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Abstract

Histopathological growth patterns (HGPs) are a reliable, reproducible, and strong prognostic biomarker that can
be assessed on haematoxylin and eosin-stained sections of resected colorectal liver metastases (CRLM). Assess-
ment estimates the relative fraction of the tumour-liver interface for each of the three growth patterns; the
desmoplastic HGP reflects good prognosis. Whether preoperative chemotherapy affects the HGP is currently
unclear. The present international multicentre study evaluates this in an original cohort of 877 consecutive
patients treated in the Netherlands, an external validation cohort of 1,203 consecutive patients treated in the
USA, and a post hoc analysis from the phase Ill randomised controlled European Organization for Research and
Treatment of Cancer (EORTC) 40983 trial (n = 70). All patients underwent resection of CRLM with or without
preoperative systemic chemotherapy. Trial patients were randomised between perioperative chemotherapy and re-
section or resection alone. HGPs were determined according to consensus guidelines and compared for preopera-
tive treatment status. Data from three separate tumour regression grading systems were available for the trial
cohort. These were correlated with HGP stratified for treatment arm. In the original cohort, the average presence
of desmoplastic HGP was 43% for chemo-naive versus 67% for preoperatively treated patients (p < 0.001). A
significant association between chemotherapy and desmoplastic HGP was found on multivariable analysis
(B [95% confidence interval, Cl]: 24.57 [18.28-30.87], p < 0.001). In the validation cohort, the average presence
of desmoplastic HGP was 40% for chemo-naive versus 63% for preoperatively treated patients (p < 0.001). This
association remained on multivariable analysis (8 [95% ClI]: 24.18 [18.70-29.66], p < 0.001). In the EORTC
40983 trial, the average desmoplastic HGP presence was 33% in the resection arm versus 61% in the chemother-
apy arm (p = 0.005). Chemotherapy was independently associated with an increase in desmoplastic HGP
(B [95% Cl]: 23.29 [1.78-44.79], p = 0.022). All three tumour regression gradings were significantly associated
with the desmoplastic HGP in the chemotherapy arm (all p < 0.04). None were associated in the resection arm
(all p > 0.11). Preoperative chemotherapy induces histopathological changes that alter the HGP of CRLM.
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Introduction

Histopathological growth patterns (HGPs) describe
distinct phenotypes of tumour growth at the transition
zone between pre-existing liver parenchyma and colo-
rectal liver metastases (CRLM) [1]. HGPs have been
associated with prognosis in patients undergoing re-
section of CRLM [1-9]. The determination of HGPs
has been standardised in international guidelines [1].
Three main HGP phenotypes are recognised: the
replacement, the pushing, and the desmoplastic type
HGP (Figure 1) [1,10]. Based on prognosis, a

Figure 1. Examples of the distinct HGPs. (A) Example of replace-
ment type HGP in which tumour cells ‘replace’ hepatocytes and
infiltrate the liver parenchyma with direct tumour-liver cell con-
tact. (B) Example of pushing type HGP in which the liver
parenchyma is ‘pushed’ aside but is not infiltrated. No direct
tumour-liver cell contact is present. (C) Example of desmoplastic
type HGP, in which the tumour is separated from the liver paren-
chyma by a desmoplastic capsule. No direct tumour-liver cell
contact is present.
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dichotomy can be made. Patients with any observed
non-desmoplastic HGP (i.e. any pushing or replace-
ment HGP) have worse survival outcomes compared
to patients with pure desmoplastic HGP [5]. This dif-
ference in survival was less apparent for patients
treated with preoperative systemic chemotherapy [5].
Furthermore, higher proportions of the desmoplastic
HGP were observed in pre-treated patients. These
results suggest that preoperative chemotherapy may
affect the HGP and raises questions regarding the
assessment and value of this biomarker after preopera-
tive systemic treatment. These results require external
validation.

The European Organization for Research and Treat-
ment of Cancer (EORTC) intergroup study 40983 ran-
domised controlled phase III trial compared surgery
alone to surgery combined with perioperative systemic
chemotherapy in patients with resectable CRLM [11,12].

This study evaluates the effect of preoperative sys-
temic chemotherapy on the HGPs of CRLM in an
original cohort of consecutive patients undergoing re-
section in the Netherlands, a similar external validation
cohort of patients treated in the USA, and in a post
hoc analysis of a subset from the EORTC 40983 ran-
domised controlled clinical trial.

Materials and methods

The current study was performed according to the
STROBE guidelines for cohort studies and approved
by the medical ethics committee of the Erasmus Uni-
versity Medical Centre Rotterdam (MEC 2018-1743)
[13]. A waiver for renewed written informed consent
was granted.

