B
0.5X
D
N Complex tubular (CT)
I Papillary (PP)
[ Serrated (SE)
[ Desmoplastic (DE)
3 Mucinous (MU)
[ Solid/trabecular (TB)
E

0.5X

Figure 1. Visual and Al-based morphotype assessment. (A) Representative H&E images of the six colorectal cancer morphotypes
analyzed. All images are at a x20 magnification. (B-E) H&E images of prototypical examples of morphotypes included in the study side
by side with the morphotypes predicted by the Al image analysis tool. All images are at a x0.5 magnification.
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Table 1. Distribution of clinical parameters of the individuals in
the study, comparing the image analysis and pathologist sets
Full set (image  Subset (pathologists

analysis) evaluation) p
n 161 22
Age at diagnosis (years) 66 (11) 61 (14) 0.055
[mean (SD)]
Gender = M (%) 89 (55.3) 11 (50) 0.812
Stage (%) 0.093
I 24 (14.9) 0 (0.0)
Il 67 (41.6) 10 (45.45)
11 43 (26.7) 10 (45.45)
\Y 27 (16.8) 2 (9.1)
Grade (%) 0.170
1 19 (11.8) 5(22.7)
2 95 (59.0) 14 (63.7)
3 47 (29.2) 3(13.6)
Site (%) 0.038
Right 55 (34.2) 11 (50.0)
Transverse 18 (11.2) 0 (0.0)
Left 44 (27.3) 10 (45.5)
Rectosigmoid 27 (16.8) 1(4.5)
Rectum 17 (10.6) 0 (0.0)
pT stage (%) 0.465
T 8 (5.0) 1(4.5)
T2 25 (15.5) 1 (4.5)
T3 115 (71.4) 19 (86.5)
T4 13 (8.1) 1(4.5)
pN stage (%) 0.478
NO 94 (58.4) 10 (45.5)
N1 41 (25.5) 8 (36.4)
N2 26 (16.1) 4(18.2)
pM stage = M1 (%) 27 (16.8) 2 (9.1) 0.539
MS-Status = MSS (%) 104 (79.4) 11 (90.9) 0.598

The pathologist set is a subset of the image analysis set.

index (NSI, range 0-1) — this is a well-established
diversity measure based on the proportions of constitu-
ent parts. NSI was computed on individual sections as
well as on the average tumor proportions (defined as the
mean of proportions of each morphotype across the four
sections of the tumor). This proportion standardizes the
potential effect of the number of sections. We visualized
NSI values of the average tumor proportions for each
DMC group (Figure 3B). In most tumors, NSI varied
around the median (between 0.3 and 0.7) or was in
the higher range (NSI> 0.7), while NSI was in the
lower range in only a few tumors (NSI < 0.3 group 16;
Figure 3B); the latter were composed mostly of solid/
trabecular morphotypes.

Hierarchical clustering of the tumor morphotype
proportions further divided the DMCs into nine clus-
ters (Figure 3C). Associations and example sections of
the DMCs can be found in Figure 3D,E. Figure 3F-H
shows examples of all four sections from tumors with
low, medium, and high morphological heterogeneity
as defined by their NSI.
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Tumor morphotype proportion is correlated with
pathological and clinical parameters

Finally, having the variables at hand, we also explored
clinical and pathological parameters that were associated
with the morphotypes (expressed as the average propor-
tion of the morphotype area in the tumor) and the degree
of morphotype heterogeneity (expressed as the tumor
NSI and as distribution patterns of the DMCs).

No significant associations were found between tumor
NSI and clinical parameters, nor between the distribution
patterns of DMCs across stages (I-IV, Pearson’s chi-
squared test, p = 0.4561) or tumor site (left versus right,
Pearson’s chi-squared test, p = 0.151).

