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#Set working directory
setwd(“V:/USERS/038931/Research/PhD”)

#Loading packages
Tibrary(dplyr)
Tibrary(tidyr)
Tibrary(ggplot2)
Tibrary(cowplot)
Tibrary(DescTools)
Tibrary(gridextra)
Tibrary(grid)
Tibrary(survival)
Tibrary(survminer)
Tibrary(rms)
Tibrary(tableone)
Tibrary(scales)
Tibrary(reshape2)
Tibrary(ggpubr)
Tibrary(RColorBrewer)
Tibrary(circlize)
Tibrary(ComplexHeatmap)

S Gt Data importation and mutation -------------------—-—-
#variable selection
cvar <- c(“Gender”, “ASA_cat”, “colonprim”, “Left_right_sided”, “pT_cat”,

“N_CRC”, “Adj_CTx_CRC”, “Syn_Meta”, “Neo_CTx_CRLM”, “Two_stage”,
“EHD” 5 “Recl” 0 “RO_R1” 0 “HGP” , “TIS_CRLM” 0 “TIS_Pri mary” 0

“TIS_EHD”)

dvar <- c(“Date_res_CRLM”, “Recl_bpate”, “Date_death”)

evar <- c(“Event”, “Event_DFS”)

nvar <- c(“Age_At_Resection_CRLM”, “ASA”, “pT_CRC”, “pN_CRC”,
“Total_Tleasions_treated”, “Diam_CRLM”, “CEA_preop”, “DFI_CRLM”,

“pHGP”, udHGP”’ urHGPH’ “DFS”, HOSH)

#Load dataset
Data <- read.csv(“PhD_final_v2.csv”,

header = T, sep = “;”, dec = “.”,
na.strings = c(“”, “ “, “NA”, “999”, 999, “Missing”,
“missing”),

stringsAsFactors = TRUE)
data <- as_tibble(Data)

#Creating dataset
dat <- data[c(cvar, dvar, evar, nvar)]



Chapter I

General introduction and outline of this thesis



Histology - from “iotog” (histos) and “Aoyoc” (logos) -
applies to the study (logos) of the microscopic anatomy

of biological tissues (histos). Since the invention of the
microscope, histology has greatly increased our comprehension
of the fabric of tissue and disease. In medicine the
histology of “diseased” tissue - histopathology, from
“m&Bog” (pathos), suffering - has formed our understanding
of principal concepts such as pathogens, immunity, and
cancer. Although science has technically evolved beyond

the visual study of tissue at the cellular Tevel through
optical lenses, histopathology remains a cornerstone of
modern medicine and continues to challenge our perception of
disease to this day. This thesis, which is the subject of a
single histopathological marker in colorectal cancer Tliver
metastasis, is a testament to this.

Colorectal cancer

The colon and rectum constitute the final Tuminal parts of the
gastrointestinal tract and the digestive system. Together
they form the large intestine, or colorectum. The function
of the colon is to absorb water and remaining nutrients and
vitamins, compacting the indigestible matter for defecation
as it is stored in the rectum. The gastrointestinal tract
is environmentally exposed at the luminal surface. This
sustained carcinogen exposure, together with the high cell
proliferation rate of the glandular colorectal epithelium,
Teads to accumulative tissue and genomic damages throughout
Tife, predisposing the colorectum for cancer formation, and
making it the third most common type of cancer worldwide.[1]
Given this aetiology, age (i.e., accumulative exposure) and
Tifestyle/diet (i.e., carcinogen content) are important

risk factors that explain the increased colorectal cancer
incidence seen in western countries, including the
NetherTands.[2]
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Most Tocalised colorectal cancer can adequately be treated
by surgical resection of the diseased part of the colorectum
and, apart from obstructive bowel rupture and its sequelae,
seldom causes death.[3] It is the dissemination of colorectal
cancer to distant organs with subsequent loss of function
that causes most colorectal cancer attributable deaths.[4]

As such, colorectal cancer treatment is - in part - aimed

at preventing and detecting metastasis through surgical
resection with radio- & chemotherapeutic adjuncts and
Tongitudinal surveillance, respectively.[5-8] Despite these
therapeutic efforts, colorectal cancer still metastasises
often. Almost half of all colorectal cancer patients
experience disseminated disease throughout the course of
their disease.[9] Topographically, the liver is the most
common metastatic site, with somewhere between a quarter to
one third of colorectal cancer patients affected in total.
[10,11] cConsequently colorectal cancer Tliver metastasis
serves as a major actuator in colorectal cancer treatment,
and the management of Tliver metastasis therefore determines
colorectal cancer outcome to a considerable degree. of all
available treatments, local surgical management by resection
or destructive ablation of colorectal Tiver metastasis is the
only one that consistently achieves an appreciable proportion
of cure.[12]

Ssurgical management of colorectal liver metastasis
Succinctly the liver detoxifies metabolites, synthesizes

proteins, and produces necessary biochemicals for digestion
and growth, making its absence incompatible with Tife.
Complete surgical resection of the liver - hepatectomy

- is therefore non-viable in the treatment of Tliver
metastatic disease, at Teast not without replacement (i.e.,
transplantation).[13,14] Three intrinsic Tiver properties do
however allow for far-reaching possibilities in the partial
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surgical removal - partial hepatectomy - of the 1liver; an
initial functional overcapacity, an anatomical organiation
allowing partial removal, and an extraordinary regenerative
capacity. It is these properties that form the principle of
colorectal Tiver metastasis surgery: removal or destruction
of the disease-affected Tiver can be permitted for as long as
sufficient functional capacity remains.

Since the future functional liver remnant is inversely
related to the extent of the surgical removal or destruction
of its diseased parts, hepatic tumour load and anatomical
Tocation dictate patient eligibility. Consequently, not all
patients with colorectal Tiver metastasis may (initially)

be managed surgically. Patient eligibility can however be
expanded by increasing the future Tiver capacity, either

by reduction of hepatic tumour Toad with systemic or liver-
directed therapies[15-18], minimizing loss of healthy
functional tissue by parenchymal sparing and ablative
modalities[19-21], maximizing future functional liver remnant
through the in-situ induction of liver regeneration[22,23],
or any combination thereof. These strategies have
considerably expanded patient eligibility, and current
estimates suggest that up to half of all patients who develop
metachronous colorectal Tiver metastases are eligible for
surgical treatment.[24]

while an appreciable proportion of colorectal Tiver
metastasis patients can be cured by surgical management,

a considerable part is not. Long-term cure is achieved in

an approximate one-fifth of patients, with a great majority
experiencing cancer recurrence within two years following
treatment.[25,26] Although surgical resection of colorectal
Tiver metastasis may also prolong Tife irrespective of
cure[27], these outcomes still suggest room for improvement,
but also the potential risk of futile surgeries. Considering
the morbidity and at minimum a one percent mortality rate
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associated with Tiver surgery, both warrant investigation.
[28] To understand why some patients benefit from surgery

and others do not 1is to understand underlying cancer

biology. Hence there is a need for so called “biomarkers”

in the surgical management of colorectal liver metastases;
measurable indicators of some biological state or condition.
In the search for colorectal liver metastasis biomarkers many
have Tooked at patient clinicopathological characteristics,
and indeed these correlate with outcome. Patient age and
gender provide some composite risk of general health and

Tife expectancy, the size and number of Tiver metastasis

are related to outcome in the sense that they reflect tumour
burden, and primary colorectal cancer histopathology risk
factors such as lymph node involvement, transmural invasion
depth, and anatomical Tocalisation along the length of the
colorectum carry over into the Tiver metastatic state.[26,29]
Colorectal cancer genetic risk factors related to the MAPK
pathway (i.e., RAS&RAF genetic mutations) have also been
identified and provide additional prognostication and help
select patients for specific chemotherapy regimens.[30,31]

In clinical practice these factors combined are useful in
that they provide clinicians and their patients a general
sense of prognosis, but besides choice of chemotherapeutic
agent, they hardly ever decisively guide treatment.[26]

A better understanding therefore seems required, and
identifying colorectal Tliver metastasis specific markers seems
instrumental given the clear lack thereof.

Histopathological growth patterns of colorectal

Tiver metastasis

A candidate colorectal liver metastasis specific biomarker

may be found in the histopathological growth patterns.
This histology marker was put forward in 2001 by vermeulen
et al.[32], although analogous classifications have been
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described by others[33]. Through 1light microscopic evaluation
different histomorphological expansion patterns of Tiver
metastatic tumours in the surrounding host Tiver parenchyma
can be identified; the desmoplastic, replacement, and pushing
growth patterns. As the name implies desmoplastic or
encapsulated Tiver metastases are morphologically recognised
by a band of desmoplastic stroma separating tumour and

Tiver parenchyma. Additional histologic features associated
with the desmoplastic pattern include a dense Tymphocytic
infiltrate and a good glandular differentiation. Contrastingly
the replacement growth pattern 1is characterised by mimicking
the pre-existing Tiver architecture and invasion of cancer
cells in the Tiver cell plates with direct contact between
hepatocytes, whereby the metastasis appears to “replace”

the host Tliver. Replacement metastases are often associated
with negligible infiTtration and a moderate to poor glandular
differentiation. Together the replacement and desmoplastic
patterns account for more than 95% of the growth patterns

in colorectal cancer liver metastasis. The rare pushing

type exhibits elements of both, but the defining features of
neither. Pushing metastases are often well differentiated
tumours sharply demarcated from the Tiver parenchyma with
compression (i.e., “pushing”) of the surrounding liver

cell plates, but without a desmoplastic capsule or direct
hepatocyte cancer-cell contact.

As these patterns are expressed at the tumour-Tiver
interface, assessment entails the systematic evaluation
of the entire metastatic border using 1light microscopy or
digital equivalents, estimating the relative percentage
of each visually.[34] Patients are subsequently classified
according to the extent of each individual growth pattern
observed. Early studies discovered that patients with a
predominantly desmoplastic pattern had better prognosis
following colorectal liver metastasis surgery compared to
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patients with either a predominant replacement, pushing,

or mixed pattern.[34-36] with the publication of the first
large retrospective series into their prognostic value
however came a remarkable observation: prolonged survival
was exclusive to the patients with a completely desmoplastic
growth pattern, and any non-desmoplastic phenotype

observed irrespective of its quantity was associated with
worse outcome.[37] This distinction identifies a one-

fifth minority of patients with remarkably good prognosis

for liver metastatic colorectal cancer, even equalling

that of non-metastatic cases. It is imperative for the
development of the growth patterns as a biomarker to confirm
that this observation is true. Subsequently it warrants
investigation as to how morphologically a clear continuum
exists suggesting plasticity, but that prognostically a
binary division is evident, implying an absolute state. By
identifying underlying mechanisms we may ultimately find

ways to induce such states therapeutically to better treat
or even cure these patients. Early immunohistochemical
analyses revealed differences in endothelial- and tumour-cell
proliferation rates, micro-vessel densities, and the co-
option of sinusoidal blood vessels between the desmoplastic
and replacement patterns, prompting the hypothesis that
replacement metastases do not rely on sprouting angiogenesis
but instead co-opt the pre-existing sinusoidal vasculature.
[32,34,38] But other than that, the mechanisms of the
different growth pattern phenotypes remain Targely unknown.

Aim and outline

This thesis aims to validate and establish the
histopathological growth patterns of colorectal cancer Tliver
metastasis as a relevant biomarker ( , 3, 4, & 8),
and to evaluate immunity and genetics as potential underlying
biological mechanisms ( & 7).
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PEMC_IC <- ggplot(res_EMC_IC, aes(x=No_Slides_cCat, y=mean)) +
geom_errorbar(aes(ymin=LB, ymax=UB), width=0.1, color="black”, size=0.75) +
geom_point(shape=23, fill="black”, color="black”, size=3) +
theme(panel.grid.major=element_blank(), panel.grid.minor=element_blank(),

panel.background=element_bTlank(),
axis.line=element_line(colour="black”, size=0.75),
axis.ticks=element_1line(colour="black”, size=0.75)) +
scale_y_continuous(expand=c(0,0), Timits=c(0.6,1.01),
breaks=c(0.6, 0.7, 0.8, 0.9, 1.0)) +
Tabs(title="within metastasis\n”, x="\nNumber of blocks”,
y="\nMean concordance\n”) +

annotate(“text”, x=0.51, y=0.615,

Tabel=ifelse(pval_EMC_IC<0.001, “p < 0.001",

paste(“p = “, sprintf(“%.3f”, pval_EMC_IC))),

hjust=0, vjust=0,

size=4.2) +
geom_hline(yintercept=avg_EMC_IC,

color="black”,
Tinetype="dashed”) +

annotate(“text”, x=0.50, y=avg_EMC_IC,

Tabel="mu”,

parse=TRUE,

color="black”,

hjust=0, vjust=-0.5,

size=3.5)

res_EMC_IP <- rbind(res_EMC_cnh, res_EMC_pt)

res_EMC_IP <- res_EMC_IP %>% mutate(CTx = factor(c(“CTx-", “CTx-", “CTx-",
“CTx+”, “CTx+” , “CTx+’)))

t.test(EMC_IP_cn$Concordance, EMC_IP_pt$Concordance)

dodge <- position_dodge(width = 0.3)
PEMC_IP <- ggplot(res_EMC_IP, aes(x=No_CRLM_Cat, y=mean, colour=CTXx,

fill=CTx)) +
scale_colour_manual(values=c(“darkblue”, “darkred”),
Tabels=c(“CTx- p = 0.678", “CTx+ p =0.004")) +
scale_fil1l_manual(values=c(“darkblue”, “darkred”),
Tabels=c(“CTx- p =0.678", “CTx+ p =0.004")) +

geom_hline(yintercept=avg_EMC_cn,
color="darkblue”,
Tinetype="dashed”) +
geom_hline(yintercept=avg_EMC_pt,
color="darkred”,
Tinetype="dashed”) +
geom_errorbar(aes(ymin=LB, ymax=UB), width=0.15, size=0.75,
position=dodge) +
geom_point(shape=23, size=3, position=dodge) +
theme(panel.grid.major=element_blank(), panel.grid.minor=element_blank(),
panel.background=element_blank(),
axis.line=element_line(colour="black”, size=0.75),
axis.ticks=element_line(colour="black”, size=0.75),
legend.title=element_blank(), legend.position=c(0, 0),
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Introduction: Colorectal liver metastases (CRLM) exhibit
distinct histopathological growth patterns (HGPs) that are
indicative of prognosis following surgical treatment. This
study aims to assess the reliability and replicability of
this histological biomarker.

Methods: Within and between metastasis HGP concordance was
analysed in patients who underwent surgery for CRLM. An
independent cohort was used for external validation. within
metastasis concordance was assessed in CRLM with >2 tissue
blocks. similarly, concordance amongst multiple metastases
was determined in patients with >2 resected CRLM. Diagnostic
accuracy (area under the curve [AUC]) was compared by number
of blocks and number of metastases scored. Interobserver
agreement (Cohen’s k) to the gold standard was determined for
a pathologist and a PhD candidate without experience in HGP
assessment after one and two training sessions.

Results: Both the within (95%, n=825) and the between
metastasis (90%, n=363) HGP concordance was high. These
results could be replicated in the external validation cohort
with a within and between metastasis concordance of 97% and
94%, respectively. Diagnostic accuracy improved when scoring
2 vs. 1 blocks(s) or CRLM (AUC=95.9 vs. 97.7 [p=0.039] and
AUC=96.5 vs. 93.3 [p=0.026], respectively), but not when
scoring 3 vs. 2 blocks or CRLM (both p>0.2). After two
training sessions the interobserver agreement for both the
pathologist and the PhD candidate were excellent (k=0.953 and
k=0.951, respectively).