Original cohort

All consecutive patients undergoing first resection of
CRLM between January 2000 and February 2019 at
the Erasmus MC Cancer Institute (Rotterdam, The
Netherlands) were evaluated for eligibility. Part of this
cohort was previously described by Galjart et al [5]. In
accordance with the previous study, patients with
incomplete resection, treated by ablation only, or in
whom the HGP could not be determined were
excluded. Patient characteristics, primary tumour and
CRLM characteristics, treatment details, follow-up,
and disease recurrence were extracted from a prospec-
tively maintained database.
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External validation cohort

All consecutive patients undergoing first resection of
CRLM between January 2000 and January 2019 at the
Memorial Sloan Kettering Cancer Center (MSKCC)
(New York City, NY, USA) were considered for inclu-
sion in the external validation cohort. Similar exclusion
criteria were applied. In addition, patients receiving pre-
operative hepatic arterial infusion pump (HAIP) chemo-
therapy were excluded as this study evaluates the
relationship between HGPs and preoperative systemic
chemotherapy. Data regarding patient characteristics, pri-
mary tumour and CRLM characteristics, treatment
details, follow-up, and disease recurrence were also
extracted from a prospectively maintained database.

Randomised patient cohort

A subset of patients from the EORTC 40983 trial
(NCT00006479), from whom digitalised haematoxylin
and eosin (H&E)-stained tissue sections were avail-
able, were included for post hoc analysis. This subset
of patients has been described previously [14]. The
details of the original trial including its short- and
long-term results are reported elsewhere [11,12]. In
summary, the EORTC 40983 trial randomised
364 patients with up to four resectable CRLM between
either perioperative chemotherapy and resection (CTx
arm) or resection only (Rx arm). Perioperative chemo-
therapy consisted of the FOLFOX4 regimen with six
planned preoperative and six planned postoperative
cycles [15].

HGP determination

Determination of HGPs was done in accordance with
international consensus guidelines [1]. Assessment
was performed by light microscopy on all available
H&E-stained tissue sections from all resected CRLM
and blinded for outcome, preoperative treatment status,
and all other clinicopathological patient characteristics.
Assessment was performed by trained observers
(PMHN, DJH, EPvdS, and BG) together/in consulta-
tion with a dedicated HGP pathologist (PBV) [1]. For
the EORTC 40983 trial, patient assessment was per-
formed on digitalised H&E-stained tissue sections [14]
by trained observers (PMHN, DJH, and BG) and a
dedicated HGP pathologist (PBV) separately. Discor-
dant cases were subsequently reviewed by all
observers together (PMHN, DJH, BG, and PBV) to
achieve consensus. As multiple HGPs can be present
in a single tumour, the entire tumour-liver interface on
each slide was examined. During assessment, the rela-
tive fraction of the total length of the interface of
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desmoplastic, replacement, and/or pushing HGP was
estimated and expressed as percentage. Herein, each
proportion of the interface representing 5% or more
was taken into account. Metastasis level estimates
were calculated with equal weights assigned to indi-
vidual tissue sections. The final patient level HGP
scores were subsequently calculated with equal
weights assigned to individual metastases. The average
presence of each distinct HGP observed was deter-
mined in each of the three cohorts and stratified for
preoperative treatment status. The proportional distri-
bution of distinct HGPs was displayed graphically and
stratified for preoperative treatment status, in which
the horizontal axis represented individual patients and
the vertical axis the corresponding observed proportion
of each distinct HGP at the tumour-liver interface.
The average presence of each distinct HGP was repre-
sented by its surface area. HGP determination was not
performed if no viable tumour was present, in cases
with inadequate tissue preservation of H&E-stained
tissue section(s), or if less than 20% of the tumour—
liver interface was assessable [1]. In accordance with
previous findings, patients were classified as either
pure desmoplastic HGP (i.e. 100% desmoplastic HGP)
or non-desmoplastic HGP (any replacement and/or
pushing HGP) [5,16]. A simplified decision tree to
determine the HGP on a patient level based on this
clinically relevant distinction, adapted with permission
from van Dam et al [1], is provided in supplementary
material, Figure S1. With regard to preoperative treat-
ment stratification, patients in the original cohort and
the external validation cohort who received any sys-
temic chemotherapy within 6 months prior to CRLM
resection — with the exception of capecitabine as radio-
sensitiser in the treatment for rectal cancer — were con-
sidered preoperatively treated. In addition, several
examples of the desmoplastic HGP with and without
preoperative systemic chemotherapy were selected and
were evaluated in a descriptive manner.

Tumour regression grading

For the subset of the EORTC 40983 trial, three sepa-
rate tumour regression gradings were available: the
Mandard tumour regression grade (TRG) [17],
the mean percentage of tumour cells according to
Blazer et al [18], and the histological tumour regres-
sion according to Rubbia-Brandt [19]. These three
tumour regression gradings were all determined prior
to the conception of this study, by an independent
senior pathologist (CJ) not involved in HGP assess-
ment and blinded for treatment arm and patient
outcome. The Mandard TRG recognises five grades:

J Pathol Clin Res 2022; 8: 48—-64
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1 — absence of cancer cells replaced by abundant fibro-
sis; 2 — rare residual cancer cells scattered throughout
abundant fibrosis; 3 — increase in the number of cancer
cells but fibrosis remains predominant; 4 — residual
cancer outgrowing fibrosis; and 5 — absence of regres-
sive changes [17]. The method described by Blazer
et al assesses pathological response to preoperative
chemotherapy in patients with CRLM by semi-
quantitatively estimating the percentage of viable
tumour in relation to tumour surface area [18]. The
histological tumour regression according to Rubbia-
Brandt is an adaptation of the Mandard TRG and rec-
ognises three grades of tumour regression in CRLM:
no histological tumour regressive or response changes
(NHR), partial histological tumour response (PHR),
and major or complete histological tumour response
(MjHR) [19]. Tumour regression according to all three
grading systems was correlated with HGP stratified for
treatment arm.