An increase in the proportion of the DE
morphotype and a decrease in the proportion of the
PP morphotype were associated with higher T-stage,
N-stage, AJCC-stage, and the presence of synchro-
nous distant metastases (Figure 4 and supplementary
material, Table S1). The proportion of MU or TB
morphotypes was associated with higher grade, right
side, and MSI. Notably, the MU morphotype was
absent in all tumors classified as stage T1. The pro-
portion of the CT morphotype was significantly
higher in left-sided tumors including rectosigmoid and
rectum. CT and PP proportions were significantly
lower in grade 3 and MSI tumors (Figure 4). No sig-
nificant associations were observed between the SE
morphotype and any of the clinical variables (supple-
mentary material, Table S1).

Finally, we investigated possible associations bet-
ween the tumor area of individual morphotypes as well
as tumor NSI and overall survival (OS) and relapse-free
survival (RFS) in all the cohort and only in stage I-III
CRC patients. Optimal cut-off values for dichotomiza-
tion were determined in an exploratory analysis using
regression survival trees. In the whole cohort, a higher
proportion of the DE morphotype was significantly
associated with shorter OS (p <0.0001; Figure 5A)
and REFS (p <0.0001; Figure 5B). In the stage I-III
subgroup, this association was lost for OS (p = 0.12;
Figure 5C) but remained significant for RFS
(p = 0.014; Figure 5D). An increased proportion of the
PP morphotype correlated with longer OS and RFS in
both the whole cohort (p =0.0011 and p = 0.001,
respectively; Figure 5SA,B) and the stage I-III subgroup
(p =0.0025 and p = 0.031; Figure 5C,D). Lastly, a
higher proportion of the CT morphotype was associated
with longer OS (p = 0.041; Figure 5C) and RFS
(p = 0.027; Figure 5D) in the stage I-III subgroup
only; no significant associations were observed in the
full cohort. No significant association was found
between NSI and survival. Due to the limited numbers,
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Figure 2. Frequency and area of dominant morphotypes across the examined sections and tumors. (A) Frequency of morphotypes in
sections with respect to their dominance. (B) Frequency of morphotypes in tumors with respect to their dominance. (C) Distribution of
the fragment areas per individual morphotype, across all the sections. (D) Frequency of sections in tumors where the morphology was
dominant. 1/4 means the morphotype was dominant in one of the four examined slides of the tumor etc.

we did not perform survival analysis between the DMC
groups.

Reassessment of Al by pathologists

Finally, the findings of the Al-based image analysis
for the 22 initial tumors were conveyed to one of the
expert pathologists (MPD). There was a high level of
concordance between the Al and the expert patholo-
gists regarding the primary, secondary, and tertiary
morphotypes, with only a few instances of bona fide

© 2025 The Author(s). The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland and John Wiley & Sons Ltd.

Al hallucination identified. The expert pathologists
agreed with the Al in 97.22% of the cases (280/288),
and the hallucinations were mainly detected for small
areas/tertiary morphotypes.

In addition, the expert pathologist analyzed the Al
labeling by determining the intratumoral across-the-
colonic-wall location of the 288 dominant, secondary, and
tertiary morphotypes. CT was predominantly located in
the submucosa and muscularis propria (superficial), DE
primarily in the muscularis propria and fat tissue (deep),
MU in the submucosa and muscularis propria (mixed,

J Pathol Clin Res 2025; 11: e70034
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both superficial and deep), PP in the mucosa (superficial), combining mucosa with submucosa (superficial) versus
SE in the mucosa and submucosa (supetficial), and TB in ~ muscularis propria and fat tissue (deep), p < 0.0001; sup-
the muscularis propria (deep) [chi-square test, after  plementary material, Figure S3].
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Figure 4. Associations between clinical variables and the tumor morphotype area. For each clinical variable, two types of graphs are
shown. Left: a stacked barplot representing the average tumor area profile per category. Right: box plots of significant associations of
tumor morphotype area with categories of clinical variables, where the middle line represents the median, the box represents the
interquartile range (IQR), the whiskers represent £1.5 x IQR, and the gray dots represent outliers. Colored dots represent single values
per tumor; significant associations between the respective categories are indicated by connected lines and marked as follows: *p < 0.05;
*p < 0.01; *p<0.001; **p < 0.0001 (Mann-Whitney U-test between pairs of categories, if Kruskal-Wallis test significant). Additional
associations and full statistics are provided in supplementary material, Table S1.