Discussion: The histopathological growth patterns of
colorectal Tiver metastasis exhibit 1little heterogeneity and
can be determined with a high diagnostic accuracy, making
them a reliable and replicable histological biomarker.
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Introduction

Colorectal cancer (CRC) 1is one of the most prevalent solid
malignancies in the world with approximately one third of
patients developing hepatic metastases.[1-5] Even though
surgical treatment is seen as the only potentially curative
treatment option, reported 5-year survival rates vary widely
(from 20% to 70%).[6-13]

Recently, a new potential histological biomarker has been
described.[14, 15] Colorectal Tiver metastases (CRLM) grow
in three distinct histopathological growth patterns (HGP),
the desmoplastic, the replacement and the pushing type, each
with unique morphological and biological features (figure 1
a-f). These distinct features have previously been described
in detail.[16-18] In short: HGP assessment is performed

by assessing the proportion (expressed as percentage) of
each distinct HGP observed at the tumour-liver interface on
H&E stained tissue sections.[14] Previous studies suggest
that a high relative proportion of the replacement type

is prognostic for an impaired overall survival.[19-22]

The Targest and most recent study analysed a cohort of 732
patients and found that it is the presence rather than

the relative proportion of any non-desmoplastic type HGP
(i.e. pushing and/or replacement type) that dictates poor
prognosis.[15] In terms of clinical relevance, HGPs can
therefore be classified into two categories: either pure
desmoplastic (dHGP) or any observed non-desmoplastic type HGP
(non-dHGP) . [15]

whiTle interesting from a biological point of view, this
new classification raises methodological concerns. For if
classification is based on either 100% dHGP or <100% dHGP,
assessment could be more susceptible to sampling and
reading error. In order to validate HGPs as a histological
biomarker, knowledge on HGP concordance within a single

Chapter II 19




*ewo.J1s dLisejdowsap :d ¥ JOAL[ [ewdou N ‘dnownl 1 *dOH 9dA1 DLise|douwsaad (4%1) *dOH 9dA1 1uswade|day

(%q) *dOH 9dA1 buLrysnd (pye) -uoriedyrubew xpoz (4 ® @ ‘p) -uoLiedyrubew x5z (2 % q ‘) "$)20[q 9nSSL1
T 9J4nbLd

pauLels FPH uo payLiuspl 8q ued (SdOH) sudaiied yimodb jedrbojoyiedoisLy JO sodAl 3DULISLP d9JYL

Chapter II

20



IT

and amongst multiple metastases within the same patient

is essential, especially considering the growing evidence

of (non-)genetic intra-tumoural heterogeneity in CRC.[23]
Knowledge on diagnostic accuracy and Tlearnability of HGP
assessment is also necessitated to determine the reliability
and replicability of this histological biomarker. This

study therefore analyses within and between metastasis HGP
concordance within the same cohort as described by Galjart
et al.[15], as well as an external validation cohort[24].

In addition, diagnostic accuracy is determined for scoring

a single or multiple Formalin-Fixed Paraffin-Embedded (FFPE)
tissue blocks per CRLM and for scoring a single or multiple
CRLM per patient. Lastly, the Tearning curve associated with
HGP assessment is determined in two observers (pathologist
and PhD candidate) without prior experience in HGP
assessment.

The current study was approved by the medical ethics
committee of the Erasmus University Medical Center (MEC-2018-
1743). The need for informed consent was waived by the ethics
committee due to the retrospective and non-invasive nature

of the study. Drafting of the manuscript was performed in
accordance with the REMARK guidelines.[25]

patient selection

The patient selection for the current study was performed in
the same cohort as described by Galjart et al.[15]. Patients
undergoing resection of CRLM at the Erasmus MC Cancer
Institute, the Netherlands, between January 2000 and March
2015 were eligible for inclusion.

Routine pathological assessment
During macroscopic pathological assessment of the surgical
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specimens of CRLM, representative sections (e.g. tumour,
tumour with relation to the surgical margin(s), capsule,
background Tiver, non-tumorous Tiver in distance) were
considered for preparation of FFPE tissue blocks. A 5um
section per block was cut and stained with Haematoxylin and
Eosin (H&E) for pathological interpretation. If needed,
deeper levels of the block were cut and stained with H&E.

Assessment of HGPs

H&E stained slides retrieved from the archive of the
Pathology Department of the Erasmus MC were retrospectively
reviewed by 1ight microscopy (figure 1 a-f). Scoring of

the HGPs was performed in accordance with international
consensus guidelines.[14] For each block subjected to review
the relative presence (in percentage %) at the tumour-Tliver
interface of the distinct HGP’s (pushing, desmoplastic and
replacement type) was estimated. The metastasis HGP was
defined as the pooled estimate (average with equal weights
per block) of all blocks of a single CRLM. Concordantly, the
patient HGP was defined as the pooled estimate (average with
equal weights per CRLM) of all resected CRLM within a single
patient. Given recent findings[15], block, metastasis, and
patient HGP were classified as dHGP if only the desmoplastic
type was observed (i.e. 100% dHGP), and as non-dHGP if any
percentage of pushing and/or replacement type was observed
(i.e. <100% dHGP). Due to this on/off classification, if non-
dHGP 1is observed on a single block, corresponding metastasis
and patient HGP is classified as non-dHGP, regardless of the
HGP of other blocks within the same metastasis or other CRLM
within the same patient.

For the within metastasis analysis, concordance (yes/no) of
block HGP to metastasis HGP was recorded for all resected
CRLM with >2 tissue blocks. Within metastasis concordance
was defined as the proportion of concordant tissue blocks.
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Since a lesion represents a three dimensional structure,
consecutive slides from a single block (i.e. deeper levels)
do not adequately represent its three dimensional nature. As
such, consecutive slides from a single block were excluded
from the within metastasis analysis. For the between
metastasis analysis, concordance (yes/no) of metastasis HGP
to patient HGP was determined in all patients with >2 CRLM
resected in a single time-frame (e.g. no recurrent CRLM).
Between metastasis concordance was defined as within patient
proportion of concordant CRLM. Patient information and data
on primary CRC and CRLM were extracted from a prospectively
maintained database. Regarding systemic treatment status,
patients were considered chemo-naive if they did not receive
any form of chemotherapy within the six months prior to
resection. Multivariable logistic regression analysis was
performed for within metastasis discordance (yes/no) with
primary tumour characteristics, known clinical risk factors,
systemic treatment status, and number of blocks scored

as predictors. Significant predictor(s) found for within
metastasis discordance were used as stratification factor(s)
for between metastasis analysis. Identical models were fitted
within each stratum (if applicable) to predict discordance
(yes/no) amongst multiple metastases. Mean within metastasis
concordance was compared across number of blocks scored.
Similarly, mean between metastasis concordance was compared
within strata (if applicable) and by number of CRLM resected.

External validation

External validation of mean within and mean between
metastasis concordance was performed by retrospective HGP
assessment as described previously. The external validation
cohort comprised of chemo-naive patients treated surgically
for CRLM at the University Hospital of Heidelberg, Germany,
between October 2001 and June 2009.[24] H&E stained sections
of the validation cohort were provided by the tissue bank
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of the National Center for Tumor Diseases (NCT). As the
external validation cohort consisted of chemo-naive patients,
comparisons to the original cohort were performed in (tissues
from) chemo-naive patients only.

Diagnostic accuracy

Diagnostic accuracy for scoring a single FFPE block was
determined in all CRLM with >2 blocks. oOf these >2 blocks,
one individual block was selected at random. The HGP of this
randomly selected block was considered the predictor (i.e.
test result), while the metastasis HGP - as determined by HGP
assessment of all >2 blocks of the metastasis in question

- was considered the response (i.e. true HGP status).

This was done similarly for 2 blocks in all CRLM with >3
blocks. Identically, the diagnostic accuracy of scoring a
single resected CRLM was determined within patients with >2
CRLM resected etc. The area under the curve [AUC] of the
corresponding receiver operating characteristic (ROC) curves
were compared for 2 vs. 1 block(s) or CRLM scored, and for 3
vs. 2 blocks or CRLM scored, respectively.

Learning curve

A gastro-intestinal pathologist (MD) and a PhD-candidate
(DH) without prior pathology experience were recruited

for learning curve analysis. Both observers had no prior
experience in HGP assessment. The raters received a joint
training session by a pathologist with over 10 years of
experience in HGP assessment (PV). During this training
session, 50 tissue sections were assessed collaboratively.
Hereafter, both observers independently scored a test-set of
an additional 50 tissue sections. Individual scores of the
test-set were reviewed in a joint session with the trainer,
followed by a second training session of 50 tissue sections.
Subsequently a second test-set of 50 tissue sections was
scored independently. After completion scores were again
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collaboratively reviewed. For both test-sets, interobserver
agreement of both observers compared to the gold standard was
determined for the dHGP/non-dHGP classification. The scores of
the experienced trainer were considered the gold standard.

Statistical analysis

Dichotomous or categorical data are reported as percentage,
parametric continuous data are reported as mean (standard
deviation [SD]) and non-parametric continuous data are
reported as median (inter-quartile range [IQR]). Mean
concordances were compared by an independent samples T-test
or a one-way analysis of variance (ANOVA), depending on the
number of strata. AUC values were compared as described by
DeLong.[26] Interobserver agreement was determined using
Cohen’s kappa. A1l statistical analyses were performed using
R version 3.5.3 (http://www.r-project.org). The R-package
‘pROC’ was used for comparison of AUC values. A p-value <0.05
was considered statistically significant.

patient characteristics

In total 785 patients underwent resection of one or more CRLM
at the Erasmus MC Cancer Institute in the study period and
were consequently scored for HGP. In total 1625 CRLM were
resected. Of these, 835 CRLM had two or more H&E stained
slides available for review (2135 slides in total) and were
considered for within metastasis analysis. Of these, 31
slides of 10 individual CRLM were identified as consecutively
cut from single FFPE blocks, and were excluded from within
metastasis analysis. Resection of two or more CRLM was
performed in 382 patients. Nineteen were excluded for between
metastasis analysis due to missing data required to link
individual tissue samples to individual CRLM. within the
remaining 363 patients a total of 1118 CRLM were resected.
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Table 1. Characteristics of patients included for between metastasis
concordance analysis

n=363 (%)

Gender Female 233 (64)

Male 130 (36)
Age at resection CRLM - (median [IQR]) 63.0 [57.0, 70.0]
Primary tumour Tocation Right-sided 61 (17)

Left-sided 152 (42)

Rectal 145 (40)

Missing 5 (D
T-stage pT 0-2 70 (19)

pT 3-4 265 (73)

Missing 28 (8)
N-stage NO 118 (33)

N+ 216 (60)

Missing 29 (8)
Disease-free interval - months (median [IQR]) 0.0 [0.0, 9.0]
Diameter of largest CRLM - cm (median [IQR]) 3.1 [2.0, 4.8]
Preoperative CEA - upg/L (median [IQR]) 20.0 [5.4, 70.1]
Preoperative CTx status Chemo-naive 121 (33)

Pre-treated 242 (67)
Two-staged resection No 347 (96)

Yes 16 (4)
Use of RFA or MwA No 252 (69)

Yes 111 (31)
Number of CRLM resected 2 175 (48)

3 87 (24)

4 58 (16)

>5 43 (12)
Histopathological growth pattern dHGP 72 (20)

non-dHGP 291 (80)

CRLM: colorectal liver metastasis, IQR: interquartile range, CEA:
carcinoembryonic antigen, CTx: chemotherapy, RFA: radiofrequency
ablation, MWA: microwave ablation, (non-)dHGP: (non-)desmoplastic
type histopathological growth pattern

Patient characteristics are reported in table 1.

Within metastasis concordance

Non-dHGP was observed in 72% of reviewed tissue blocks.
Results of the multivariable logistic regression model on
within metastasis discordance are reported in table 2.
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metastasis discordance, between metastasis analysis was
performed in chemo-naive and pre-treated patients separately.
Non-dHGP was found in 85% of chemo-naive patients versus

78% 1in pre-treated patients (p=0.09). Results of the fitted
multivariable logistic regression models on presence of HGP
discordance (yes/no) amongst multiple resected CRLM are
reported in table 2. within chemo-naive patients, the size of
the Targest hepatic tumour on preoperative imaging proved a
significant predictor for between metastasis discordance with
OR (95%CI) 1.46 (1.07;2.15) and p=0.03 for every cm increase
in size. The only significant predictor found for between
metastasis discordance in pre-treated patients was number of
CRLM resected. Corresponding OR (95%CI) were 3.60 (1.41-9.55)
for 3 vs. 2 CRLM resected and 5.89 (2.59;14.36) for 24 vs. 2
CRLM resected (p=0.008 and p<0.001). Mean between metastasis
concordance (figure 2b) was significantly lower in pre-treated
vs. chemo-naive patients (88% vs. 94%, p=0.006). Figure 2b
shows the mean between metastasis concordance for chemo-
naive and pre-treated patients stratified by number of CRLM
resected. In chemo-naive patients, mean between metastasis
concordance [95%CI] did not differ amongst 2 (94% [91;98]),

3 (94% [88;99]) or >4 (90% [78;100]) CRLM resected (p=0.68).
In pre-treated patients mean between metastasis concordance
[95%CI] was significantly different amongst 2 (93% [90;96]), 3
(85% [78;92]1) and >4 (83% [77;88]) CRLM resected (p=0.004).

External validation

The external cohort comprised of 276 patients of whom the
HGP could be determined in 251 (91%). In total 168 patients
had resection performed of two or more CRLM and could be
included for between metastasis analysis. within metastasis
analysis was performed in 270 CRLM with two or more blocks.
Baseline characteristics were comparable between the external
validation cohort and the chemo-naive patients of the
original cohort (supplementary table 1).
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Figure 3. External validation of within and between colorectal liver
metastasis (CRLM) concordance of histopathological growth pattern.
Comparison was performed between the external validation cohort and
chemonaive subjects from the original cohort.

Mean within (96% vs. 97%, p=0.652) and between (94% vs. 94%,
p=0.710) metastasis concordance did not differ between the
original (chemo-naive patients only) and validation cohort
(figure 3).

Diagnostic accuracy
Supplementary figure la displays the AUC for scoring a single

(95.9%), two (97.7%) or three blocks (98.8%) per metastasis.
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A significant increase in diagnostic accuracy was observed
for scoring 2 vs. 1 block(s) (p=0.04), but not for scoring 3
vs. 2 blocks (p=0.34). The AUC for scoring a single (93.3%),
two (96.5%) or three (98.2%) resected CRLM per patient are
reported in supplementary figure 1b. A significant increase 1in
diagnostic accuracy was found for scoring 2 vs. 1 resected
CRLM (p=0.03), but not for scoring 3 vs. 2 resected CRLM
(p=0.24).

Learning curve

The results of both test-sets as scored by the gold standard,
the pathologist and the PhD candidate are graphically
displayed in figure 4 a-f. Interobserver agreement was higher
in the second test-set for both the pathologist (k=0.95 vs.
k=0.84) and the PhD candidate (k=0.95 vs. k=0.75). In the
first test-set a difference in performance was seen between
the pathologist and the PhD candidate (k=0.84 vs. k=0.75),
whereas performance in the second test-set did not differ
(both k=0.95).

Discussion

The current study found within metastasis concordance to

be high (95%) when classifying the HGP as dHGP or non-

dHGP. Furthermore, mean within metastasis concordance was
independent of number of FFPE blocks scored. oOverall between
metastasis concordance was also high (90%), but differed for
chemo-naive versus pre-treated patients (94% vs 88%). In
chemo-naive patients, mean between metastasis concordance
was independent of number of CRLM resected and the only
predictor found in multivariable analysis for discordance
was size of Tlargest hepatic tumour on preoperative imaging.
For pre-treated patients, the number of CRLM resected proved
predictive for between metastasis discordance. This finding
was supported by a significant difference in mean concordance
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for 2, 3 or >4 resected CRLM within pre-treated patients.
External validation in a large cohort of chemo-naive patients
found similarly high numbers of mean within (97%) and between
(94%) metastasis concordance. Unfortunately, the external
validation cohort comprised of chemo-naive patients only, as
such external validation within pre-treated CRLM and patients
could not be performed.

The current study suggests that systemic chemotherapy
treatment prior to hepatic resection might affect the
reliability of HGP assessment. In the same patient cohort,
Galjart et al. reported a significant increase in dHGP within
pre-treated patients.[15] It is as of yet unclear if this
difference is due to chemotherapy directly changing HGP
morphology, or due to selection bias in that patients with
dHGP have improved prognosis and are thus more likely to
complete their pre-operative chemotherapy and subsequent
Tiver resection. Although inconclusive, the current study
did find a higher heterogeneity amongst the HGP of slides and
CRLM of pre-treated patients. This could be the result of
chemotherapy having a direct effect on HGP morphology.