Statistical analysis

Categorical data are reported using absolute numbers
and corresponding percentages and continuous data
using medians with corresponding interquartile ranges
(IQR). Proportional differences were evaluated with the
chi-squared test. Differences in medians between two
groups were assessed using the Mann—Whitney U-test.
The average presence of distinct HGPs was compared
across preoperative treatment status by means of a para-
metric f-test. To evaluate whether preoperative chemo-
therapy was associated with the observed proportion of
the desmoplastic HGP at the interface, uni- and multi-
variable linear regression analyses were performed and
expressed using the f coefficient with corresponding
95% confidence intervals (CIs). Additional uni- and
multi-variable linear regression models were computed
in a combined cohort of all patients with available data
on APC, KRAS, NRAS, and BRAF mutational status, as
well as on microsatellite instability (MSI) status. The
association between tumour regression and the
desmoplastic HGP was assessed in the trial cohort for
each of the three gradings and in each treatment arm
separately by multivariable logistic regression. Results
are graphically displayed using scatter plots with
corresponding regression line and are reported using
the B coefficient with corresponding 95% CI. The
reversed Kaplan—Meier method was applied to estimate
the median follow-up time for survivors. Overall sur-
vival (OS) was defined as the time in months from the
date of resection until the date of death. When alive,
patients were censored at the date of last follow-up.
Kaplan—Meier analysis was used to determine survival
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estimates which were compared by means of the log-
rank test. Uni- and multi-variable Cox regression ana-
lyses for OS were performed in the original and the
external validation cohort to correct for potential con-
founding. In these cohorts, survival analyses on the
HGP stratified by preoperative chemotherapy have pre-
viously been performed and were therefore not repeated
[5,16,20]. Results of the Cox regression analyses were
expressed using hazard ratios (HRs) and corresponding
95% Cls. For the EORTC 40983 trial subset, the OS
difference between treatment arms was estimated and
compared to the long-term results of the entire trial
(expressed as HR with corresponding 95% CI) [12]. In
an attempt to assess differences between pre-treated and
chemo-naive patients with a desmoplastic HGP
(i.e. 100% desmoplastic), clinicopathological factors
and OS were compared between these subgroups in a
combined cohort of all available patients. All analyses
were performed using R version 4.1.0 (http://www.1-
project.org).

Results

Original cohort

At the Erasmus MC Cancer Institute, 1,257 patients were
treated surgically for CRLM between January 2000 and
February 2019. Patients were excluded due to incomplete
resection of CRLM (n = 133), ablative therapy only
(n = 33), and unsuitable or unavailable H&E-stained tis-
sue sections for HGP determination (n = 214). The
remaining 877 (70%) patients were included for analysis.
Preoperative systemic chemotherapy was administered to
462 patients (53%). Baseline patient characteristics strati-
fied by preoperative treatment are presented in Table 1.
A graphical display of the distinct HGPs stratified for
preoperative treatment status is shown in Figure 2. The
average presence of desmoplastic HGP observed at the
interface was 43% in chemo-naive versus 67% in preop-
eratively treated patients (p < 0.001; Figure 2D). Preoper-
ative systemic chemotherapy was independently
associated with a higher proportion of desmoplastic HGP
observed (adjusted f [95% CI]: 24.57 [18.28-30.87],
p <0.001; Table 2). On multivariable analysis, a non-
desmoplastic HGP was associated with an adjusted HR
(95% CI) for OS of 1.56 (1.23-1.98) (p < 0.001; see sup-
plementary material, Table S1) [5,16].

External validation

During the study period, 2,550 patients were treated
surgically for CRLM at the MSKCC and were

J Pathol Clin Res 2022; 8: 48—-64
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Figure 2. Distribution of HGPs in the original cohort of the Erasmus MC Cancer Institute stratified for preoperative treatment status.
(A) Distribution of HGPs in the chemo-naive cohort. (B) Distribution of HGPs in the preoperatively treated cohort. (C-E) Average observed
proportion of replacement type HGP (C), desmoplastic type HGP (D), and pushing type HGP (E) in chemo-naive patients compared to pre-

operatively treated patients.

potentially eligible for inclusion. Patients were
excluded due to any preoperative HAIP chemotherapy
(n = 202), incomplete resection of CRLM (n = 84),
ablative therapy only (n = 14), unsuitable or
unavailable H&E-stained tissue sections for HGP
determination (n = 1042), and missing clinical infor-
mation on inclusion and exclusion criteria (n = 5). In
total, 1,203 (47%) patients were included for analysis.
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Preoperative systemic chemotherapy was administered
to 793 patients (66%). Baseline characteristics com-
pared for preoperative treatment are presented in
Table 1. A graphical display of the distinct HGPs strat-
ified for preoperative treatment status is shown in
Figure 3. The average presence of desmoplastic HGP
observed at the interface was 40% in chemo-naive
patients versus 63% in preoperatively treated patients

J Pathol Clin Res 2022; 8: 48—64
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Table 2. Uni- and multi-variable linear regression analyses for association with the desmoplastic HGP.