Discussion

Our results confirm that CRC histology is highly

expert pathologists on 22 selected cases using the
morphotype concept allowed us to define morphotypes
reproducibly recognized by the experts but also
showed that inter-pathologist reproducibility of the

heterogeneous, both between tumors as well as
intratumoral. Intratumoral heterogeneity was even more
striking when four sections from different FFPE blocks
of the tumors were examined. A pilot analysis by

semi-quantitative assessment of dominant, secondary,
and tertiary morphotypes was insufficient. Interobserver
variability regarding the morphological assessment of

Figure 3. Patterns of intratumoral morphological heterogeneity. (A) Observed intratumoral patterns of dominant morphotype combina-
tions (IPDMCs) and their frequency (main barplot) and frequency of their distribution patterns (embedded top right barplot).
(B) Distribution of normalized Shannon index (NSI) of median tumor profiles in the IPDMCs. (C) Median morphotype area in the IPDMCs
and their further clustering into nine clusters. (D) Frequencies of pairwise combinations of dominant morphotypes in the sections.
(E) Examples of representative tumor morphological areas of slides from selected IPDMCs clusters as identified by image analysis. (F-H)
Examples of intratumoral morphological heterogeneity as assigned by image analysis over four examined slides/blocks. Values of NSI of
each slide and the average tumor profile are shown. (F) Tumor with low heterogeneity across all slides, expressing one dominant
morphotype (CT). (G) Tumor with low heterogeneity in two slides and medium heterogeneity in two slides, expressing two dominant
morphotypes (CT and PP). (H) Tumor with high heterogeneity in all four sections, expressing two dominant morphotypes (DE and MU).

© 2025 The Author(s). The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland and John Wiley & Sons Ltd.

J Pathol Clin Res 2025; 11: e70034

85UB017 SUOUWIOD 9AI1E.1D) 3[cfedt|dde au Aq peusenob ae sl VO ‘8sn J0 SNl o Akeiq 18Ul UO A8|IA LD (SUORIPUOD-PUE-SWSILIOY™A8 | 1M ARe.d Ul |UD//Stny) SUORIPUOD pue swis | 8y} 885 *[5202/20/60] U0 Akeiqi8uliuO A8]IA "D1jandey Yoezd sueiyoo Aq E00L 8ESH-9502/200T OT/I0p/W0d A8 | ARIq 1 puljuO'S eUIN0 foosyTed)/:sdny WOy pepeojumoa 't 'SZ02 '8ESY9S02



10 of 14

A Overall survival stage I-IV CRC

Strata ~High DE > 13%*“Low DE <= 13%

j

o
2
a
Probability of overall survival

o
o
S

©
2
2
5
@
©
9]
g
S
5

p <0.0001

0 10 20 30 40 50
Time in months

Number at risk
HighDE>13%435 28 18 13 7. 0
LowDE <=13%425 112 94 64 16 0

0 10 20 30 40 50

Time in months

Strata

w

Strata -+ High DE > 3.1%Low DE <= 3.1%

o %

0.75

0.50

of relapse—free survival

0.25{ p <0.0001

Time in months

Number at risk
HighDE>31%487 64 46 29
LowDE <=31%{f3 65 55 39
0 10 20 30 40 50

Time in months

11 0
8 0

s
£
7

@]

Strata - High DE > 14.1%Low DE <= 14.1%

100 | b i

0.75

0.50

K
>
c
=1
@
o
9]
>
<]
g
]

Time in months
Number at risk
High DE > 14 2 19 11 10 6 0
Low DE <= 14.1%{11 100 85 59 16 0
0 10 20 30 40 50
Time in months