Two studies have previously reported on HGP concordance.

van Dam et al analysed within metastasis agreement of >4
sections in a small sample of 50 CRLM[14] and Eefsen et al.
reported on between metastases agreement in a small group of
24 patients with multiple resected CRLM[17]. As both studies
applied different cut-off values to determine the HGP (50%
and 75% respectively), interpretation of its results in
Tight of the current study is difficult. Considering recent
developments, it seems Togical that future HGP classification
will be based on the dHGP/non-dHGP cut-off.

when determining the diagnostic accuracy of HGP assessment,
the current study found high AuC values for scoring a single,
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two, or three blocks (all >95%) or CRLM (all >92%). The
currently obtained results show that scoring two instead of
one FFPE block(s) per CRLM increased diagnostic accuracy
significantly. This increase was not significant when scoring
three versus two blocks. As such, scoring two blocks per
CRLM seems preferable and 1little accuracy is gained by
further increasing the number of blocks assessed. This could
significantly decrease workload, especially considering when
non-dHGP is observed in a single block, the other blocks of
the same or different CRLM do not have to be assessed, for
non-dHGP has already been established. Similar results were
seen when looking at the diagnostic accuracy for scoring two
versus one and three versus two CRLM resected in patients
with multiple metastases. These findings suggest that CRLM
treated by other modalities (e.g. ablative techniques) can
accurately be diagnosed by CRLM resected within the same
timeframe, especially in the case of two or more resected
metastases.

Analysis of the learning curve showed that after a

single training session by an experienced trainer good

to excellent (k >0.7) interobserver agreement for dHGP/
non-dHGP was reached by two unexperienced observers. As
expected, an observer with prior experience in liver
pathology had a superior initial performance. After two
training sessions however, the interobserver agreement
was near perfect (k >0.9) for both raters. These results
suggest that HGP classification into dHGP or non-dHGP

can be taught with relative ease and that interobserver
agreement is high. In comparison, Chetty et al. reported
on the interobserver agreement of tumour regression grade
(TRG), a histopathological assessment within the field of
colorectal cancer.[27] The overall agreement (expressed
in k) was determined for three separate scoring systems:
the Mandard[28], Dworak[29], and the modified rectal cancer

34 Chapter II



IT

regression grading system (m-RCRG)[30]. Seventeen experienced
rectal cancer pathologists were asked to score 10 slides of
10 separate cases of rectal cancer treated with long-course
preoperative chemoradiation. Reported overall agreement

for the Mandard, Dworak and m-RCRG were k=0.28, k=0.35 and
k=0.38, respectively.[27] Furthermore, these results are
also promising for automated HGP determination using digital
image slides and ‘pathomics’, as it has shown great promise
in other histological phenotypes.[31] Especially considering
the new on/off phenomenon as described by Galjart et al.[15],
automated HGP determination on digital sections is something
worth investigating and seems feasible.

common biomarkers used in clinical practice for the
treatment of colorectal cancer include K-RAS and B-RAF
mutational status. Richman et al. reported on within tumour
heterogeneity of K-RAS and B-RAF in 69 primary CRC cases.[32]
Intra-tumoural heterogeneity was found in 5/69 (7.2%) for
K-RAS and 2/69 (2.9%) for B-RAF status.[32] when comparing
multiple tumour sites, a recent meta-analysis by Bhullar et
al. reported on the concordance of, amongst others, K-RAS
and B-RAF between the primary tumour and its corresponding
metastases.[33] Median biomarker concordance (range) for
K-RAS and B-RAF were 93.7% (67-100) and 99.4% (80-100),
respectively. [33]

It appears that little within and between metastasis
heterogeneity exists in the HGP of CRLM when classified as
dHGP and non-dHGP. In addition, the observed heterogeneity
seems comparable to that observed for biomarkers currently
used in clinical practice. Furthermore, the diagnostic
accuracy and learnability of HGP assessment by light
microscopy seems high. These findings suggest that the HGPs of
CRLM are a reliable and replicable histological biomarker.
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Supplementary materials

Table s1. comparison of baseline characteristics of chemo-naive patients in the original
and external validation cohort included for between metastasis concordance analysis

Cohort
original validation
n=121 (%a) n=168 (%a) p-value
Gender Female 75 (62) 107 (64) 0.72
Male 46 (38) 60 (36)
Missing 0 (0 1 (D
Age at resection CRLM - (median [IQR]) 63.0 [60.0, 73.0] 63.0 [56.0, 69.0]| 0.03
Primary tumour Tocation Ccolon 69 (58) 88 (53) 0.44
Rectum 50 (42) 77 (47)
Missing 2 (D 3 (2)
T-stage pT 0-2 29 (24 26 (16) 0.07
pT 3-4 91 (76) 140 (84)
Missing 1 (D 2 (D
N-stage NO 43 (36) 56 (34) 0.71
N+ 77 (64) 110 (66)
Missing 1 (D 2 (D
Disease-free interval >1 year 49 (40) 67 (40) 0.98
<1 year 72 (60) 99 (60)
Missing 0 (0 2 (D
Diameter of Tlargest CRLM <5 cm 105 (88) 84 (50) <0.001
>5 cm 15 (12) 83 (50)
Missing 1 (D 1 (D
Preoperative CEA <200 upg/L 108 (92) 151 (90) 0.58
>200 pg/L 9 (8 16 (10)
Missing 4 (3) 1
Histopathological growth pattern dHGP 18 (15) 22 (13) 0.67
non-dHGP 103 (85) 146 (87)

CRLM: colorectal liver metastasis, IQR: interquartile range, CEA: carcinoembryonic
antigen and (non-)dHGP: (non-)desmoplastic type histopathological growth pattern.

a Percentages are expressed as proportions across each stratum (i.e. excluding missing).
Percentages for missing are expressed as proportion of missing values within each
stratum.
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sdat <- AGV

tvar <- sdat$os

evar <- sdat$Event

gvar <- sdat$HGP

svar <- sdat$cohort

sdat <- tibble(tvar, evar, gvar, svar)

labs <- c(“Desmoplastic”, “Non-desmoplastic”)
titl <- “overall survival”
subt <- “”

xlab <- “Time in months”
ylab <- “Survival”

sfit <- survfit(Surv(tvar, evar) ~ gvar, data=sdat)
sdif <- survdiff(surv(tvar, evar) ~ gvar + strata(svar), data = sdat)
pval <- pchisq(sdif$chisq, df=length(levels(sdat$gvar))-1, lower.tail=FALSE)

km <- ggsurvplot(sfit, data=sdat,
palette=c(“#00bfc4”,”#f8766d”),
Tegend=c(0,0),
legend.title="",
Tegend. Tabs=Tabs,
title=titl,
xTab=xTab,
ylab=ylab,
size=0.75,
risk.table=TRUE,
censor.shape=73,
censor.size=2,
x1im=c(0,60),
break.x.by=12,
axes.offset=TRUE,
risk.table.title="",
risk.table.y.text=FALSE,
tables.height=0.2,
ggtheme=theme(legend. justification=c(0,0)),
tables.theme=theme_cleantable())

km$plot <- km$plot +

ggplot2::annotate(“text”, x=60, y=0,
Tlabel=ifelse(pval<0.001, “p < .001",
paste(“p = “, sprintf(“%.3f”, pval))),
size = 4.2, hjust=1, vjust=0) +

ggplot2::annotate(“text”, x=30, y=1,
Tabel=subt,
size = 4.2, hjust=0.5, vjust=0)

km$table <- km$table + theme(plot.title=element_blank())

km_OS_AGV <- km
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Background: After resection of colorectal cancer liver
metastases (CRLM) two main histopathological growth patterns
can be observed; a desmoplastic and a non-desmoplastic
subtype. The desmoplastic subtype has been associated with
superior survival. These findings require external validation.

Methods: A international multicentre retrospective cohort
study was conducted in patients treated surgically for CRLM
at three tertiary hospitals in the US and the Netherlands.
Determination of histopathological growth patterns was
performed on H&E-stained sections of resected CRLM
according to guidelines. Patients displaying a desmoplastic
histopathological phenotype (only desmoplastic growth
observed) were compared to patients with a non-desmoplastic
phenotype (any non-desmoplastic growth observed). Cut-

off analyses on the extent of non-desmoplastic growth were
performed. overall (0S) and disease-free (DFS) survival were
estimated using Kaplan-Meier and multivariable Cox analysis.

Results: In total 780 patients were eligible. A desmoplastic
phenotype was observed in 19%. Desmoplastic patients had
superior 5-year 0S (73% versus 44%, p<0.001) and DFS (32%
versus 15%, p<0.001) compared to their non-desmoplastic
counterparts. A desmoplastic phenotype was associated with an
adjusted hazard ratio for death (95%CI) of 0.36 (0.23-0.58),
and 0.50 (0.37-0.66) for cancer recurrence. Cut-off analysis
found no prognostic relationship between either 0S or DFS and
the extent of non-desmoplastic growth observed (all p>0.1).

Conclusions: This external validation study confirms the
remarkably good prognosis after surgery for CRLM in patients
with a desmoplastic phenotype. The extent of non-desmoplastic
growth does not impact prognosis.
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Introduction

buring the course of their disease, up to 30% of patients
with colorectal cancer (CRC) present with or develop Tiver
metastases.[1] Surgical removal or ablation of colorectal
cancer liver metastases (CRLM) remains the only potentially
curative treatment in these patients, resulting in a 5 years
overall survival (0S) of 40 to 60 percent.[2]

At pathological examination of CRLM two clinically relevant

histopathological subtypes can be observed, namely a
desmoplastic histopathological growth pattern (HGP) and a
non-desmoplastic HGP. Considerable biological differences
between both subtypes have been demonstrated.[3]

The desmoplastic HGP has been associated with increased
angiogenic capacity and increased infiltration of cytotoxic T
cells, while non-desmoplastic HGP tumours mostly establish
vascularisation by means of co-option of pre-existing hepatic
sinusoidal vessels. In addition, a reduced infiltration of
immune cells and increased cancer motility is observed in
these tumours.[4-6]

Over the years the HGP subtypes have gained interest and

a potential impact on prognosis and the effectiveness

of chemotherapy has been demonstrated.[7,8] The largest
patient cohort to date was published by our group, showing
substantial differences in 5 years 0S outcomes between
patients expressing a desmoplastic HGP (78%) and patients
expressing any non-desmoplastic HGP (37%).[7] HGPs can easily
be assessed on hematoxylin & eosin (H&E) stained tissue
sections, and evaluation of HGPs results in low inter- and
intra-observer variability.[9] Importantly, centers should
be able to assess HGPs with minimal additional costs. In
view of their potential clinical implications, HGPs could
be an interesting biomarker to further incorporate into the
clinical practice of patients with CRLM.
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Prior to the implementation of HGPs in the clinic, external
validation is required. This study therefore aims to evaluate
the prognostic impact of HGPs after resection of CRLM in

an international multicentre external validation cohort.
Secondly, we sought to validate the optimal cut-off for HGP
classification.

patient selection and data

Patients who underwent complete surgical treatment for

CRLM at either the Erasmus MC Cancer Institute (Rotterdam,
the Netherlands), Memorial Sloan Kettering Cancer Center
(New York, NY, USA), or Radboud University Medical Center
(Nijmegen, the Netherlands) from 2000 till 2019 were
potentially eligible for inclusion. Complete surgical
treatment was defined as resection (with or without ablation)
of all known CRLM and extrahepatic metastases if present.
Patients had to have had their primary colorectal malignancy
resected as well. Patients receiving adjuvant therapies
(systemic chemotherapy and/or hepatic arterial infusion

pump (HAIP) chemotherapy) were excluded for two reasons.
Firstly, the current study entails an external validation
of a previously described cohort which only included
patients who did not receive adjuvant therapy.[7] In this
external validation study a comparable but independent
cohort of patients was selected. Secondly, a recent paper
suggested modification of the effect of postoperative systemic
chemotherapy by HGP, resulting in a survival benefit for

the adjuvantly treated non-desmoplastic patients only.[8]
Exclusion of these patients ensures unbiased evaluation of
the prognostic effect unaltered by postoperative therapies.
Patient demographics, clinicopathological disease
characteristics and survival data were extracted from the
respective centre’s prospectively maintained databases.
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The study adheres to the REMARK guidelines for tumour marker
prognostic studies.[10] Institutional ethical review and
approval was obtained from the medical ethics committee of
the Erasmus University Medical Center Rotterdam (MEC-2018-
1743).

Treatment strategy and postoperative course

The Erasmus MC Cancer Institute, Memorial Sloan Kettering
Cancer Center, and the Radboud University Medical Center are
tertiary referral centers for Tiver surgery. All patients

with suspected CRLM were discussed by a multidisciplinary
team of surgical oncologists, medical oncologists, radiation
oncologists, and radiologists. Presence of Timited
extrahepatic disease amenable to local treatment did not
preclude complete surgical treatment. Noticeable practice
differences between centres exist in use of perioperative
chemotherapeutic therapies. HAIP chemotherapy is commonly
used at the Memorial Sloan Kettering Cancer Center and is
administered frequently in selected patients[11], whereas

in the Netherlands HAIP chemotherapy is only administered
within the context of randomised controlled clinical trials.
[12,13] Moreover, perioperative systemic chemotherapy s
considered standard of care throughout the united States.

In the Netherlands, guidelines advocate to only administer
preoperative chemotherapy to increase resectability in
patients with unresectable disease, or to facilitate a
parenchymal sparing approach. Postoperative systemic
chemotherapy is not advocated. Practice variation regarding
perioperative systemic chemotherapy does however exist in the
Netherlands. [14]

Postoperative surveillance in all three centres consists
of outpatient visits, serial blood serum carcinoembryonic
antigen (CEA) assessments and medical imaging by computed
tomography and/or magnetic resonance imaging.
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Postoperative surveillance 1is generally scheduled every three
to six months for the duration of five years, or Tonger at

the patients’ discretion. In the case of recurrent disease,
optimal treatment strategy is again determined by each
centre’s multidisciplinary team.

pathological assessment

Pathological assessment of HGP was performed retrospectively
on H&E sections by at least two trained observers
simultaneously and bTlinded for patient characteristics

and outcome. Dedicated Tiver pathologists were consulted
when necessary. All available H&E tissue sections of all
resected CRLM of each individual patient were assessed for
HGP phenotype by light microscopy or digital evaluation of
digitalised sections.

In accordance with international consensus guidelines,

the tumour-Tiver interface was evaluated for pathological
phenotype. The three previously described HGP phenotypes are
discussed in depth in these guidelines.[15] In summation,
the desmoplastic phenotype is characterised by separation of
tumour and liver parenchyma by a band of desmoplastic stroma
(figure 1A). This band of desmoplastic stroma separating
cancer cells from the 1liver parenchyma is absent in the non-
desmoplastic phenotypes (figure 1B). As multiple phenotypes
can appear in conjunction, the relative proportion of each
phenotype is estimated on each H&E section and expressed

as percentage. The final patient-level score is the average
of each metastasis with equal weights assigned to discrete
metastases and to individual slides within metastases.

There is no minimum section requirement for HGP assessment.
Sections are considered unsuitable if only a small fraction
of the tumour-liver interface (less than 20%) is assessable,
if tissue preservation quality is deemed unsuitable (e.g.
tear of tissue at the transition zone) or when viable tumour
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tissue is absent (i.e. complete pathological response).
Patients were classified as desmoplastic if all slides of all
resected CRLM uniformly displayed a desmoplastic phenotype
(i.e. 100% desmoplastic, figure 1a), and as non-desmoplastic
if any non-desmoplastic phenotype was observed in any slide
of any resected CRLM (i.e. <100% desmoplastic, figure 1B).

[7] For cut-off analyses patients were classified in subgroups
according to the extent of non-desmoplastic phenotypes
observed: 100% desmoplastic versus 0.1-33%, 33.1-67% and
67.1-100% non-desmoplastic, respectively.

outcomes

overall (0S) and disease-free survival (DFS) were evaluated.
0S was defined as time from surgical resection to death. DFS
was defined as the time from surgical resection to cancer
recurrence or death, whichever came first. Patients were
censored if alive with no evidence of disease. Outcomes
were additionally evaluated stratified for preoperative
chemotherapy status.

Statistical analyses

Categorical data are reported as absolute count with
corresponding percentage. Non-parametric continuous data are
reported as median with corresponding interquartile range
(IQR). Differences in proportions were evaluated by means of
the Chi-squared test. Medians were compared by the Kruskall-
wallis test. Survival curves were estimated according to
Kaplan-Meier analysis and compared by means of the Tog-

rank test. Five year survival estimates with corresponding
95% confidence interval (CI) are reported. Median follow-

up for survivors was determined using the reverse Kaplan-
Meier method. Uni- and multivariable Cox proportional
hazards regression survival analyses were performed and
reported as hazard ratios (HR) with corresponding 95% CI.
A1l known clinicopathological risk factors were added to the
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regression models. With regards to missing data, full case
analyses were performed. The proportional hazards assumption
was visually assessed by plotting Schoenfeld residuals and
Kaplan-Meier curves. Since data on KRAS and BRAF mutational
status was only available for Tess than half of the patients,
separate Cox regression models were computed with additional
correction for these genetic risk factors. Cox regression
models with interaction terms were created to evaluate effect
modification of HGP by preoperative chemotherapy.[7] All Tog-
rank tests and Cox regression analyses were performed with

centre as stratification factor. The statistical significance
Tevel was set at an o« of 0.05. A1l statistical analyses were
performed using the R Project for Statistical Computing
version 4.0.3 (https://www.r-project.org/) with the packages
ggplot2 (v3.3.2), rms (6.0-1), survival (v3.2-7), survminer
(v0.4.8), and tableone (v0.12.0).