Original cohort - Erasmus MC Cancer Institute

Univariable Multivariable (n = 725)

B (95% CI) Pvalue B (95% Cl) Pvalue
Primary tumour location, right- versus left-sided or rectal 1.26 (—5.92-8.44) 0.731 0.74 (—6.59-8.06) 0.843
Primary tumour T-stage, (y)pT 0-4* —2.65 (—6.45-1.14) 0.170 —1.05 (—5.12-3.01) 0.611
Primary tumour nodal status, (y)pN 0-2* —5.51 (—9.15-—1.87) 0.003 —5.49 (—9.42-—1.56) 0.006
Disease-free interval, months* —0.24 (—0.40-—0.09) 0.002 —0.04 (—0.21-0.14) 0.664
Number of CRLM* 1.33 (0.28-2.38) 0.013 —0.15 (—1.38-1.07) 0.806
Diameter of largest CRLM, cm* —2.48 (—3.54-—1.41) <0.001 —1.23 (—2.37-—-0.09) 0.035
Preoperative CEA level, 100 pg/I* —0.24 (—1.10-0.61) 0.577 —0.75 (—1.60-0.11) 0.087
Preoperative chemotherapy, yes versus no 23.30 (18.18-28.42) <0.001 24.57 (18.28-30.87) <0.001

External validation cohort - MSKCC

Univariable Multivariable (n = 899)

B (95% CI) P value B (95% CI) Pvalue
Primary tumour location, right- versus left-sided or rectal —1.51 (—6.46-3.45) 0.550 2.67 (—2.68-8.03) 0.328
Primary tumour T-stage, (y)pT 0-4* —1.36 (—4.75-2.04) 0.433 —2.21 (—5.95-1.54) 0.247
Primary tumour nodal status, (y)pN 0-2* —2.48 (—5.42-0.45) 0.097 —6.19 (—9.50-—2.87) <0.001
Disease-free interval, months* —0.27 (—0.39-—0.15) <0.001 —0.12 (—0.28-0.04) 0.149
Number of CRLM* 1.12 (0.20-2.04) 0.017 0.02 (—1.08-1.12) 0.977
Diameter of largest CRLM, cm* —2.11 (—2.87-—1.35) <0.001 —1.53 (—2.38-—0.68) <0.001
Preoperative CEA level, 100 pg/I* —0.08 (—0.35-0.19) 0.556 —0.09 (—0.35-0.18) 0.511
Preoperative chemotherapy, yes versus no 22.19 (17.69-26.69) <0.001 24.18 (18.70-29.66) <0.001

Randomised patient cohort - EORTC 40983 trial

Univariable Multivariable (n = 68)

B (95% CI) Pvalue B (95% CI) Pvalue
Primary tumour location, right- versus left-sided or rectal 3.85 (—19.91-27.62) 0.747 3.56 (—21.14-28.26) 0.774
Primary tumour T-stage, (y)pT 0-4* —4.69 (—23.85-14.47) 0.627 —0.86 (—21.15-19.43) 0.933
Primary tumour nodal status, (y)pN 0-2* —4.84 (—19.05-9.37) 0.499 —5.71 (—20.83-9.42) 0.453
Disease-free interval, months* 0.15 (—0.48-0.77) 0.645 0.09 (—0.56-0.73) 0.785
Number of CRLM* 5.86 (—2.46-14.18) 0.165 4.12 (—4.65-12.89) 0.351
Diameter of largest CRLM, cm* —2.13 (—4.86-0.61) 0.126 —1.66 (—4.74-1.43) 0.288
Preoperative CEA level, 100 pg/I* 0.03 (—0.05-0.11) 0.425 0.02 (—0.06-0.11) 0.597
Treatment arm, CTx versus Rx arm 27.97 (8.95-46.98) 0.005 23.29 (1.78-44.79) 0.034

CTx, chemotherapy; Rx, resection.
*Entered as continuous variable.

(p < 0.001; Figure 3D). On multivariable analysis, pre-
operative chemotherapy was significantly associated with
a higher proportion of desmoplastic HGP (adjusted S
[95% CIJ: 24.18 [18.70-29.66], p < 0.001; Table 2). A
non-desmoplastic HGP was associated with an adjusted
HR (95% CI) for OS of 1.75 (1.29-2.37) (p < 0.001; see
supplementary material, Table S2) [16,20].