Strata

Strata

Probability of relapse—free survival

Strata

Probability of overall survival

Strata

Strata ==High PP > 14%“=Low PP <= 14%

0.25] p=0.0011

o
1S3

e
3
a

e
o
S
-

e
=3
1S3

Time in months

Number at risk

HighPP>14%182 77 62 41 9 0
LowPP <=14%{78 63 50 36 14 0
0 10 20 30 40 50

Time in months

Relapse-free survival stage I-1V CRC

Strata ~+High PP > 6.1%Low PP <= 6.1%

1.00

0.75

0.50

0.25{ p=0.001

0.00

Time in months
Number at risk
High PP >6.1%126 106 84 53 16 0
LowPP<=6.1%34 23 17 15 3 (1]
0 10 20 30 40 50
Time in months

Overall survival stage I-III CRC

Strata =+High PP > 4.7%Low PP <= 4.7%

e *\*_‘m

e
3
o

o4
o
S
-

0.25{ p=0.0025

e
=3
S

Time in months
Number at risk
HighPP>47%{112 99 79 55 18 0
LowPP<=47%{21_20 17 14 4 0
0 10 20 30 40 50
Time in months

D Relapse-free survival stage I-III CRC

Strata ~High DE > 9.2%“Low DE <= 9.2%

j

o

3

o
Probability of relapse—free survival

025] p=0014

o
=3
S

Probability of relapse—free survival
3
o

Time in months

Number at risk
High DE > 9

h DE 2%434 27 16 13 6 0
LowDE<=92%{Q99 87 74 49 12 0
0 10 20 30 40 50

Time in months

Strata

Figure 5. Legend on next page.
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CRC morphological heterogeneity Al quantification

CRC is well known [11]. We therefore identified sec-
tions on which the pathologists agreed regarding the
dominant morphotype and used these to train an Al tool
to identify the presence of the defined morphotypes per
tumor and to quantify the proportion of each
morphotype in individual sections as well as in the four
combined sections per tumor. The quantitative data
obtained were used to assess the potential clinical rele-
vance of the identified (heterogeneous) morphological
patterns.

Both pathologist’s visual assessment and Al showed
that, in more than 50% of tumors, the dominant
morphotype is different between different tumor sec-
tions. As morphotypes are the leading criteria for histo-
logical (sub)typing of CRC, the direct implication is
that a (sub)type should never be called on a single
section, which corresponds with common practice as
the guidelines in use all define the number of tissue
samples to be taken, invariably exceeding our number
of four. Our use of the Shannon index, which combines
proportions of the different morphotypes, showed that
most tumors display a degree of heterogeneity in the
middle to higher range. Tumors with a low degree of
heterogeneity appeared to be mostly of the TB
morphotype. This corresponds to a poorly differentiated
adenocarcinoma with a loss of glandular or villous
architecture. We also found that the CT morphotype,
which corresponds to conventional adenocarcinoma
NOS [12], is the most prevalent and hence is found in
combination with all other morphotypes. When present,
this morphotype is also most often dominant. In
approximately 30% of cases, the SE morphotype domi-
nated, indicating involvement of the serrated neoplasia
pathway [13]. Other associations between morphotypes
and CRC oncogenesis pathways are the PP and MU
morphotypes defining adenoma-like and mucinous car-
cinomas, which are enriched in KRAS or BRAF driver
mutations [12,14-16].

Currently, molecular pathology of CRC focuses on
driver genes which determine the relevance of therapy
targeting EGFR and on microsatellite status, in the set-
ting of recurrent and metastatic disease [17] and hetero-
geneity is disregarded. Biittner er al reported two cases
in which the KRAS status differed between histotypes.
In one case, mucinous morphology was WT for KRAS,

Il of 14

while non-mucinous morphology showed the KRAS
G12D mutation. A second case showed a KRAS G12D
mutation in non-mucinous morphology and a targetable
KRAS G12C mutation in a mucinous region [18]. This
leads to the question of whether different morphotypes
should be sampled for molecular analysis and how data
documenting molecular heterogeneity should be used in
decision making regarding therapeutic approaches. This
is also true for transcriptional data supporting molecular
subtypes of CRC that have not yet entered clinical
practice. CRC cases with CMS4 subtype have been
reported to receive limited benefit from standard che-
motherapy like oxaliplatin and 5-fluorouracil or anti-
EGFR therapy, despite being KRAS WT [19-22]. We
contend that further studies on correlations between
morphotype and genomic or transcriptomic characteris-
tics are needed to arrive at evidence-based selection
of the most relevant tissue sample(s) for molecular
analysis.