Between 2000 and 2019 a total of 2.708 consecutive patients
underwent resection of CRLM at either the Erasmus MC Cancer
Institute (n=1.044), Memorial Sloan Kettering Cancer Center
(n=1.352) or Radboud University Medical Center (n=312)

and had resection specimens suitable for pathological HGP
assessment. Of these, 732 patients treated at the Erasmus MC
Cancer Institute are described in our previous paper[7], 582
received perioperative HAIP chemotherapy, 446 were treated
with postoperative systemic chemotherapy, and 168 did not
undergo complete surgical treatment, resulting in a total

of 780 patients included in the current external validation
study. Baseline characteristics stratified by centre are
reported in supplementary table 1. A total of 213 patients
were treated at the Erasmus MC Cancer Institute, 338 at

the Memorial Sloan Kettering Cancer Center, and 229 at the
Radboud University Medical Center.
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of the 213 newly described patients treated at the Erasmus
MC Cancer Institute, 163 (76%) underwent surgery outside
(i.e. after march 2015) the inclusion period of the previous
study, 10 (5%) were additionally identified through data
requests at the IT department, and for the remaining 40
(19%) H&E resection specimens were previously missing but
have since been recovered.[7] Primary tumour and CRLM
clinicopathological characteristics were comparable between
centres, with the exception of the number of CRLM, presence
of extrahepatic disease, and the disease-free interval
between primary tumour resection and CRLM detection, all
being more favourable in patients treated at the Radboud
University Medical Center (supplementary table 1).

A desmoplastic histopathological phenotype was observed 1in
149 (19%) patients and was equally distributed across centres
(table 1). About half (n=373, 48%, table 1) of all patients
were treated with preoperative systemic chemotherapy,
although this did differ between treatment centres
(supplementary table 1). A desmoplastic phenotype was more
often found in the pre-treated subpopulation: 23% (n=85/373)
versus 16% (n=64/407) (p=0.01). Patients with a non-
desmoplastic phenotype had slightly Targer CRLM (median 3.0
cm versus 2.2 cm, p<0.001), a Tonger disease-free interval
(median 2 vs 0 months, p=0.03), higher preoperative serum CEA
Tevels (median 11.2 versus 5.3 upg/L, p<0.001), and more often
had extrahepatic disease (12% versus 6%, p=0.04) (table 1).
Data on KRAS, BRAF, and microsatellite stability status was
available for 42%, 37%, and 23% of patients. The mutation
rate of KRAS (50% versus 43%, p=0.33) and BRAF (4% versus 3%,
p=0.82) did not differ between patients with a desmoplastic
and a non-desmoplastic phenotype, respectively (table 1).
Microsatellite instability (MSI) was more often seen in the
desmoplastic phenotype (15% versus 4%, p=0.01, table 1).

50 Chapter III



IIT

overall and disease-free survival

The median follow-up for survivors was 42 months (IQR: 21-
66 months). During follow-up 501 (64%) patients experienced
recurrence and 294 (38%) died. Patients with a desmoplastic
phenotype had significantly Tonger 0S compared to their non-
desmoplastic counterparts, with 5-year (95%CI) 0S estimates
of 73% (64-84%) for desmoplastic versus 44% (39-50%) for
non-desmoplastic (figure 2A, p<0.001). Similar differences
were observed for DFS, with 5-year (95%CI) estimates of

Table 1. Baseline characteristics stratified by histopathological phenotype

Missing Desmoplastic Non-desmoplastic

%) n = 149 (%) n =631 (%) p-value

Treatment centre Erasmus MC 45 (30) 168 (27) 0.66
MSKCC 63 (42) 275 (44)
Radboud umcC 41 (28) 188 (30)

Age at resection - (median [IQR]) 65 [52, 72] 65 [56, 72] 0.31

Gender Male 92 (62) 374 (59) 0.58
Female 57 (38) 257 (41)

ASA classification ASA I-II 4 (1) 87 (59) 377 (60) 0.87
ASA >II 60 (41) 252 (40)

Primary tumour Tlocation Left-sided 24 (3 49 (35) 254 (41D 0.35
Right-sided 41 (29) 166 (27)
Rectal 51 (36) 195 (32)

T-stage pT 0-2 56 (7) 21 (16) 76 (13) 0.39
pT 3-4 113 (84) 514 (87)

N-stage NO 10 (D 64 (44) 220 (35) 0.06
N+ 83 (56) 403 (65)

Number of CRLM - (median [IQR]) 2 (0 2.0 [1.0, 3.0] 2.0 [1.0, 3.0] 0.12

Largest CRLM in cm - (median [IQR]) 3 (@ 2.2 [1.3, 3.3] 3.0 [2.0, 4.6] <0.001

DFI in months* - (median [IQR]) 11 (1) 0.0 [0.0, 11.8] 2.0 [0.0, 16.0] 0.03

Preop. CEA in ug/L - (median [IQR]) 65 (8 5.3 [2.7, 16.4] 11.2 [4.2, 32.5] <0.001

Neoadjuvant chemotherapy No 64 (43) 343 (54) 0.01
Yes 85 (57) 288 (46)

Resection margin involved No 1 (0 136 (91) 541 (86) 0.08
Yes 13 (9) 89 (14)

Extrahepatic disease No 140 (94 556 (88) 0.04
Yes 9 (6) 75 (12)

KRAS mutational status wildtype 450 (58) 29 (50) 155 (57) 0.33
Mutant 29 (50) 117 (43)

BRAF mutational status wildtype 491 (63) 48 (96) 231 (97) 0.82
Mutant 2 (4 8 (3

MSI status MSS 600 (77) 35 (85) 134 (96) 0.01
MSI 6 (15) 5 (4)

*Between resection of primary tumour and detection of CRLM

Abbreviations in alphabetical order: ASA: American Society of Anesthesiologists; CEA:
carcinoembryonic antigen; CRLM: colorectal liver metastasis; DFI: disease-free interval;
Erasmus MC: Erasmus MC Cancer Institute; IQR: interquartile range; MSI: microsatellite
instable; MSKCC: Memorial Sloan Kettering Cancer Center; MSS: microsatellite stable;
Radboud UMC: Radboud University Medical Center.
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32% (23-45%) for desmoplastic versus 15% (12-19%) for non-
desmoplastic (figure 2B, p<0.001). The overall recurrence rate
was significantly lower for the patients with a desmoplastic
HGP (46% versus 69%, p<0.001). In the full case multivariable
analysis of 625 (80%) patients, a desmoplastic phenotype
resulted in an adjusted HR (95%CI) of 0.36 (0.23-0.58) for 0S
and 0.50 (0.37-0.66) for DFS (tables 2A&B).

A Overall survival C Overall survival
1.00 1 1007 Sty
Fhig,
0.75 1 0.75 \
£l
© ©
2 2
S 050 > 050 _HﬁHhM,
> =} ke
n (7} =
0.25 1 0.25 100% desmoplastic
0.1-33% non-desmoplastic
Desmoplastic == 33.1-67% non-desmoplastic
0.00- Non-desmoplastic p <0.001 0.00 67.1-100% non-desmoplastic p < 0.001
0 12 24 36 48 60 0 12 24 36 48 60
Time in months Time in months
149 120 98 79 52 31
149 120 %8 79 52 3 206 164 111 73 42 20
631 496 354 228 138 80 - A
B Disease-free survival D Disease-free survival
1.00 A 1.00 1 "k 100% desmoplastic
\ 0.1-33% non-desmoplastic
! == 33.1-67% non-desmoplastic
0.75 1 0.75 \\ 67.1-100% non-desmoplastic
2 2 \
> 050 > 050 ‘
> >
n "n
0.25 0.251
Desmoplastic
0.00- Non-desmoplastic p <0.001 0.004 P <0.001
0 12 24 36 48 60 0 12 24 36 48 60
Time in months Time in months
149 92 65 47 26 12 e 9% % 4 %12
631 240 129 77 51 29 - S S A

Figure 2. A&B: Kaplan-Meier overall (A) and disease-free (B) survival
estimates of patients with a desmoplasic versus a non-desmoplasic
phenotype. C&: Kaplan-Meier overall (C) and disease-free (D) survival
estimates according to the extent of non-desmoplastic growth.
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Considering KRAS and BRAF
mutation status, 227 (29%)
full cases were available
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the 5-year (95%CI) 0S for a desmoplastic phenotype was 67%
(55-82%) compared to 37% (30-46%) for a non-desmoplastic
phenotype (figure 3C, p<0.001). Subsequently, the 5-year
(95%C1) DFS was 29% (18-46%) for pre-treated desmoplastic
versus 9% (6-13%) for pre-treated non-desmoplastic (figure
3D, p<0.001). After correction for potential confounding, a
desmoplastic phenotype was associated with superior survival
outcomes in both the chemonaive (n=352 full cases, adjusted
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Figure 3. Kaplan-Meier overall (A&C)
estimates for chemo-naive (A&B) and pre-treated (C&) patients with
a desmoplastic versus a non-desmoplastic phenotype.
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HR [95%CI] 0Ss 0.29 [0.13-0.65]; DFS 0.53 [0.34-0.82],
supplementary tables 3A&B) and pre-treated subpopulations
(n=273 full cases, adjusted HR [95%CI] 0S 0.43 [0.23-0.79];
DFS 0.43 [0.29-0.64], supplementary tables 3C&D).

Discussion

In this study, we present the results of an international
multicentre external validation study on the prognostic
value of HGPs after complete surgical treatment of CRLM.

A desmoplastic phenotype was independently associated with
superior 0S and DFS outcomes in both chemo-naive and pre-
treated patients. As the extent of HGP phenotypes observed
can vary both within the same tumour, as well as across
multiple tumours in the same patient, external validation of
the optimal cut-off for classification was also performed. In
Tine with previous reports this external validation study
confirms that it is the presence of any non-desmoplastic
phenotype, rather than the relative quantity, that drives
prognosis.

The first report of HGPs in CRLM was pubTlished in 1991 by
Morino et al.[16], and since then several reports have
followed.[15,17] Due to heterogeneity in histopathological
assessment, cut-offs, and terminology, formal meta-

analysis of the available data is not possible, but most
studies demonstrate favourable outcomes in patients with a
predominant desmoplastic phenotype.[17] The Tlargest study

to date was published by our group and reported a 5-years

0S of 78% in chemo-naive patients with a desmoplastic HGP.
[7] In the present study we observed a 5 year 0S of 73% in
all patients with a desmoplastic phenotype, and a comparable
5-year 0S of 82% within the chemo-naive subpopulation. In
Tine with these results, lower recurrence rates and superior
DFS were seen in patients with a desmoplastic phenotype,
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reflecting the remarkably good cancer-related outcomes in
these patients with metastatic CRC. In addition our study

is the first to investigate association and prognosis of

HGPs in light of KRAS and BRAF mutational status. Although
data on these genetic risk factors was only available for
approximately 40% of patients, no association between the
histopathological phenotype and mutations in either of these
genes was observed, and after correction for these genetic
risk factors a desmoplastic phenotype was still independently
associated with good overall and cancer-free survival.

In order to standardise assessment of HGPs, international
consensus guidelines have been established.[15] In these
guidelines classification of HGP is based on predominance,
with an advocated cut-off value of 50%. Both our previous
paper and the current external validation study - which
represent the two largest studies to date - demonstrate
that predominance of a distinct HGP is irrelevant.
Superior survival outcomes were only observed in patients
with a uniform desmoplastic phenotype. In the patients
with any observed non-desmoplastic growth, the extent of
this observation does not seem to bear any prognostic
consequences. We therefore deem reappraisal of the current
guidelines for HGP assessment necessary; classification of
HGPs in CRLM should be based on the presence or absence of
non-desmoplastic growth.

Besides implications for HGP assessment and postoperative
prognosis, this observation is also interesting from a cancer
biology perspective as it suggests that HGPs can be regarded
as a binary biological switch. while this paper does not
provide a clear indication for the actual underlying process,
in the 23% of patients with available data we did observe

a significant association between MSI and a desmoplastic
phenotype. Because of their genetic hypermutability MSI
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tumours express more mutational neoantigens which can become
targets for T cells.[18,19] The more potential immune targets
are present, the more likely an effective antitumour response
can be elicited.[19] This is why MSI tumours are thought

to form metastases Tess often and why MSI represents the

only 1indication for systemic immunotherapy in metastatic

CRC so far.[20,21] Since MSI tumours only accounted for

15% of patients with a desmoplastic phenotype in our study,

a desmoplastic HGP could reflect more a state of (hepatic)
anticancer immunity. This is supported by several other
studies which demonstrate that a desmoplastic phenotype

was associated with an enrichment of immune cells in the
tumour microenvironment, specifically CD8+ T cells.[5,6]

Oone could therefore hypothesise that a non-desmoplastic
histopathological phenotype, observed in however small a
gquantity, may be a reflection of the tumour’s intrinsic or
obtained ability to evade the anticancer immune response. Our
study is however at serious risk of selection bias regarding
availability of MSI status and validation should therefore be
pursued, as well as research into the other biological and
immunological aspects of these histopathological phenotypes.

Preoperative chemotherapy was administered in approximately
half of the patients in this validation cohort. It has

been suggested that response to chemotherapy might induce
misclassification of HGP type, which could Timit the
applicability of HGPs in patients receiving preoperative
chemotherapy.[7] In our previous study, no significant impact
of HGPs in pre-treated patients was found in multivariable
0S analysis. Although this study also found a diminished
adjusted HR for 0S in pre-treated patients, a desmoplastic
phenotype remained associated with superior survival after
correction for confounders. The results of this external
validation study are promising to increase the applicability
of this biomarker, as administration of preoperative
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chemotherapy 1is standard of care in many countries.

Many reports evaluating HGPs are now available, most of which
demonstrate relevant prognostic and clinical impTications.
[6,7,9,15,17,22-30] In addition, the effect of HGPs on
survival (adjusted HR 0.36) is considerable, underlining

its importance. We therefore feel that application in
clinical practice should be pursued. An important step

would be incorporation of the desmoplastic and non-
desmoplastic phenotypes in the standard pathological report

after resection of CRLM. This can be done on standard H&E
slides with excellent intra-observer agreement[9], Timited
resources, and minimal additional time or medical costs
required. If included, this prognostic information becomes
readily available for clinicians and could be incorporated
in individual counseling of patients. Herein a desmoplastic
phenotype could be considered a marker for good prospects
regarding survivorship. In addition, efforts should be made
to determine whether the effectiveness of postoperative
chemotherapy can be predicted by the HGP phenotype. Buisman
et al. showed no benefit of postoperative chemotherapy 1in
patients with a desmoplastic HGP, but validation of these
results is needed.[8] Being a postoperative pathology-
based biomarker, the impact on preoperative decision making
is absent for now. Cheng et al. showed that preoperative
assessment of HGPs can however be done on imaging with

an area under curve of over 0.9.[31] when validated and
optimised for use in clinical practice, HGPs could also be
assessed and used in preoperative medical decision making.

This study presents the largest cohort investigating the
prognostic impact of HGPs after resection of CRLM currently
available and validates findings from previous studies.
Nevertheless, the study has its limitations which are
mostly related to its retrospective nature. An important
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Timitation also remains the limited data on established
genetic risk factors, since KRAS and BRAF mutation status
were only available for less than half of patients.[32]

Many of the patients in the current study were treated
before the introduction of standard molecular testing, and
in earlier years mutation status was only determined 1in
patients with disease recurrence for choice of palliative
systemic chemotherapy regimens, underscoring the risk of
selection bias. Nevertheless, in those patients with data

on KRAS and BRAF no association or impact on prognosis was
seen. In addition, correction for sidedness of the primary
tumour, which can be considered a weak proxy for mutational
status[33-37], also did not diminish the prognostic value of
a desmoplastic phenotype. Similar risk for selection bias
exists regarding MSI status, which we found to be associated
with a desmoplastic phenotype. While our study therefore
does assess HGPs in Tight of KRAS, BRAF, and MSI status, in-
depth genetic association studies on these histopathological
phenotypes are needed to 1limit potential bias, confirm our
findings, and also to investigate other CRC driver genes.