Randomised patient cohort

Digital H&E-stained tissue sections of 70 patients, of
whom 40 were treated in the Rx only arm, were
obtained and the HGP was subsequently scored. In
total, 112 digitalised H&E-stained tissue sections were
reviewed. Baseline characteristics compared for treat-
ment arm are displayed in Table 1. No significant
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differences were found and baseline characteristics
were comparable to those of the original trial cohort
[11,12]. In addition, OS did not differ between treat-
ment arms (HR [95% CI]: 0.79 [0.42-1.48],
p = 0.46), and was similar to the published long-term
results of the original trial (HR [95% CI]: 0.88 [0.68—
1.14], p = 0.34) [12].

A graphical display of the distinct HGPs stratified
for treatment arm is shown in Figure 4. The average
presence of desmoplastic HGP observed at the inter-
face was 33% in the Rx only arm versus 61% in the
CTx arm (p = 0.005; Figure 4D). Preoperative sys-
temic chemotherapy was independently associated
with a higher proportion of desmoplastic HGP
(adjusted f [95% CI]: 23.29 [1.78-44.79], p = 0.034;
Table 2).

J Pathol Clin Res 2022; 8: 48—-64
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Figure 3. Distribution of HGPs in the external validation cohort of the MSKCC stratified for preoperative treatment status.
(A) Distribution of HGPs in the chemo-naive cohort. (B) Distribution of HGPs in the preoperatively treated cohort. (C-E) Average observed
proportion of replacement type HGP (C), desmoplastic type HGP (D), and pushing type HGP (E) in chemo-naive patients compared to pre-

operatively treated patients.

Within the Rx only arm, no associations were found
between either the Mandard TRG, mean percentage of
tumour cells, or Rubbia-Brandt TRG and the observed
percentage of desmoplastic HGP (all p>0.11;
Figure SA—C and supplementary material, Table S3).
In the CTx only arm, increased levels of tumour regres-
sion based on either the Mandard TRG, mean percent-
age of tumour cells, or Rubbia-Brandt TRG were all
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significantly  associated with an increase in
desmoplastic HGP (all p < 0.04; Figure SD-F and sup-
plementary material, Table S3).

The median follow-up for survivors (IQR) was
103 months (93-120) during which 41 patients (59%)
died. The reported 5-year OS rates in the Rx only arm
were 83% versus 51% for patients with a
pure desmoplastic HGP compared to patients with a
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Figure 4. Distribution of HGPs in the EORTC 40983 trial stratified for preoperative treatment status. (A) Distribution of HGPs in the re-
section only arm. (B) Distribution of HGPs in the preoperatively treated arm. (C, D) Average observed proportion of replacement type
HGP (C) and desmoplastic type HGP (D) in chemo-naive patients compared to preoperatively treated patients.

non-desmoplastic HGP (overall log-rank: p = 0.16; see a pure desmoplastic HGP compared to patients with a
supplementary material, Figure S2). In the CTx arm, the =~ non-desmoplastic HGP (overall log-rank: p = 0.99; see
S-year OS rates were 63% versus 59% for patients with ~ supplementary material, Figure S2).
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Figure 5. (A-F) Results of the multivariable linear regression models investigating three separate gradings of tumour regression in
patients randomised to either resection only (A-C) or perioperative chemotherapy with resection (D-F) within the EORTC 40983 phase IlI
trial. The dots resemble individual patients; dark grey dots represent a non-desmoplastic and light grey dots a desmoplastic phenotype,
respectively. The regression line represents the association for one of the three tumour regression gradings with the dHGP on multivari-
able analysis, with the ribbon representing the 95% Cl of the estimate. dHGP, desmoplastic HGP; NHR, no histological response; PHR,

partial histological response; MjHR, major histological response.

Genetics data

The uni- and multi-variable linear regression models
within the combined cohort of all patients with available
genetics data showed that MSI was significantly associ-
ated with an increased proportion of desmoplastic HGP
at the interface (adjusted f [95% CI]: 39.97 [13.59-
66.34], p = 0.003; Table 3). There were no significant
associations between APC, KRAS, NRAS, or BRAF
mutational status and the proportion of desmoplastic
HGP (all p > 0.6; Table 3). When correcting for genetic
risk factors, preoperative chemotherapy remained inde-
pendently associated with a higher proportion of
desmoplastic HGP (adjusted f [95% CI]: 19.83 [10.85—
28.82], p < 0.001).

Comparing chemo-naive and pre-treated
desmoplastic patients

Comparison of clinicopathological characteristics
between all chemo-naive and pre-treated desmoplastic
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patients (i.e. 100% desmoplastic HGP) is provided in
Table 4 (combined cohort). In comparison to chemo-
naive patients, pre-treated desmoplastic patients were
younger, had more advanced (y)pT&N stage, a shorter
disease-free interval, more CRLM, and a higher preop-
erative serum carcinoembryonic antigen (CEA)
(Table 4). The size of the largest CRLM measured at
pathological examination was however significantly
smaller for the pre-treated desmoplastic patients
(Table 4). Concerning genetic risk factors, no signifi-
cant differences were observed.