Earlier studies have emphasized the conceptual and
potential clinical importance of morphological hetero-
geneity in CRC [16]. The CMS subtypes of CRC,
which have prognostic and predictive implications [5]
and hence have entered the realm of clinical trials, were
established using tumor tissue samples without due
attention to intratumor heterogeneity, even though the
potential relevance of intratumoral heterogeneity was
recognized [5]. Current methods, such as Al-based
analysis of H&E sections [23] or spatial transcriptomics
[24-26], offer the possibility to study the association
between morphological and molecular heterogeneity of
CRC in situ. Such studies have already confirmed the
high degree of intratumoral heterogeneity, and new
links between morphology and underlying molecular
programs have been established [6,7,24]. Our study
shows that, for meaningful molecular analysis, a tissue
sample from one section/block may not be sufficient. In
addition, generic (sub)typing of the tumor is not
enough: a tissue sample for molecular analysis should
be characterized in terms of morphotype. Many depart-
ments of pathology are moving to full digital workflow.
We postulate that an Al-based morphotype analysis
could introduce a quantifiable dimension to morphol-
ogy, potentially enhancing the histopathological charac-
terization of CRC over time.

Figure 5. Kaplan-Meier survival curves and risk tables for key morphotypes. Kaplan-Meier curves depict overall survival (0S) and
relapse-free survival (RFS) stratified by the proportion of desmoplastic (DE), papillary (PP), and complex tubular (CT) morphotypes.
Optimal cut-offs for high versus low morphotype proportion were determined using regression survival trees. (A) 0OS in the full cohort.
(B) RFS in the full cohort. (C) OS in stage I-Ill tumors. (D) RFS in stage I-Ill tumors. Risk tables indicate the number of patients at risk at
each time point. Differences between groups were assessed using the log-rank test.

© 2025 The Author(s). The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland and John Wiley & Sons Ltd.
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We did not find any association between the degree
of intratumoral heterogeneity and clinical outcomes, but
we found correlations between single morphotypes and
clinical and pathological parameters, providing further
evidence of the potential importance of quantifying spe-
cific morphotypes. We found tumors with low CT pro-
portion to be more often MSI, and a high proportion of
MU morphotype to correlate with MSI and right-sided
location, as has been reported before [12,27]. The asso-
ciation between an increased proportion of DE and
higher T-stage and local and distant metastases, as well
as shorter RFS, fits with the published association
between the desmoplastic reaction and prognosis [28].
However, the desmoplastic reaction has been sub-
categorized into mature, intermediate, and immature, the
immature form having the worst prognosis [29], and our
morphological approach did not make this subclassifica-
tion. Furthermore, these associations can be partially
attributed to the fact that the DE morphotype is typically
situated at the tumor front and within the deeper layers
of the colon wall, including the muscularis propria
and adipose tissue. Although our analysis was not spe-
cifically focused on stromal content or grading of
desmoplastic reaction, the strong negative association of
DE morphology with survival confirms the biological
and clinical relevance of these stromal components. In
addition, our findings suggest that PP morphology is
associated with improved outcomes, which has not been
widely reported in CRC. Given the statistical consis-
tency of this association across both the full and stage I-
III cohorts, we believe this signal is unlikely to be spuri-
ous. While the biological underpinnings of PP morphol-
ogy remain underexplored in CRC, it may represent a
more differentiated, less invasive phenotype. Further
studies are warranted to validate this association and
clarify its underlying mechanisms. Lastly, our data sup-
port the notion that prognostic associations of
morphotypes are not uniform across tumor stages. For
example, the protective effect of the CT morphotype
was only observed in stage I-III tumors, possibly
because in later-stage disease it co-occurs with more
aggressive components like DE, diluting or masking its
individual contribution. This highlights a broader need
to move beyond single-pattern analysis. Given the fre-
quent admixture of morphologies within individual
tumors, future work should focus on the combinatorial
landscape of morphotypes, which may better reflect
tumor biology and its clinical implications. However,
such investigations will require larger, well-annotated
cohorts with detailed quantitative morphological data.