In conclusion, this study validates the prognostic impact of
a desmoplastic phenotype in a Targe international multicentre
cohort of surgically treated CRLM patients. We were able

to confirm that patients with a desmoplastic phenotype have
superior survival outcomes when compared to patients with

any observed non-desmoplastic phenotype. The extent of non-
desmoplastic growth does not impact prognosis. These data
show that histopathological growth patterns harbour important
prognostic value, warranting implementation in clinical
practice.
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regdat <- CDB
regdat$HGP <- factor(regdat$HGP, levels=levels(CDB$HGP) [c(2,1)])
regdat$CoA <- factor(regdat$coA, levels=levels(CDB$COA)[c(5,4,3,2,1)])
regdat$CoAdrp <-

factor(regdat$coAdrp, Tevels=levels(CDB$COAdrp)[c(2,3,4,1)])

regvar

coavar

srvevt
srvtim

mvcoxf

mvcoxm
mvhrci

c(“Age_At_Resection_CRLM”, “ASA_cat”, “Left_right_sided_cat”,
“pT_cat”, “N_CRC”, “DFI_CRLM”, “Total_leasions_treated”,
“Diam_CRLM_pat”, “CEA_100", “EHD”, “RO_R1”, “Peri_SYS”)

C(“HGP”, “COA”, ssCOAdrpaa)

c(“Event”)
C(“OS”)
pasteO(“cph(surv(*, srvtim, “, “, srvevt, “) ~ “,

paste(c(regvar, coavar[l]), collapse=" + ),
“, data = regdat)”)
eval (parse(text=mvcoxf))
cbind(exp(coef(mvcoxm)), exp(confint(mvcoxm)),
pnorm(abs (mvcoxm$coef/sqrt(diag(mvcoxm$var))),
Tower.tail=F)*2)

mvhrci <- mvhrci[c(13:(Tength(mvhrci)/4)),]
OHhgp <- pasteO(sprintf(“%.2f”, mvhrci[1l]), “ (“,

sprintf(“%.2f”, mvhrci[2]), “-7,
sprintf(“%.2f”, mvhrci[3]), “)”)

OHhgp <- c(“reference”, OHhgp)

‘ 113

mvcoxf <- pasteO(“cph(surv(®, srvtim, “, “, srvevt, “) ~ “,

paste(c(regvar, coavar[2]), collapse=" + ),
“, data = regdat)”)

mvcoxm <- eval(parse(text=mvcoxf))
mvhrci <- cbind(exp(coef(mvcoxm)), exp(confint(mvcoxm)),

pnorm(abs (mvcoxm$coef/sqrt(diag(mvcoxm$var))),
Tower.tail=F)*2)

mvhrci <- mvhrci[c(13:(Tength(mvhrci)/4)),]

OHcoa <- pasteO(sprintf(“%.2f”, mvhrci[,1]), “

(
sprintf(“%.2f”, mvhrci[,2]), “-7,
sprintf(“%.2ft”, mvhrci[,3]1), “)”)

OHcoa <- c(“reference”, OHcoa)

mvcoxf

mvcoxm
mvhrci

mvhrci

<-

13 113

pasteO(“cph(surv(*, srvtim, “, “, srvevt, “) ~ “,
paste(c(regvar, coavar[3]), collapse=" + ),
“, data = regdat)”)

<- eval(parse(text=mvcoxf))
<- cbind(exp(coef(mvcoxm)), exp(confint(mvcoxm)),

pnorm(abs (mvcoxm$coef/sqrt(diag(mvcoxm$var))),
Tower.tail=F)*2)

<- mvhrci[c(13: (Tength(mvhrci)/4)),]
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The first consensus guidelines for scoring the
histopathological growth patterns (HGPs) of liver metastases
were established in 2017. Since then, numerous studies

have applied these guidelines, have further substantiated
the potential clinical value of the HGPs in patients with
Tiver metastases from various tumour types and are starting
to shed 1light on the biology of the distinct HGPs. In the
present guidelines, we give an overview of these studies,
discuss novel strategies for predicting the HGPs of Tiver
metastases, such as deep learning algorithms for whole sTide
histopathology images and medical imaging, and highTlight
Tiver metastasis animal models that exhibit features of the
different HGPs. Based on a pooled analysis of large cohorts
of patients with Tiver-metastatic colorectal cancer, we
propose a new cut-off to categorise patients according to
the HGPs. An up-to-date standard method for HGP assessment
within Tiver metastases is also presented with the aim

of incorporating HGPs into the decision-making processes
surrounding the treatment of patients with liver metastatic
cancer. Finally, we propose hypotheses on the cellular and
molecular mechanisms that drive the biology of the different
HGPs, opening some exciting pre-clinical and clinical
research perspectives.
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Introduction

The histopathological growth patterns (HGPs) of Tiver
metastases are a morphological reflection of the distinct
ways in which cancer cells interact with the surrounding
Tiver. These HGPs can be qidentified by Tight microscopy on
tissue sections that include the metastasis-liver interface.
In 2017, the first set of guidelines for scoring the growth
patterns was published.[1] Since that time, numerous
additional studies have utilised these consensus guidelines
to score the HGPs of liver metastases. These studies, Tisted
in table 1, have further substantiated the clinical value
of HGPs in hepatic metastases from colorectal cancer and
extended this concept to other tumour types, such as breast
carcinoma, melanoma, and pancreatic cancer. Moreover, these
publications have significantly increased our understanding
of HGP biology by describing the molecular and cellular
differences between growth patterns by, for example,

Tooking at growth pattern-specific immune responses.[2-6] In
addition, attempts have been made to develop technologies
for predicting HGPs using medical imaging and machine-
Tearning algorithms.[7-10] Novel animal models for Tliver
metastasis exhibiting features of the different HGPs are a
particularly valuable development.[11-17] These models will
allow us to: 1) perform functional validation of HGP-specific
signalling pathways described in the clinical samples of
Tiver metastases, 2) identify non-invasive surrogate markers
for the different HGPs, and 3) test the efficacy of new
therapeutic strategies based on the HGPs.

Clinical and experimental studies have provided ample
new information that warrants an updated, second version
of the international guidelines for scoring the HGPs in
the context of Tiver metastasis. The main goal of the
guidelines 1is to incorporate these histological features
into the clinical decision-making processes surrounding
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the treatment of patients with Tiver metastatic cancer. We
therefore provide a detailed histopathological description
of the growth patterns of liver metastases and propose an
updated standard method for HGP assessment within liver
metastases, including immunohistochemical staining as an aid
to scoring HGPs. One of the important features of the new
guidelines 1is a modified and clinically applicable cut-off
for considering a colorectal cancer (CRC) liver metastasis
(CRLM) as desmoplastic or non-desmoplastic. This change in
cut-off is supported by retrospective studies with Targe
cohorts of patients with Tiver metastatic CRC.[18,19] In the
new guidelines, we present a pooled analysis of previously
published cohorts to demonstrate the improved prognostic
value of this new cut-off recommendation. In addition, we
propose hypotheses that could explain the transition from one
HGP to another, based on comprehensive immunohistochemical
analyses of both the tumour-Tiver interface and the centre
of the metastases. We also speculate on molecular mechanisms
that may underlie the biological differences of the growth
patterns. Finally, we discuss exciting new research
perspectives for the HGPs, including digital image processing
techniques and deep learning methods for automated HGP
scoring using digitised haematoxylin-and-eosin-stained (H&E-
stained) tissue sections.[20-22]
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Literature search

we performed a literature search for studies published since
January 2015 that focused on the HGPs of Tiver metastases
using the PubMedR resource of the U.S. National Library of
Medicine. The search terms were designed to find studies on
the evaluation of the interface between 1liver metastases and
the surrounding Tiver tissue, independent of the primary
tumour type and the host species. Additional studies were
found by manual cross-referencing. Ultimately, manuscripts
were selected by three reviewers (EL, DJH and PV). Only
manuscripts that were not already presented in Table 1 of the
first consensus guidelines publication[1l] are discussed in the
current overview table (table 1).

Evaluation of the HGP cut-off algorithms

To compare the prognostic value of different HGP cut-off
algorithms, survival analyses were performed. The HGP and
survival data used for these analyses have been previously
published as separate cohorts and were pooled for the current
analysis.[1,18,23-25] ATl available H&E-stained sections of
all resected liver metastases for every patient included in
this assessment were analysed according to the 2017 consensus
guidelines.[1] The final HGP score per patient is the average
of all metastases, independent of the size of the metastases
or number of analysed tissue sections per metastasis. Data

on overall and disease-free survival (0S, DFS, defined as

the time between first Tiver metastasis resection and death

or cancer recurrence, respectively) and HGP were available
for 1931 patients: 903 patients underwent surgical resection
(1998 - 2019) 1in the Erasmus MC Cancer Institute (Rotterdam,
the Netherlands), 716 patients in the Memorial Sloan
Kettering Cancer Center (New York, NY, USA), and 312 patients
in the Radboud University Medical Centre (Nijmegen, the
Netherlands). All patients treated with curative intent, who
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did not receive hepatic arterial infusion pump chemotherapy,
and for whom H&E-stained sections were available, were
included. Approval by the institutional ethical review boards
was obtained in each individual centre separately.

Immunohistochemistry

For immunohistochemistry with antibodies (clone;
manufacturer’s code) directed at CK7 (RN7; NCL-L-CK7-560),
Ck18 (DC-10; NCL-CK18), ck19 (b170; NCL-CK19), cK20 (Pw31;
NCL-L-CK20-561), caldesmon (H-CD; Dako-M3557), CD34
(QBEnd/10; Dako-mM7165), CD146 (UMAB154; Origene-um800051),
NGFR (polyclonal; Atlas-HPA004765) and alpha-SMA (la4;
DAKO-M0851), formalin-fixed paraffin-embedded (FFPE) tissue
representing the respective areas were cut to 4 um thickness.
ATT dimmunohistochemical stains were done on a Leica

(Germany) BOND-MAX automated stainer as part of clinical
routine at Karolinska University Hospital, Huddinge, Sweden.
Pretreatment was done using Bond Epitope Retrieval Solution

2 EDTA (Leica) for 20 minutes. Immunohistochemistry for
antibodies directed at melan-A (A103; Dako-M7196) was done on
a Leica BOND-RX automated stainer at Institut Curie, Paris,
France. Pretreatment was done using Bond Epitope Retrieval
Solution 2 EDTA (Leica) for 20 minutes.

Statistics

For the comparison of different cut-off algorithms, 0S

and DFS were estimated using the Kaplan-Meier method and
reported as 5-year (%), 10-year (%) and median (months)
survival including a corresponding 95% confidence interval
(C1). Adjusted hazard ratios (HR) for 0S and DFS are based on
multivariable Cox proportional hazards regression models. All
statistical analyses were performed with the R Project for
Statistical Computing (version 4.0.2; https://www.r-project.
org/).
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Results - guidelines

Histopathological description of the growth patterns of Tliver
metastases

Liver metastases can interact differently with the liver
parenchyma as they colonise the Tiver, which is manifest
histologically as one of several distinct growth patterns.
These patterns can generally be identified by Tight microscopy
in H&E-stained sections of FFPE tissue at the interface
between the cancer cells and the liver parenchyma.[26-30]

The key histopathological characteristics of the HGPs have
been described in table 2 of the first international consensus
guidelines[1] and remain valid in that form. An updated
overview of the histology of the different HGPs is presented
in table 2 and in figures 1A-K of the current scoring
guidelines.

Table 1. Studies published since January 2015 that focused on the HGPs of liver metastases

First author Reference Methodology Tumour type Main findings
Animal models

portal vein injection of cancer

Clin Exp HGPs could be assessed in six PDX

Alzubi M.A. Metastasis ij-l1:t?:nzzxi:azgsr§c§;m°:;;a°f i;si:i models: replacement, desmoplastic and
2019[11] micz g pushing HGPs were identified.
Co-inoculation into the spleen Desmoplastic, replacement and mixed
of human primary hepatic Tiver metastases were observed.
. Cancers stellate cells and 5 human uveal Uveal
Piquet L. . . 3 The HGP was not altered by co-
2019[12] melanoma cell Tines in NOD scid Melanoma . . .
inoculation of stellate cells (figure
gamma or NOD CRISPR Prkdc I12r . :
. 5A and table 2 of the publication)
gamma mice.
A biobank of patient-derived A predominance of replacement HGP was
organoids and xenografts was Colorectal observed in xenografts from resistant
Vlachogiannis Science constructed (110 fresh biopsies and gastro- patient, whereas tumours established
G. 2018[13] from 71 patients enrolled in oesophageal from sensitive patient showed a
four prospective phase 1/2 cancer prevalence of desmoplastic and pushing
clinical trials were processed) HGPS .

Replacement HGP liver metastases in

Intra-splenic injection of MC-38 . .
cancers Colorectal control mice and desmoplastic HGP

Ibrahim N.S. mouse CRC cell Tline in inducible

2020[14] Angl knock-out C57BL/6 mice. cancer 11ver.‘ metastases in Angl knock-out
condition.
It 7 Exp Fatty liver conditions were Tumours in control mice showed
vasaki s pathol induced in BALB/c mice. CT26 Colorectal encapsulated growth patterns, while
) 2020[15] cells were injected into the cancer tumours in fatty Tivers showed
Tiver. invasive growth without encapsulation.
Intrahepatic transplantation of
patient Tiver metastasis tissue Liver metastases in mice express the
. fragments in Scid-beige mice. HGP of the Tliver metastases of the
s Commun Biol . . . Colorectal . . N .
Tabariés S. 2021[16] Expression profiles of claudins cancer patient-donor. Claudin-2 in patient-
were compared between dHGP and derived extracellular vesicles may be
rHGP in PDXs and in Tiver a marker of rHGP.
metastases of patients.
Portal vein injection of D20R, a The post-weaning 'I'!ver_1s in an immune
. suppressed state with increased tumour
Tow metastatic mouse mammary S .
N . . incidence and multiplicity. A greater
cancers tumour cell Tine in nulliparous Breast . . R
Bartlett A. N .+ diversity of HGPs was noted in the
2021[17] BALB/c immune competent mice and cancer . . X .
f . © N X post-weaning mice, consistent with the
weaning-induced liver involution . . . L .
mice Tiver microenvironment dictating

tumour histology.
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Immune contexture (also: watanabe K. in ‘HGP scoring methodology’ section)

The immune phenotype of Tiver
metastases was scored based on
the distribution of CD8-
immunostained cytotoxic T-
lymphocytes as ‘desert’,

The inflamed immune phenotype was
associated with the desmoplastic HGP

Stremitzer S. ggzé[g]ancer‘ ‘excluded’ (together ‘non- Colg;izia’l and was associated with improved RFS
inflamed’) and ‘inflamed’ (81 and 0S in univariable, not
patients). Bevacizumab-based multivariable analyses.
chemotherapy was administered to
all patients before partial
Tiver resection. 3 .

. A high immunoscore was more often
The immunoscore was calculated X . .
. A encountered in Tiver metastases with a
according to the densities of . X
. . desmoplastic HGP than with a
Cancer immunostained CD3 + and CD8 + . .
N replacement HGP. A combined risk score
. Immunol cells (166 patients). One Colorectal . .. .
Liang J. - ! (HGP, immunoscore and clinical risk
Immunother immunoscore per patient was cancer
score) was developed and a 90% 5-year
2020[3] calculated based on assessments . .
N . 0S rate was observed for patients in
in the tumour centre and in the .
. N . the Tow-risk group (30% of the
invasive margin. .
patients).
The immune contexture of
resected liver metastases was
analysed in 3 cohort of chemo- . . Lo .
naive patients (117, 34 and 79 An increased immune infiltrate is
Em.enzs res ect'ivé1 Y with associated with the desmoplastic HGP,
HSppener .3 Br J Cancer ?mmunohi;tochgmistr )(,semi colorectal both surrounding and in the
PP T 2020[4] . . . Y cancer metastases. Intra-epithelial CD8+
quantitative grading, . .
. . . . cells were also increased in the
quantitative digital image d .
N esmoplastic HGP.
analysis) and flow cytometry.
The 100% desmoplastic HGP cut
off was applied.
im:;gzgztoﬁgﬁﬂi;;i‘lvzngnﬂ sis Desmoplastic liver metastases were
. q' Y more infiltrated by CD3 + cells,
on tissue microarray (176 1 1 1 £
atients) of CD3, MHC-I and expressed lower Tevels of MHC-I, and
p ! similar levels of cD73.
CcD73.
. Br J Cancer Colorectal .
Messaoudi N. . Elevated CD73 expression was
2022[6] Liver metastases were cancer y .
. . associated with a worse outcome of
categorized according to the N . . .
N . patients with desmoplastic HGP Tiver
dominant HGP and according to metastases. Low MHC-I expression in
the 100% desmoplastic HGP cut . : p
off patients with replacement-type
metastases improved outcome.
The spatial distribution of
Tymphocytic infiltrates in CRC
Tiver metastases was explored in
the context of the HGPs by The number of CD8-positive cells at
multiplex immunofluorescence the invasive margin was independent of
staining and digital image the HGP. In non-desmoplastic

Garcia-vicién Cancers analysis in a cohort of 22 Colorectal metastases, the cytotoxic T cells did

G 2022[89] resected metastases without pre- cancer not enter the tumour cell nests and
surgery chemotherapy. HGPs were CD4-positive cells were more abundant
scored following the previous at the invasive margin than in
guidelines. The desmoplastic rim desmoplastic lesions.
was excluded from the invasive
margin for lymphocyte counting
(‘Measure B’).