Chemo-naive patients with desmoplastic lesions had a
significantly longer OS compared to the pre-treated
desmoplastic patients, with 5-year OS (95% CI) of 74%
(67-83%) compared to 60% (54-66%) (p = 0.004; see
supplementary material, Figure S3). This difference
remained on multivariable analysis, with an adjusted HR
for OS of 1.78 (1.16-2.74); p = 0.008 (see supplemen-
tary material, Table S4) for pre-treated desmoplastic ver-
sus chemo-naive desmoplastic patients.

J Pathol Clin Res 2022; 8: 48—-64
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Table 3. Uni- and multi-variable linear regression analyses for the association with the desmoplastic HGP in a combined cohort of

patients with available genetics data.

Primary tumour location, right- versus left-sided or rectal
Primary tumour T-stage, (y)pT 0-4*
Primary tumour nodal status, (y)pN 0-2*
APC, mutant versus wildtype

KRAS, mutant versus wildtype

NRAS, mutant versus wildtype

BRAF, mutant versus wildtype

MSI, MSI versus MSS

Disease-free interval, months*

Number of CRLM*

Diameter of largest CRLM, cm*
Preoperative CEA level, 100 pg/I*
Preoperative chemotherapy, yes versus no

MSS, microsatellite stable.
*Entered as continuous variable.

Table 4. Clinicopathological characteristics of desmoplastic
treatment status (combined cohort).

Age at resection CRLM (median [IQR])

Gender Female

Male
Primary tumour location Right-sided

Left-sided

Rectal
(y)pT-stage 0

1

2

3

4
(y)pN-stage 0

1

2

Disease-free interval in months (median [IQR])
Number of CRLM (median [IQR])

Diameter of largest CRLM in cm (median [IQR])
Preoperative CEA in pg/l (median [IQR])

APC Wildtype
Mutant
KRAS Wildtype
Mutant
NRAS Wildtype
Mutant
BRAF Wildtype
Mutant
MSI status MSS
MSI

MSS-microsatellite stable.

59
Univariable Multivariable (n = 333)

B (95% Cl) Pvalue B (95% Cl) Pvalue
—0.61 (—4.64-3.43) 0.767 2.46 (—6.57-11.49) 0.593
—1.91 (—4.41-0.60) 0.136 —1.77 (—6.88-3.33) 0.495
—3.71 (—5.99-—1.43) 0.001 —8.59 (—13.76-—3.42) 0.001

0.82 (—7.40-9.03) 0.845 0.81 (—10.14-11.75) 0.885
3.70 (—1.02-8.41) 0.124 —0.55 (—8.38-7.28) 0.890
8.83 (—3.65-21.31) 0.165 5.33 (—15.06-25.73) 0.607
3.31 (—10.09-16.71) 0.628 5.45 (—15.41-26.31) 0.608
20.82 (1.89-39.75) 0.031 39.97 (13.59-66.34) 0.003
—0.26 (—0.35-—0.17) <0.001 —0.26 (—0.54-0.03) 0.076
1.21 (0.52-1.91) <0.001 1.66 (0.15-3.17) 0.031
—2.23 (—2.85-—1.61) <0.001 —1.34 (—2.96-0.27) 0.103
—0.09 (—0.35-0.17) 0.479 0.31 (—0.15-0.77) 0.191
22.00 (18.68-25.32) <0.001 19.83 (10.85-28.82) <0.001
patients only (i.e. 100% desmoplastic HGP) stratified by preoperative
Desmoplastic patients only
Preoperative chemotherapy
No Yes
Missing (%) n = 145 (%) n =318 (%) Pvalue
67.0 [56.0-75.0] 61.0 [51.0-68.0] <0.001
87 (60) 206 (65) 0.322
58 (40) 112 (35)
21 (5) 31 (22) 82 (27) 0.560
64 (46) 129 (43)
44 (32) 92 (30)
31(7) 1(1) 15 (5) <0.001
5 (4) 2 (1)
29 (20) 25 (9)
97 (68) 190 (66)
10 (7) 58 (20)
13 (3) 84 (58) 119 (39) <0.001
46 (32) 116 (38)
14 (10) 71 (23)
5 (1) 9.0 [0.0-22.0] 0.0 [0.0-1.0] <0.001
3 (1) 1.0 [1.0-2.0] 2.0 [1.0-4.0] <0.001
15 (3) 2.3 [1.5-3.5] 1.8 [1.1-3.0] 0.002
37 (8) 4.8 [2.6-11.5] 8.0 [3.1-29.9] <0.001
364 (79) 3(18) 15 (18) 0.950
14 (82) 67 (82)
256 (55) 17 (52) 94 (54) 0.791
16 (48) 80 (46)
293 (63) 25 (93) 135 (94) 0.713
2 (7) 8 (6)
277 (60) 28 (97) 149 (95) 0.704
1(3) 8 (5)
343 (74) 27 (93) 86 (95) 0.779
2(7) 5(5)
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Figure 6. (A-J) Representative examples of resected CRLM
exhibiting a desmoplastic HGP in chemo-naive (A-E) and pre-
treated (D-J) patients.
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Desmoplastic HGP examples with and without
preoperative chemotherapy