In the context of grading, gland formation serves as
a central criterion. Consequently, the observation that
gland-rich CT and PP morphotypes are associated with

© 2025 The Author(s). The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland and John Wiley & Sons Ltd.
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G1 or G2, while TB and, to a lesser extent, MU are
associated with G3, is not unexpected. This phenome-
non can be interpreted as an internal positive control
of the present Al-morphotype analysis.

Despite being a clonal proliferation of transformed
cells, CRC is morphologically strikingly heteroge-
neous, and the question arises what drives this? Even
though we did not perform detailed three-dimensional
mapping of whole tumors in terms of morphotype
presence, the visual representation of morphotype
distribution in Figure 3E-H is compatible with a
dominant clone, corresponding with the dominant
morphotype, from which morphologically different
subclones arise. This has been suggested before [30].
These subclones would be characterized by additional
(epi)genetic events and a specific transcriptome befit-
ting the variant morphology. Additional elements that
might contribute to morphological heterogeneity are
the tumor microenvironment, which consists of the
extracellular matrix, the immune infiltrate, and, more
recently, the microbiome. It has been shown, by com-
bining immune gene signatures with microbiome data,
that a predictive score can be obtained that performs
better than other available predictive biomarkers such
as CMS [31]. Evidence in favor of the involvement of
the extracellular matrix (ECM) is provided by the three
types of DE morphology, with the matrix composition
driving cancer cell morphology rather than cancer cells
driving matrix composition [32]. CRC tumors with DE
morphology with a mature ECM, characterized by fine
and well-aligned fibers stratified in multiple layers,
have a better prognosis than tumors with a keloid-like
or myxoid ECM [32]. Therefore, future studies need
to also take non-tumoral elements into account. From
this perspective, it would be of great interest to extend
the histopathological characterization of intratumoral
heterogeneity by inclusion of Al-based estimates of
immune cell distribution within and in close proximity
to the tumor area.

It is important to note that our study is not without
limitations, and we wish to highlight some intriguing
prospective avenues for future study. Firstly, we did
not assess the feasibility of utilizing Al-guided analy-
sis for the characterization of small biopsies. Our cur-
rent data indicate that this is a feasible approach, as
small tumor regions were successfully detected and
characterized in our cohort. However, we anticipate an
increase in the prevalence of PP and SE morphotypes,
as our findings demonstrate a higher frequency of
these morphologies in the luminal region, and the
biopsies are often superficial. Secondly, we did not
analyze the morphological heterogeneity of primary
tumor versus matched metastasis. This is a topic of

J Pathol Clin Res 2025; 11: e70034
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considerable interest that warrants further investigation
in future research. Thirdly, we cannot exclude that the
total tumor area may affect the degree of heterogene-
ity, and this point needs to be addressed by performing
a per-area analysis.

In summary, we show that Al-guided analysis of
multiple whole H&E stained sections of a CRC is an
appropriate approach to clarify intratumoral heteroge-
neity, in terms of proportions of morphotypes present
and conceivably also in terms of ECM and immune
infiltrate. Our data support the notion that spatial quan-
tification of specific morphotypes on multiple slides is
likely to be clinically relevant. If the results of this
study are validated in additional cohorts, they may
have direct implications for the (re)definition of
criteria for histological (sub)typing of CRC and the
development of evidence-based protocols for tumor
sampling for molecular studies.
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