HGP scoring methodology
within and between metastasis
HGP concordance was analysed in
363 patients with 2 or more
resected Tiver metastases. The within metastasis concordance ranged
association of diagnostic from 93% to 96%. Between metastasis

Cclin Exp accuracy with number of sections colorectal concordance was 90%. Diagnostic

Hoppener D.J. Metastasis and number of metastases accuracy peaked at two sections and

. cancer A
2019[39] evaluated was determined. two metastases. After two training
Interobserver agreement of HGP sessions, interobserver agreement had
scoring was assessed after a kappa-value of more than 0.9.
training.
The 100% desmoplastic HGP cut
off was applied.
. . . of 279 patients, 107 patients had a
Biopsies of liver metastases of bi X X
L . N iopsy that contained the tumour-Tiver
107 patients with pancreatic .
interface. HGP had a homogenous
cancer (21- or 18-gauge needle) N . . .
expression in 13/14 patients. Disease
were used for HGP assessment. .
Cancer Med : . Pancreatic control rate as well as overall

watanabe K. The dominant HGP was determined. . .

2020[5] cancer survival rate were lower in the

If a HGP was present in more
than 80% of the interface, the
HGP was called ‘homogenous’
(analysis in 14 patients).

replacement HGP group. The replacement
HGP biopsies showed less inflammation
(H&E) and contained less CD8 + cells
than the other biopsies.
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The HGP was scored in biopsies

In 8/30 (4 ocular, 4 skin, 27%)
melanoma liver metastases, a

K Am J Surg of Tliver metastases of melanoma sinusoidal HGP was seen. In none of
izczepans 1 Pathol (n=30; 22 skin melanomas; 6 Melanoma the 96 metastases of breast, colon,
" 2021[90] ocular melanomas; 2 unknown pancreaticobiliary cancer and
origin). neuroendocrine tumours this HGP was
encountered.
Medical imaging
A case repc_)r't of a . A biopsy established the diagnosis of
culia s. BMJ Case Rep rad'lograpmca]'l)_/ occu'lt‘hver Breast 2 Tiver metastasis with intra-
2016[7] metastasis leading to Tiver cancer . .
. . sinusoidal growth pattern.
failure is presented.
A radiomic algorithm was
developed to identify the
dominant HGPs of Tiver The dominant HGP of the Tiver
metastases by computed metastases could be predicted with 65%
tomography (CT) imaging. Pre- sensitivity and 92% specificity
and post-contrast as well as (accuracy of 77%). A decisive feature
Cheng 3 Ann Surg aflrteriaﬂ and portal venous phase Colorectal used by the‘a1gor1'thm is the presence
. oncol 2019[8] images (ROI: tumour-Tliver cancer (desmoplastic) or absence
interface) contributed to the (replacement) of peripheral rim
algorithm (126 metastases of 94 enhancement in the portal-venous
chemo-naive patients - variety phase. No clinical or qualitative
of scanners but standardized image data were used by the algorithm.
acquisition protocol and use of
contrast agent).
The radiomic algorithm that best
A radiomic algorithm was predicted the dominant HGP was based
developed to identify the on quantitative features extracted
dominant HGP of Tiver metastases from the TLI combined with clinical
Han v Front oncol by magnetic resonance imaging Colorectal data and a qualitative image feature
" 2020[9] (MRI). (ROI: tumour-Tiver cancer (‘Tobular margin’) (79% accuracy, 100%
interface (TLI) - 182 Tiver sensitivity, 35% specificity). The
metastases (107 chemo-naive desmoplastic HGP had more
patients)) heterogeneous radiomic features than
the replacement HGP.
A radiomic algorithm was
developed to distinguish liver Despite the use of only portal venous
1 metastases with 100% phase contrast-enhanced images,
Starmans Clin EXp. desmoplastic HGP from Tiver Colorectal variations in lesion segmentation and
Metastasis . M
M.P.A. 2021[10] metastases with 100% replacement cancer acquisition protocols, accuracy was
HGP by CT imaging (76 chemo- 65%, sensitivity 72% and specificity
naive patients with 93 58%.
metastases).
The CT image-based radiomics
algorithm to identify the
dominant HGP developed in Cheng AUC for predicting early response was
. Eur J Radiol et al. (2019) was used to Colorectal 0.72. The radiomics algorithm-derived
wel s. 2021[67] predict response to bevacizumab- cancer HGP was the only independent predictor
chemotherapy in 119 patients of l-year PFS.
(346 lesions) with unresectable
CRC Tiver metastases.
Quant Imaging MRI features were used to AuC for pr'e.d1ct1ng t.he dominant HGP
. . . . Colorectal based on diameter difference between
Li W.H. Med Surg predict the dominant HGP in 53 . .
2022[91] chemo-naive patients. cancer pre- and post-contrast images and rim

enhancement was 0.83.

HGP as biomarker (HGP assessment

, according to guidelines with dominant HGP as

categories and according to guidelines with 100% desmoplastic HGP versus any percentage of replacement as

categories)
The presence/absence of a
fibrous capsule was scored on
H&E sections of resected liver . . . .
netastases of 124 chemo-naive In univariable but not multivariable
de Ridder Ann Surg onc patients with a solitary Colorectal analysis, the presence of a fibrous
J.A.M. 2015[92] metastasis. The proportion of cancer capsule was associated with improved
the tumour;'liver interface 0S (109 months versus 57 months).
with/without capsule was not
reported.
The presence/absence of a
fibrous capsule W1Fh a th1ckr_1ess The capsule was present in 17% of the
Eur J surg of at Teast 0,5mm in the entire . N
X : Colorectal patients, independent of pre-surgery
Serrablo A. oncol tumour-Tiver interface was :
) cancer treatment status, and did not have an
2016[93] assessed on H&E sections (147 ; .
N . impact on survival.
patients: 74/147 with pre-
surgerv svstemic treatment)
Tumour border pattern was scored
a$cor‘c.hfr.\g EO th?.J:‘j.Tt - Both absence of a fibrous capsule (75%
Zx;;;;il2§ 1an'i;):01115 z:p;:ﬁé of patients) and infiltrative growth
3 surg oncol was scored as being absent or Colorectal (74% of patients) wgre asst_)maFEd with
Fonseca G.M. L . shorter 0S and DFS in multivariable
2018[94] present. A single tissue block cancer X -
of the largest metastasis was and/or univariable analyses. Both
selected ﬁg)r each patient (229 parameters were also associated with
N ch patie hepatic recurrence.
patients, all with peri-
operative systemic treatment).
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HGPs were scored according to
the international guidelines.
The effect of the HGPs on 0S and
DFS was investigated in a cohort
of patients with Tiver
metastases and with chemotherapy
combined with either bevacizumab
or cetuximab prior to surgery
(159 patients).

HGPs of Tiver metastases were
scored in 110 patients of which
52 patients received pre-surgery
chemotherapy. A mixed HGP was
identified when more than one
HGP was expressed by the
metastases and each HGP was
present in at least 25% of the
interface.

The dominant HGP
according to the
guidelines. Gene
were assessed by array CGH (41
Tiver metastases originating
from 41 patients).

HGPs were scored according to
the international guidelines but
patients were categorized as
having 100% desmoplastic (dHGP)
Tiver metastases or not (non-
dHGP) (732 patients of which 367
chemo-naive before surgery)

HGP was scored as 100%
desmoplastic (dHGP) versus non-
dHGP in 690 patients free of
disease after first resection of
Tiver metastases of which 492
developed recurrent disease.

The desmoplastic reaction in and
around Tiver metastases was
scored as mature/intermediate
(mature collagen fibers and
keloid-1ike collagen) and
immature (myxoid collagen
present) in 204 patients with
resected liver metastases of
which 78 had received
preoperative chemotherapy

HGP was scored as 100%
desmoplastic (dHGP) versus ‘any
% of replacement’ (any rHGP) (43
Tiver metastases from 42
patients).

was scored
international
alterations

Encapsulation of hepatocellular
carcinoma was assessed in 188
patients (method not specified).

HGP was scored as 100%
desmoplastic (dHGP) versus non-
dHGP in resected Tiver
metastases of 1236 patients of
whom 656 received pre-operative
chemotherapy.

A pathological score (combining
‘more than 3 lesions’, ‘R1
positive margin’, ‘non-100%
desmoplastic HGP’,
‘steatohepatitis’) and the
consensus Immunoscore were
tested for effect on outcome in
221 patients (85% received pre-
operative chemotherapy; 582
Tiver metastases).

Remark: per patient HGP used for
outcome analysis was determined
by selecting the ‘worst’
metastasis: pure replacement or
mixed HGP.

HGP was scored as dHGP (100%)
versus any % of non-desmoplastic
growth (17 patients).

Colorectal
cancer

Colorectal
cancer

Uveal
melanoma

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

Cutaneous
melanoma

Hepato-
cellular
carcinoma

Colorectal
cancer

Colorectal
cancer

Gastric
cancer

There was no effect of HGP on 0S or
DFS. An important remark is that the
proportion of patients with liver
metastases with a dominant pushing HGP
was much higher than reported in most
other studies (41%).

The pushing HGP was independently
associated with worse 0S and DFS. An
important remark is that the
proportion of patients with liver
metastases with a pushing HGP was much
higher than reported in most other
studies (30%).

Dominant replacement HGP metastases
were present in 73% of patients (27%:
desmoplastic HGP). On multivariate
analysis, only HGP and resection
status predicted 0S (HR of 6.5 for
replacement HGP).

About 20% of the patients with
surgical resection of CRC Tiver
metastases ended up in 100% dHGP
group. This was associated with an
outstanding outcome, especially in the
chemo-naive group (78% with at least 5
years 0S)

Patients with dHGP at first partial
hepatectomy were more often treated
with curative intent and more often
had recurrences salvageable by Tocal
treatment modalities.

The type of desmoplastic reaction was
independently associated with outcome
with 65% 5-years 0S in the mature
/intermediate group versus 35% in the
immature group.

Multivariate analysis demonstrated
that only HGP was associated with 0S
after resection of the liver
metastases (HR for ‘any rHGP’ of 3.8).

In multivariate analyses, the presence
of a capsule was associated with
improved DFS and 0S (HR of 0.60 and
0.51, respectively).

Adjuvant chemotherapy improved 0S and
DFS only in patients with non-dHGP
Tiver metastases who did not receive
pre-operative chemotherapy (HR of 0.52
and 0.71, respectively)

Non-desmoplastic HGP predicted shorter
time to relapse in univariate and
multivariate analyses (HRs 1,84 en
1,75, respectively). Patients with a
favourable pathological score and a
high immunoscore had the Towest risk
of relapse (about 60% 5 yrs survival).

dHGP was independently associated with
improved 0S (HR=0.1, p=0.02).
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HGP was scored as 100%

Any dHGP was independently associated
with better PFS after Tiver surgery

NPJ Breast replacement (rHGP) versus ‘any % .
. Breast when compared with rHGP (HR=0.24, p =
Bohlok A. Cancer of desmoplastic (any dHGP) (36 . A
3 ) N cancer 0.009). A1l patients with rHGP
2020[42] patients (11 patients with . .
. relapsed within 20 months after Tiver
multiple metastases)).
surgery.
Tumour growth pattern of CRC
Tiver metastases was defined as Patients with infiltrative liver
Ann surg P S, . A X
Jayme V.R oncol infiltrative’ or ‘pushing’, Colorectal metastases (68% of patients) had worse
o 2021[101] according to Jass J.R. in 182 cancer 0S and DFS, independent of surgical
patients who underwent partial margin width.
hepatectomy.
] The dominant HGP was scored The 3-year PFS of patients with dHGP
Zhonghua Bing . ) - Tiver metastases (54%) was
. > according to the international Colorectal s .
Zhang Y.L. Li Xue za zhi . . . ) . significantly longer compared with
guidelines in 80 patients with cancer .
2021[102] - rHGP (40%). HGP was an independent
partial hepatectomy. . N
prognostic factor for survival.
HGP was sconred as dHGP (100%) . The association of dHGP and good
versus any % of non-desmoplastic N .
JINCI Cancer rowth in international Colorectal outcome was confirmed, independent of
Hoppener D.J. Spectr 9 N . KRAS and BRAF status. The presence,
multicentre retrospective cancer .
2021[19] . . . not the extent, of a non-desmoplastic
validation study (780 patients N .
X component, negatively impacts outcome.
treated by liver surgery).
In a cohort of 155 patients with Both non-dHGP and MVI were associated
resected non-cirrhotic with worse outcome (0S, DFS) in
Hpe (oxford) hepatocellular carcinoma (HCC), Hepato- multivariate analyses. For 0S, there
Meyer J.M. 2021[103] HGP (100% desmoplastic versus cellular was effect modification between HGP
any % of replacement) and carcinoma and MVI, with patients with MvVI and
microvascular invasion (MVI) non-dHGP having the shortest survival
were scored. time.
In a cohort of 221 patients who
received simultaneous resection .
N . A non-desmoplastic HGP of the resected
and ablation as a first metastases independentl redicted
HPB (Oxford) treatment for Tiver metastases, Colorectal p . y P .
Vles M-J . Tocal tumour progression adjacent to
2022[104] HGP was scored in the resected cancer .
) the post-ablation zone (HR of 1.55 (p
metastases (100% desmoplastic - 0.04))
versus any % of replacement (non- o :
desmoplastic)).
In a cohort of 132 patients with Non- The HGPs could be identified in all
. Tliver metastases from 25 tumour types. A desmoplastic HGP was
Clin Exp . colorectal, . :
. different tumour types, HGP was associated with favourable outcome
Meyer Y Metastasis . non-neuro-
scored (100% desmoplastic versus X (0S: HR of 0.51 (p = 0.04); RFS: HR of
2022[48] o endocrine : .
any % of replacement (non- tumours 0.38 (p < 0.01)) upon multivariable
desmoplastic)). analysis.
HGP and tumour biology
cancer cells in the ‘infiltrative’
growth pattern (resembling replacement
Post-mortem histological Tiver HG'.’) do not eXpreSS.VEGF ar‘1d MMPg‘,
- X . while cancer cells in the ‘nodular
. analysis of 15 patients who died X .
Grossniklaus Hum Pathol . uveal growth pattern (resembling pushing &
from metastatic uveal melanoma. .
H.E. 2016[46] .. melanoma desmoplastic HGP) express VEGF and
Immunofluorescence staining for MMPO. Hypothesis: infiltrati
MMP9 and VEGF. : Hypothesis: infiltrative =
metastases originate in the sinusoidal
space while nodular metastases
originate in the portal tracts.
A11 the liver metastases of pancreatic
keratin8/18-vimentin and for E- Colorectal, 2 pushing HGP: CRC 1?ver metastases
Anticancer cadherin-vimentin. The pancreatic pushing ’
Ceausu A.R. . . . . exhibited all 3 HGPs. Replacement and
Res 2018[105] mesenchymal/epithelial hybrid and gastric N .
e pushing type metastases have a higher
phenotype cells were quantified cancer .
© amount of cancer cells with EMT
(25 patients). .
phenotype than desmoplastic
metastases.
Metastases with a desmoplastic HGP
. . have a Tower microvessel density than
Immunohistochemistry (cD31 and .
X ) metastases with a replacement HGP.
CD34/Ki67; VEGF) to quantify - . .
X . Endothelial cell proliferation was
. microvessel density and blood ) N . .
Lazaris A J Pathol Clin vessele with endothelial cell colorectal much higher in desmoplastic Tiver
- Res 2018[106] cancer metastases unless systemic treatment

Chapter

proliferation (50 Tiver
metastases of 50 patients). The
dominant HGP was determined.

was given prior to surgery. In chemo-
naive patients, there was no
difference in VEGF-expression Tlevels
between both HGPs.
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HGP was scored in the Tiver
metastases and in the primary
tumours (liver metastases from
29 patients with matching
primary tumours). Additional
histological parameters were
assessed in the primary tumours.
whole exome sequencing (WES) was
performed on 5 cases.