Several examples of CRLM with a desmoplastic HGP
are presented in panels A-J of Figure 6. Panels A-E
pertain to resected CRLM of chemo-naive patients, and
in panels F-J CRLM resected from preoperatively
treated patients are displayed. As delineated by interna-
tional consensus guidelines, the desmoplastic HGP can
exhibit several distinguishing features like the presence
of a rim of desmoplastic stroma separating the metasta-
sis from the liver parenchyma (prerequisite), which is
often accompanied by a (dense) lymphocytic infiltrate
around this stroma [1,21]. Moreover, the composition
of the tumour cells does not mimic the architectural
pattern of the liver parenchyma. Almost all of the
aforementioned histopathological features apply to all
panels in Figure 6. Despite these general similarities,
closer observation reveals some apparent morphologi-
cal differences. Varying degrees of tumour regression
are present in the preoperatively treated CRLM. For
example, in panels F and G, Mandard TRGs of 2 and
3, respectively, are seen. While these examples for-
mally meet the conditions to be classified as
desmoplastic HGP (i.e. separation of the metastasis
from the liver tissue by a desmoplastic rim), few vital
tumour cells are present. Therefore, it is unknown
whether the currently observed morphology represents
the ‘original® (prior to systemic chemotherapy) metasta-
sis morphology as such an assessment (HGP pre-che-
motherapy) is currently impossible. In panel H, we
observe a metastasis that is formally classified as
desmoplastic (i.e. separation of the liver parenchyma
and the metastasis by desmoplasia) but the tumour cells
in the periphery of the metastases are organised in a
trabecular-like (plate-like) pattern resembling liver
parenchyma, albeit accompanied by relatively obvious
inter-plate fibrosis. This plate-like pattern is often
observed in the replacement HGP type. Again, as pre-
chemotherapy morphology of this metastasis is
unknown, it is not possible to assess with certainty
whether chemotherapy induced this increased inter-
cellular fibrosis and desmoplasia surrounding the
metastasis. Panels I and J display CRLM with a ‘clas-
sic’ desmoplastic phenotype, although the higher
amount of necrosis in panel I might be regarded as the
impact of the preoperative chemotherapy.

Discussion

In all three cohorts described in this study, preopera-
tive chemotherapy was associated with a higher

J Pathol Clin Res 2022; 8: 48—64
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proportion of desmoplastic HGP observed at the inter-
face. These results were obtained in an original cohort
and validated in both an independent retrospective
external validation cohort, as well as in a post hoc
analysis of the prospective randomised controlled
EORTC 40983 clinical trial.

We previously demonstrated a significant difference
in HGPs between chemo-naive and preoperatively
treated patients undergoing surgical treatment of
CRLM [5]. The value of those findings was limited at
the time, as it was the only study describing a differ-
ence and it was based on retrospective data from a sin-
gle centre. One other study has described a modest
difference in the observed percentage of distinct HGPs
after preoperative treatment with chemotherapy and
bevacizumab [4]. Similar to the results of the current
study, a higher percentage of desmoplastic HGP was
reported after preoperative treatment, albeit not signifi-
cant, but this can likely be attributed to the limited
sample size. The current study has addressed both
shortcomings of these two previous papers, large sam-
ple sizes and multiple external validation cohorts,
including a subset of a randomised controlled trial.
And indeed, in the current study, we were able to con-
firm an increase in desmoplastic HGP observed after
preoperative chemotherapy in three independent
cohorts. In addition, we demonstrate within the ran-
domised controlled trial that pathology gradings
designed for quantifying tumour regression as a result
of therapy were associated with higher proportions of
the desmoplastic HGP for the pre-treated patients only.
Herein, it is important to note that these gradings were
determined prior to the conception of the current
study, and that determination was performed blinded
for treatment arm by an independent senior pathologist
not involved in the HGP scoring presented. Therefore,
this presents the optimal method to assess such an
association, for if we now were to determine these
gradings this cannot be done independent of HGP as
they are determined — and therefore visible — on the
same H&E-stained slides. These results strongly sug-
gest HGP phenotype alteration by chemotherapy. This
should be taken into account in future studies and/or
guidelines regarding HGPs of CRLM as desmoplastic
growth induced by chemotherapy may be a distinct
phenotype, with considerable biological and clinical
differences with the naturally occurring desmoplastic
growth pattern.