A1l available H&E-stained
sections of all resected CRC
Tiver metastases from 1302
patients were used for HGP
scoring (100% desmoplastic
versus any% of replacement).
Hepatic resection margins were
evaluated as positive or
negative.

Tissue microarray of 81 primary
tumours and 139 corresponding
Tiver metastases. Tumour budding
was scored in primary CRCs and
in liver metastases (intra- and
peri-metastatic) on H&E and pan-
cytokeratin-stained section. The
association of budding in the
primary tumour and HGP of the
Tiver metastases was not
analysed.

RNA sequencing (16 Tiver
metastases from chemo-naive
patients: 7 predominant
replacement HGP and 9
desmoplastic) and
immunohistochemistry (20 liver
metastases from chemo-naive
patients: 10 replacement and 10
desmoplastic cases).

The association of the type of
desmoplastic reaction (mature,
intermediate, immature) in the
primary tumour and the Tiver
metastases was investigated in
45 patients with synchronous
Tiver metastases.

The metabolic Clinical Risk
Score (mCRS), which includes FDG-
PET as a metabolic parameter,
was compared with the HGP of
Tiver metastases and the
prognostic value of combining
mCRS and HGP was assessed in 108
patients.

Gene expression analyses and
subsequent validation by
immunohistochemistry in clinical
samples of CRC 1iver metastases.
Functional validation by
targeted knock-down in CRC
cancer cell lines and by using
animal models.

In a cohort of 76 patients with
mismatch repair proficient CRC
Tiver metastases, HGP and
peripheral and central budding
were scored.

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

Colorectal
cancer

In 3 cohorts of patients (n=877,
1203 and 70) the effect on pre-
surgery chemotherapy on the HGP
was assessed. The cohort of 70
patients belongs to a randomized
clinical study.

Colorectal
cancer

15 cases with desmoplastic HGP and 14
cases with replacement HGP. High
tumour budding score, absence of
Ccrohn’s disease-Tlike inflammatory
response and infiltrating HGP of the
primary tumour were associated with
replacement HGP. Small cohort with WES
results.

Upon multivariate analyses, a non-
desmoplastic HGP and number of
metastases was associated with
increased risk of positive resection
margins.

Assessment of budding only reliable in
desmoplastic liver metastases without
extensive ductular reaction. No clear
association of budding in primary CRC
and metastases.

CXCcL6 and LOXL4 upregulated in
replacement HGP metastases. LOXL4
protein is expressed in neutrophils at
the tumour-Tiver interface of these
metastases.

A significant association was reported
(r=0.40, P = 0.0069).

Liver metastases with a 100%
desmoplastic HGP had a significantly
Tower glucose-uptake (metabolic
activity) than non-desmoplastic Tiver
metastases. A Tow mCRS was associated
with improved outcome in patients with
dHGP Tiver metastases.

RUNX1 overexpression was shown to play
a central in vessel co-option during
replacement growth by inducing cancer
cell motility and EMT. TSPl and
TGFbetal are involved in this process.

Liver metastases with a replacement
HGP more often show budding in their
centre than desmoplastic metastases.

on average, the presence of a
desmoplastic HGP increased with a
factor of 1.5 when chemotherapy was
administered before surgery. This was
confirmed in the randomized study. The
biology of the ‘converted’ metastases
remains unclear.

Review manuscripts

van Dam P-J.

Semin Cancer
Biol 2018[32]

Key differentiating histopathological characteristics of the HGPs and their impact
on tumour biology are described. The review sums up arguments to support the
hypothesis that the HGPs of Tiver metastasis have distinct cancer immune set-points
and, thus, might affect clinical management strategies when immunomodulatory

treatment is considered.
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The discovery of non-angiogenic, vessel co-opting tumour growth is described as

Nat Rev well as the biology of this means of vascularization and the implications for
Donnem T. Cancer . . .
2018[113] cancer treatment. The replacement HGP of Tiver metastases is discussed as one of
the examples of non-angiogenic growth described in human studies.
This review has identified all studies up to December 2017 that reported the HGPs
in patients with Tiver metastatic CRC, the relative frequencies of these HGPs, and
Fernandez BMJ Open the association with outcome. In 14 out of 17 cohorts, a significant favourable
Moro € Gastro outcome was reported for patients with desmoplastic Tiver metastases. In 8 out of
. 2018[49] 12 cohorts, a significantly unfavourable outcome for patients with replacement-type
Tiver metastases was found. The authors found no studies that reported an opposite
association between HGP and outcome.
Acta The review summarizes prognostic/predictive histopathological and molecular
saldin p Gastroenterol parameters for patients with Tiver metastatic colorectal cancer, the HGPs being one
. Belg of these parameters. The authors argue for the integration of HGP in the pathology
2018[114] report.
. Evidence that tumours located in numerous organs can use vessel co-option as a
. Nat Rev Clin N . . . . : .
Kuczynski oncol mechanism of tumour vascularization is described, the Tiver with the replacement
E.A. HGP of metastases being one of the highlighted organs. Molecular mechanisms and
2019[115] . . N . .
implications for patients are also discussed.
The prognostic significance, the biology and the therapeutic implications of the
Caetano J oncol

HGPs of CRC liver metastases are discussed. The authors propose to include the HGPs

Oliveira R. 2019[116] in the pathology report of resection of hepatic metastases.

The authors collected evidence Tinking vessel co-option with resistance to anti-
angiogenic drugs in numerous tumour types. In human studies of both primary

Kuczynski Angiogenesis hepatocellular carcinoma and Tiver metastases the non-angiogenic replacement growth

E.A. 2020[117] pattern has been described. The authors 1ist the studies in animals and humans that
associate this growth pattern with resistance to anti-VEGF and/or anti-angiogenic
compounds.

The authors of this review hypothesize that common biological themes may be
Angiogenesis responsible for the HGPs of tumours in different organs, for example brain, Tungs
2020([31] and liver. They further stress that cancer cell motility may be one of the driving
forces behind the vessel co-opting (replacement) HGP.
Nine patterns of the macro-metastasis/organ parenchyma interface (MMPI) divided
over 3 groups are described. The 3 subgroups are: ‘displacing’ (non-infiltrative)
and two infiltrative MMPI-groups: ‘epithelial’ and ‘diffuse’. An organ-independent
MMPI assessment protocol is proposed.

Latacz E.

Semin Cancer
Blazquez R. Biol 2020;
60: 324-333

The authors argue that, based on the (retrospective) studies discussed in this
. review, we will be able to identify HGPs of Tliver metastases through medical
Semin Cancer . ; . X . s : . .
Latacz E. Biol 2021[66] imaging soon. This will significantly encourage medical oncologists to implement
HGPs in clinical practice. The most promising results were achieved in studies that
developed a radiomic algorithm.

. This review focusses on the possibilities to identify the HGPs when a surgical
Semin Cancer

Caetano Biol Tiver resection specimen is not available (pre-surgery, in patients not eligible
Oliveira R. 2021[118] for surgical resection of their liver metastases, during systemic treatment to
detect a change of HGP as a marker of response/resistance).
Rigamonti A cancers Parameters that predict clinical behaviour of CRC liver metastases are discussed in
9 ©2021[119] this review, the HGP being one of these parameters.

The immune microenvironment of hepatocellular carcinoma, intrahepatic
cholangiocarcinoma and CRC liver metastases is discussed. Although there is a clear
Kurebayashi Hepatol Res relationship between immune cell infiltration and HGP, the authors conclude that
Y. 2021[78] the knowledge of the interaction between cancer cells in the Tliver, immune cells
and non-immune stromal cells is still incomplete and can be expanded by single cell
RNA-sequencing.
Sseveral aspects of the liver microenvironment, such as the sinusoidal vasculature,
Garcia-vicién Int 3 Mol Sci the arterial and venous b?ood supply, and the specific mesenghyma1 and immune cell
2021[120] component, are addressed in the context of the HGPs of CRC liver metastases. The

G- authors conclude that we still do not know what causes one or the other HGP when
cancer cells arrive in the Tiver and form a metastasis.
Front cell Vessel co-option altld the HGPs of_'liver metast§5e§ but also of tumours growing in
Haas G pev Biol. other organs are discussed. The.1dea of the.d1st1nct met§b011c staFus of cancer
2021[121] ce'!1s 1n_the replacement HGP being a potential therapeutic target is Tlaunched in
this review.
Review of studies implementing artificial intelligence (machine learning and deep
world J . . . X . h
. . 7 learning) in the diagnosis and management of patients with CRC Tiver metastases.
Rompianesi G gg;;{i;g;ero The authors conclude that an accurate identification of the HGPs (by medical

imaging) could significantly improve individualized treatment approaches.

Abbreviations: CGH = comparative genomic hybridization; CRC = colorectal cancer; CRISPR = clustered regularly
interspaced short palindromic repeats; CT = computed tomography; DFS = disease-free survival; dHGP =
desmoplastic histopathological growth pattern; EMT = epithelial-to-mesenchymal transition; H&E = haematoxylin-
and-eosin stained; HGP = histopathological growth pattern; HR = hazard’s ratio; MMP = matrix metalloprotease;
MRI = magnetic resonance imaging; mCRS = metabolic clinical risk score; NOD scid = nonobese diabetic severe
combined immunodeficiency; MMPI = macro-metastasis/organ parenchyma interface; 0S = overall survival; PFS =
progression-free survival; PDX = patient-derived xenograft; RFS = relapse free survival; rHGP = replacement
histopathological growth pattern; ROI = region of interest; TLI = tumour-Tiver interface; VEGF = vascular
endothelial growth factor; WES = whole exome sequencing.
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The desmoplastic and the replacement HGPs are the most common
patterns, based on recent studies that have used the 2017
consensus guidelines (table 1). For example, either the
desmoplastic or the replacement HGP was evident in 97.5% of
the tumour-Tliver interface of all CRC liver metastases of 732
patients[18], almost equally distributed between both HGPs.
In the desmoplastic HGP, the cancer cells are separated from
the surrounding Tiver parenchyma by a fibrotic rim. often a
dense 1infiltrate of immune cells 1is present at the transition
between the 1liver parenchyma and the fibrous rim. Desmoplastic
Tiver metastases frequently show glandular differentiation
(when derived from an adenocarcinoma) and are vascularised by
a process of angiogenesis (figures 1A-C).[31]

In replacement-type liver metastases, cancer cells are in
contact with the hepatocytes, they replace the hepatocytes,
and, in the process, they co-opt the sinusoidal blood vessels
of the liver. As a result, the tissue architecture of the
metastases with this HGP mimics the tissue architecture of
the liver, such that the metastatic cancer cells arrangement
recapitulates ‘hepatic cell plates’ in between co-opted
hepatic sinusoidal blood vessels. Typically, and based on
observations done in carcinoma liver metastases, only a few
immune cells are present at the tumour-Tiver interface and

in the tumour centre[32], although this is not a scoring
criterion. Adenocarcinoma metastases with a replacement
growth pattern do not usually show glandular differentiation
at the tumour-Tliver interface (figures 1D-F). Angiotropic
extravascular migration has been observed in replacement-
type Tiver metastases of melanoma[33] (see section dedicated
to angiotropic extravascular migration): single or small
clusters of melanoma cells may extend along sinusoidal
channels into the surrounding liver parenchyma with distances
of several millimeters.
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Table 2. Key histopathological characteristics of the growth patterns of liver metastases.

portal
Desmoplastic Replacement Pushing Sinusoidal (including
intrabiliar)
Metastatic Cancer‘_ cells h_lletastahc
. grow in the tissue grows
. Cancer cells tissue pushes . . .
A desmoplastic . . sinusoidal within portal
. are arranged in the liver X
rim separates . . X vessel lumina tracts and
General R plates in tissue aside X .
. metastatic R . . or in the Disse septa and/or
architecture . continuity with (without . L.
tissue from . space, adjacent within the
. . the hepatocyte recognizable
Tiver tissue. . to the Tumen of
plates. desmoplastic o
K hepatocyte biliary
rim).
plates. branches
Liver architecture
.o - + - + n.a.
mimicry
Liver stroma
- + - + +
preserved
Not with
hepatocytes with
Contact of cancer occasional cholangiocytes
cells with Tiver contact with + (hepatocytes) - - cholangiocy
. . X if intrabiliary
epithelial cells cholangiocytes rowth
of ductular 9
reaction
Desmoplastic
reaction around the + - - - n.a.
metastasis
Compression of
0 4 Ry + - n.a.
Tiver cell plates
Contour sharp irregular sharp irregular n.a.
Inflammatory cell
R ++ +/- +/- +/- n.a.
infiltrate / / /
proliferation of
bile ducts +/- - - - -/+
(ductular reaction)
Glandular
differentiation (if + - + - +
adenocarcinoma)
Figures 1A-C Figures 1D-F  Figures 1G & H Figure 11 Figures 13 & K

The pushing growth pattern is an uncommon pattern.

For

example, the pushing HGP was present in only 2.5% of the
tumour-liver interface of all CRC liver metastases of 732
patients.[18] This growth pattern is characterised by cancer

cells that appear to push away the liver parenchyma without

an intervening fibrous rim. Cancer cells do not invade the

hepatocyte plates, they do not replace the hepatocytes,
and they do not co-opt the sinusoidal blood vessels. The

surrounding Tiver is composed of hepatocytes that are

arranged parallel to the tumour-liver interface and appear

slender because they are atrophic or compressed by the

growing metastases (figures 1G and 1H).

Liver metastases with a sinusoidal HGP are characterised by

cancer cells 1in the sinusoidal vascular spaces (figure 1I).
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< Figure 1. The histopathological
growth patterns of Tiver metastases
(H&E images). (A-C): Low (A) and higher
(B & C) magnification images of a CRC
liver metastasis with a desmoplastic
HGP. The blue arrow indicates the
desmoplastic rim that separates the
carcinoma from the Tliver parenchyma.
The green arrowheads 1indicate the
immune  cell infiltrate which is
typically Tlocated at the transition
between the desmoplastic rim and the

liver parenchyma. The tumours show glandular differentiation and cell detritus
in the Tumina of these glandular structures, reminiscent of the histology of
a primary CRC (white arrowheads). (D) Low magnification image of a CRC liver
metastasis with a replacement HGP. The green arrowheads indicate the tumour-
liver 1interface. There 1is no glandular differentiation: cancer cells from
solid nests and trabeculae. (E) & (F) Higher magnification of the tumour-Iliver
interface of CRC liver metastases with a replacement HGP. The green arrowheads
indicate contact between cancer cells and hepatocytes. In (E), cancer cells
form cell plates that are in continuity with the Tiver cell plates. A co-
opted sinusoidal blood vessel is marked by the blue arrowheads. In (F), the
liver cell plates are pushed aside but cancer cells are still in contact with
hepatocytes while invading into these Tliver cell plates (green arrowheads).
(G) Low magnification image of a CRC liver metastasis with a pushing HGP. (H)
on higher magnification, a sharp tumour-liver interface 1is noticed without
desmoplastic rim and without cancer cells invading into the Tliver parenchyma.
often metastases with a pushing HGP produce mucin, as shown in this example.
(I) Lobular breast carcinoma liver metastasis with a sinusoidal HGP (autopsy
case). Cancer cells are located within the Tumen of sinusoidal blood vessels
(green asterisks), in between Tliver cell plates (blue asterisks). Red blood
cells are intermingled with the cancer cells (blue arrowheads). (J) Low
magnification image of intrabiliary tumour growth (CRC) in a portal tract. The
structures constituting a portal tract are present: artery branches (A), vein
branch (v), nerve bundle (N), and branches of the bile duct (B), in this case
filled with cancer cells. (K) Higher magnification of the left bile duct branch
of image J. The normal bile duct epithelium (blue arrowheads) is still present
but is replaced by cancer tissue that fills the lumen of the bile duct branch.
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The sinusoidal HGP appears limited to patients with
aggressive disease and is more frequently encountered in
autopsy specimens, which could imply that it is a feature of
end-stage disease.[7,34-37] Liver metastases can also spread
along the portal tracts. Cancer cells can invade the fibrous
stroma of these tracts, fill the Tumen of portal vein branches
or the lymphatic vessels, or grow along nerves (neurotropism)
and blood vessels (angiotropism). In addition, cancer cells
can proliferate inside biliary ducts of the portal tracts by
replacing the normal epithelial 1lining of these ducts (figures
17 and 1K).