This alteration in growth pattern phenotype after pre-
operative treatment could occur in at least two ways:
either the chemotherapy agents induce desmoplasia in a
proportion of non-desmoplastic liver metastasis, or rela-
tively more desmoplastic lesions remain after
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chemotherapy. In an attempt to determine which expla-
nation is more likely, we compared the clinicopatholog-
ical factors between chemo-naive and preoperatively
treated desmoplastic patients only. In this comparison,
the pre-treated desmoplastic patients had more
advanced (y)pT&N stage, as well as more metastases in
general, and a higher preoperative serum CEA, all traits
that have previously been associated with non-
desmoplastic metastases [5,16]. It has to be noted
however that these findings are at significant risk of
selection bias, as patients with more advanced disease
are more likely to receive preoperative systemic chemo-
therapy. Nevertheless, comparing OS between these
two groups showed that the pre-treated patients with
desmoplastic lesions had worse survival compared to
the chemo-naive patients with desmoplastic lesions,
even after correction for these baseline differences. This
is in line with previous reports, which either demon-
strate a marginally prognostic value for HGPs in pre-
treated patients [5], or a prognostic value that is less
pronounced compared to that in chemo-naive patients
[16]. To address selection bias, we attempted to vali-
date these findings in the randomised cohort presented,
as the EORTC 40983 trial randomised between periop-
erative chemotherapy and upfront resection. While the
current post hoc analysis was severely underpowered to
find significant survival differences, the observed sur-
vival estimates did resemble those reported previously
[5,20]. In addition to this difference in prognosis, a
recent study demonstrated that adjuvant systemic che-
motherapy resulted in a survival benefit for the chemo-
naive patients with non-desmoplastic lesions only,
hinting at differences in chemo-sensitivity between the
untreated growth patterns [20]. Our results and the liter-
ature are therefore more suggestive of dilution of the
preoperatively treated ‘pure desmoplastic’ population
by a more aggressive former non-desmoplastic tumour
type component.

Systemic chemotherapy has indeed been associated
with alterations in gene expression in CRLM [22], the
immune infiltrate of CRLM [14,22], the immune
response in malignancies in general [23,24], and
tumoural fibrosis or necrosis in CRLM [18,19]. The
explanation for the conversion of non-desmoplastic to
desmoplastic HGP as a consequence of preoperative
systemic chemotherapy might therefore also (partially)
lie in these associations. However, the problem cur-
rently faced is that the assessment of HGPs is only
possible after systemic therapy and subsequent resec-
tion. There is currently no way to assess whether a
patient’s lesion(s) was/were desmoplastic prior to the
start of chemotherapy, or that a ‘desmoplastic-like’
pattern was induced, and consequently also which
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mechanism may have induced this change. Future
attempts should therefore focus on the pre-treatment or
preoperative determination of the HGPs, with recent
reports showing promise for a medical imaging
approach [25].

There is as yet no clear consensus on the biology
behind the prognostic value of HGPs itself. Some
potential explanatory factors are the differences in vas-
cular architecture of CRLM [26,27], the variation of
immune infiltrate in and around CRLM [2,21], and the
up-regulation of signalling pathways of cell motility
and invasiveness of cancer cells in the replacement
HGP [4]. Concerning genetics, our recent external val-
idation study did associate the desmoplastic HGP with
MSI, but not with the known genetic risk factors
KRAS and BRAF mutation [16]. Here, we again report
similar results. MSI was associated with an increased
proportion of the desmoplastic HGP, while no such
associations existed for APC, KRAS, NRAS, or BRAF
mutations. A potential explanation for the association
between MSI tumours and the desmoplastic HGP
might be that MSI tumours are hypermutated and
therefore present more potential neoantigens to target
T cells, resulting in a higher probability for a (par-
tially) successful anti-cancer T-cell response [28,29]. It
has been demonstrated by us and others that the micro-
environment of desmoplastic HGP is indeed enriched
with T cells [2,21]. This association between the
desmoplastic HGP and MSI is especially of interest as
MSI tumours represent an actionable target for immu-
notherapy in metastatic colorectal cancer [30]. Future
investigations aimed at validating these findings, and
to identify other potential genetic associations related
to the HGPs, therefore seem warranted.

Limitations of the current study should be taken into
account. HGP determination was performed retrospec-
tively. Furthermore, a complete pathological response
to preoperative chemotherapy makes HGP assessment
impossible. This means that the patients with the most
favourable response to chemotherapy (i.e. Mandard
TRG 1), albeit rare, were excluded. Complete patho-
logical response to chemotherapy is associated with
fibrosis on histopathological examination; excluding
these patients therefore makes it likely that conversion
to desmoplastic HGP may be underestimated in the
current study. Only a subset of patients from the ran-
domised EORTC 40983 trial were available for post
hoc analysis, which may have introduced selection
bias. Baseline characteristics and survival outcomes of
the currently presented subset were however compara-
ble to those found in the original trial [11,12]. This
suggests that this subset is a proper representation of
the EORTC 40983 trial population. Rather, the risk of
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selection bias could apply to the external validation
cohort, as it represents a retrospective, non-randomised
cohort.

The results of the current study strongly suggest that
systemic chemotherapy induces histopathological
changes that lead to an increase of desmoplastic HGP
as recognised by international consensus guidelines.
As it is currently impossible to assess the HGP prior
to chemotherapy treatment, we can at present not
determine whether this increase reflects actual change
of underlying biology, or is a limitation of the current
HGP assessment algorithm after systemic preoperative
chemotherapy. The limited evidence currently avail-
able may however favour the latter. This should be
taken into account in future studies and/or guidelines
regarding HGPs of CRLM.
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