Tumour type-dependent differences in the growth patterns have
been described. For example, when comparing the replacement
HGP in breast cancer metastases and CRLM, the histological
characteristics of replacement growth were often present
from the tumour-Tliver interface and up to the centre of

the metastases in the breast cancer cases, while they were
Timited to the interface in all CRLM.[38] Also, the presence
of single cancer cells in the Tiver parenchyma at a distance
from the tumour-liver interface in replacement-type 1liver
metastases (so called angiotropic extravascular migration)
appears to be more obvious in melanoma 1liver metastases than
in liver metastases of CRC or other carcinomas (unpublished
observations).

Update of the cut-off value to categorise patients with
colorectal cancer according to the histopathological growth
pattern of the Tliver metastases

Given that a single liver metastasis can be composed of
regions with different growth patterns, this histological
parameter is assessed by estimating the relative fraction
of the total length of the interface for each growth
pattern present in the metastasis. In cases of multiple
sections per metastasis or multiple liver metastases per
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patient, the mean percentage across sections and lesions,
respectively, is calculated.[1] In the previous version

of the scoring guidelines, a 50% cut-off was proposed to
categorise patients, based on its prognostic value. This
approach generated four distinct HGP classes: ‘predominant
desmoplastic’, ‘predominant replacement’, ‘predominant
pushing’ and a ‘mixed’ class in the absence of a predominant
HGP. Multiple studies have demonstrated a favourable outcome
in patients with CRC liver metastases with a predominant
desmoplastic HGP (table 1).

However, the results of a study by Galjart and colleagues
from the Erasmus Medical Centre in Rotterdam[18] provide

a strong rationale for revising the cut-off value used to
clinically categorise patients with CRC Tiver metastases
according to the HGP. The study compared different cut-offs
based on a Targe dataset of patients with CRLM. The results
suggest that the prognosis of patients with resected CRC
Tiver metastases 1is primarily determined by the presence of

a replacement and/or a pushing growth pattern as opposed

to a pure desmoplastic growth pattern (corresponding to

100% of the assessed tumour-1liver interface). Favourable
survival rates were demonstrated only for patients with liver
metastases with complete desmoplastic growth, a condition
present in 24% of all patients included in the study by
Galjart et al (2019).[18] Remarkably, non-desmoplastic growth
- of any fraction - reduced the 5-year 0S rate from 78% to
37% in the cohort of patients who did not receive pre-surgery
systemic treatment (adjusted HR 0.39; 95% CI: 0.23-0.67) and
from 53% to 40% in the cohort of patients who did receive
pre-surgery systemic treatment (adjusted HR 0.92; 95% CI:
0.64-1.30). This difference in outcome was recently confirmed
in a Targe multicentre external validation study.[19]
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wWe now present a comprehensive clinical evaluation of a large
international multicentre cohort of 1931 patients with CRC

in which we assessed the impact on outcome using the recent
‘Rotterdam cut-off’[18,19] compared to the ‘predominant HGP
cut-off’ described in the original international consensus
guidelines[1]. The clinicopathological baseline and treatment
characteristics are summarised in table 3.

Table 3. Clinicopathological baseline and treatment characteristics
missing (%) n = 1931 (%)

Cohort Erasmus MC 903 (47)
MSKCC 716 (37)
Radboud UMC 312 (16)
Age at resection CRLM - (median [IQR]) 64.0 [56.0, 71.0]
Gender Male 1170 (61)
Female 761 (39
ASA classification ASA I-II 39 (2 1284 (68)
ASA >II 609 (32)
Primary tumour Tocation Left-sided 62 (3) 458 (25)
Right-sided 798 (43)
Rectal 613 (33)
T-stage pT 0-2 87 (5 287 (16)
pT 3-4 1557 (84)
N-stage NO 31 (2 729 (38)
N+ 1172 (62)
Number of CRLM - (median [IQR]) 12 (D 2.0 [1.0, 3.0]
Largest CRLM in cm - (median [IQR]) 35 (2) 2.8 [1.9, 4.5]
DFI in months* - (median [IQR]) 14 (D 1.0 [0.0, 17.0]
Synchronous (DFI <3 months) Synchronous 1023 (53)
Metachronous 908 (47)
Preoperative CEA in ug/L - (median [IQR]) 143 (7) 11.0 [4.0, 33.7]
Perioperative chemotherapy No chemotherapy 41 (2) 773 (41
Neoadjuvant only 689 (36)
Adjuvant only 232 (12)
Perioperative 196 (10)
Resection margin involved No 10 (D 1675 (87)
Yes 247 (13)
Extrahepatic disease** No 1731 (90)
Yes 200 (10)

*Between resection of primary tumour and detection of CRLM

**pefined as any extrahepatic disease with the exception of the primary
tumour present at the time of or prior to first CRLM surgery.

Abbreviations in alphabetical order: ASA: American Society of
Anaesthesiologists; CEA: carcinoembryonic antigen; CRLM: colorectal Tiver
metastasis; DFI: disease-free interval; Erasmus MC: Erasmus MC Cancer
Institute; IQR: interquartile range; MSKCC: Memorial Sloan Kettering Cancer
Center; Radboud uMC: Radboud University Medical Center.
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The median follow-up for survivors was 67 months (IQR: 34 -
112 months). When applying the Rotterdam cut-off, 1516 (79%)
patients had non-desmoplastic liver metastases and 21% had
pure desmoplastic liver metastases. Of the 1516 patients with
a non-desmoplastic HGP, 201 (10%), 549 (28%), 305 (16%), and
461 (24%) patients had Tiver metastases with a 100%, 67.1-
99%, 33.1-67%, and 0.1-33% non-desmoplastic HGP, respectively
(table 4). when patients were classified according to the
predominant HGP cut-off, 839 (43%) patients had liver
metastases with a predominant replacement HGP, 19 (1%) with
a predominant pushing HGP, 1031 (53%) with a predominant
desmoplastic HGP, and 42 (2%) with a mixed HGP (table 4). The
following findings support the ‘Rotterdam cut-off’:

1. Patients with resected CRC liver metastases that possess
an exclusively desmoplastic growth pattern have a clear
survival advantage over all other patients. Median 0S
(months (95% CI)) for desmoplastic versus non-desmoplastic
patient cohorts is 88 (77-112) versus 53 (49-58) months,
respectively. Median DFS for desmoplastic versus non-
desmoplastic patient cohorts is 24 (20-33) versus 11 (11-
12) months, respectively (figures 2A and 2B, table 4). The
adjusted HRs for 0S and DFS (95% CI) are 0.64 (0.52-0.78)
and 0.61 (0.52-0.71), respectively (table 4).

2. There is no difference in survival among patients
belonging to the discrete non-desmoplastic classes (figures
2C and 2D, table 4). This probably explains why the
survival advantage of the favourable patient cohort over
the unfavourable patient cohort is less pronounced when
the predominant HGP cut-off algorithm is used (figures 2E
and 2F, table 4). For example, the adjusted HR for 0S
is 0.64 (95% ci: 0.52-0.78) versus 0.76 (95% CI: 0.65-
0.88) respectively, when comparing the Rotterdam and the
‘predominant HGP’ cut-offs (table 4). A similar difference
of 0.61 (95% CI: 0.52-0.71) versus 0.82 (95% C1i: 0.73-
0.93) can be observed for DFS (table 4).
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The international group of authors of this second consensus
guidelines for scoring HGPs of hepatic metastases therefore
proposes to test this algorithm in prognostic studies with
other primary tumour types as well. In studies that aim at
deciphering the molecular underpinnings of the different
growth patterns, a cut-off agnostic approach should probably
be adopted, to not obscure lessons to be learned from inter-
tumour heterogeneity of the HGPs.

Categorisation of the histopathological growth patterns of
non-CRC liver metastases

Distinct HGPs have been identified in 1liver metastases

from a broad range of primary solid tumours, mostly
carcinomas. The replacement (also referred to sometimes

as ‘replacing’, ‘trabecular’ or ‘infiltrative’) growth
pattern, the desmoplastic growth pattern (also sometimes
called ‘encapsulated’) and the pushing growth pattern

(also sometimes called ‘expansive’) have been described in
Tiver metastases from primary lung, pancreatic, stomach,
gallbladder/bile duct and breast carcinoma.[5,38,40-42] The
study of HGPs in Tliver metastases from these tumour types s
relevant given that, for example, about 11% of patients with
Tung carcinomas, 36% of patients with pancreatic carcinoma,
and 14% of patients with stomach cancer have 1liver metastases
at diagnosis.[43] The sinusoidal growth pattern has been
encountered in autopsy specimens of patients with non-small
cell Tung cancer (NSCLC) and breast cancer.[7,34-37]

In addition to carcinomas, the desmoplastic, pushing,
replacement and sinusoidal growth patterns have also been
identified in hepatic metastases of both skin and uveal
meTanoma. [44-46] Additional types of HGP have also been
described in uveal melanoma, however without evaluation of
the interface between Tiver metastases and the surrounding
Tiver tissue.[46,47] In these studies, the different results
reported may be ascribed to the sources of material studied;
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almost entirely derived from autopsies, and of partial biopsy
samplings. The HGPs have recently also been identified in
sarcoma-derived hepatic metastases, in a study describing

the HGPs 1in a cohort of patients with non-colorectal, non-
neuroendocrine liver metastases.[48]

Although the prognostic/predictive role of the HGPs has

been studied mainly in patients with CRC[1,18,19,49], there
are recent reports on the impact of the HGPs on outcome in
patients with Tiver metastatic melanoma, breast carcinoma and
pancreatic cancer.[5,42,44,45] In a study of 42 patients with
skin melanoma, the presence of any replacement HGP (1% of

the tumour-Tliver interface or more), present in 20 patients
(48%), significantly predicted worse overall survival while
the 100% desmoplastic HGP correlated with improved 0S, an
effect that continued to be significant upon multivariate
analysis (HR = 3.79, p = 0.01).[45] In a study of 41 patients
with Tiver metastatic uveal melanoma, the dominant HGP (>50%
of tumour-Tiver interface) was used to categorise patients.
[44] A dominant replacement HGP, present in 30 patients
(73%), predicted diminished 0S with a HR in multivariate
analysis of 6.51 (p = 0.008). An updated analysis with
extension of the patient cohort and categorisation according
to the 100% desmoplastic HGP cut-off has recently been
completed (Barnhill et al, manuscript in preparation).

The HGPs of breast cancer Tiver metastases have only been
sporadically studied and have been mainly described 1in
autopsy specimens.[34,35,38,41] In this context, and when
compared with CRC Tiver metastases, the replacement HGP

and even the sinusoidal HGP are more frequently encountered
in breast cancer liver metastases. Surgical removal of
breast cancer hepatic metastases 1is still rarely practiced.
However, there is a subpopulation of patients with liver
metastatic breast carcinoma for whom a favourable course
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after resection has been documented, contradicting the common
idea that breast cancer is always a systemic disease[50]

and a rationale behind ongoing clinical trials, for example
BreCLIM-2 (ClinicalTrials.gov Identifier: NCT04079049).

with this in mind, Bohlok et al (2020)[42] have scored the
HGPs 1in 36 patients who underwent surgical resection for
breast cancer 1liver metastases. Given that only one patient
presented with liver metastases with a pure desmoplastic

HGP while 16 patients had Tiver metastases with a pure
replacement HGP, a pragmatic approach was adopted to
categorise patients as having Tliver metastases with ‘100%
replacement’ versus ‘any desmoplastic’ HGP. The study
confirmed the association of replacement HGP liver metastases
with poor outcome as observed with other tumour types.
Indeed, all patients with a pure replacement HGP relapsed
within 2 years after surgery. In addition, even in this small
cohort of patients, improved 0S was observed for patients
with ‘any desmoplastic’ HGP Tiver metastases as compared to
the other patients upon multivariate analysis (HR = 0.20, p
= 0.023).[42] A Targe international study has recently been
undertaken by several authors of the guidelines to further
address the impact of the HGPs on outcome in patients with
Tiver metastatic breast cancer.

More than one-third of patients with neuroendocrine tumours
(NETs) present with distant disease, with the 1iver being

the most common metastatic site. Although newer therapeutic
options are becoming available, resection of NET Tiver
metastases 1is still often performed.[51] Given the broad
spectrum of NETs, from well-differentiated NETs to poorly
differentiated neuroendocrine carcinomas, it would be
interesting to study the HGPs of NET Tliver metastases. To the
best of our knowledge, this has not been done yet.
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In conclusion, the distinct HGPs can be identified
independently of the primary solid tumour type and the
desmoplastic HGP is invariably associated with better outcome
than the replacement HGP, after surgical removal of liver
metastases. This is consistent with the idea that common,
tumour type-independent and liver-specific biological programs
are activated in liver-metastatic cancer cells and shape
growth pattern emergence in the Tiver.[52]

Clinical significance of the pushing growth pattern

The prognostic/predictive value of the pushing HGP is

still unclear. Before the first international guidelines
were published, there were no unequivocal instructions for
distinguishing the pushing HGP from the replacement HGP
where tumour cells appear to push away the liver parenchyma
(so called pushing-type or type-2 replacement HGP).[1l] As

a result, the proportion of metastases with a pushing HGP
has been overestimated in studies carried out prior to

the publication of the first consensus guidelines.[49] For
example, Nielsen et al. (2014)[53] and Eefsen et al. (2015)
[54] reported that 45% of the patients with resected CRC
Tiver metastases presented with a dominant pushing HGP. By
applying the consensus guidelines of 2017, the proportion of
metastases with a pushing HGP was found to be reproducibly
smaller across more recent studies. In the study by Galjart
et al. (2019)[18] for example, Tess than 1% of patients
presented with a dominant pushing HGP in their CRC Tiver
metastases. Determining the clinical value of the pushing
HGP will therefore only be possible in large multi-centre
studies.

The histopathological growth patterns and treatment response
Several observations suggest that systemic treatment can
alter the HGP of Tiver metastases. In the study by Frentzas
et al. (2016)[41], the growth pattern of recurrent CRLM,
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defined as those metastases that were not detectable by
imaging before systemic treatment but appeared during
bevacizumab-chemotherapy, was compared with the growth
pattern of metastases that were already visible before
systemic treatment. The recurrent metastases more often
demonstrated a replacement HGP when compared to the
metastases that were already visible before systemic
treatment (80% versus 50%). In support of these observations,
several preclinical studies have demonstrated the switch from
an angiogenic to a vessel co-opting growth pattern associated
with resistance to treatment with anti-VEGF drugs in several
malignancies. These include hepatocellular carcinoma[55],
Tung metastases of renal cell carcinoma[56], brain metastases
of melanoma[57] and glioblastoma[58].

Oother studies[59,60] found associations between systemic
treatment of patients with CRLM and histological
characteristics that are highly suggestive of replacement
growth. The so-called ‘dangerous halo’ consists of an
irregular tumour-liver interface in a CRLM that was seen
selectively 1in patients that received chemotherapy before
partial hepatectomy. Although beyond the scope of the Mentha
et al. study, the histological images in their report show
that the ‘dangerous halo’ consists of areas of replacement
growth while the Tesion without the ‘dangerous halo’ has a
desmoplastic HGP (Figure 1 in Mentha et al. (2009)[59]).
Taken together, the findings of Frentzas et al. (2016)[41]
and the reports on the ‘dangerous halo’[59,60] Tlink the
replacement HGP to chemotherapy resistance with or without
anti-VEGF treatment in patients with Tiver metastatic
colorectal cancer.

There are, however, studies suggesting that chemotherapy
induces the desmoplastic growth pattern in patients with
replacement-type CRLM.[18,61] Nierop and colleagues (2021)
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[61] have assessed the HGP of resected liver metastases 1in
three cohorts of respectively 877, 1203 and 70 patients with
CRC, respectively. The Tatter cohort was derived from a
phase III clinical trial in which patients were randomised
between either peri-operative chemotherapy and resection or
resection only. In all three cohorts, the average presence
of the desmoplastic HGP at the tumour-Tiver interface

was significantly higher in patients with pre-operative
chemotherapy compared to chemo-naive patients (67% versus
43%, 63% versus 40%, and 61% versus 33%, respectively
(p<0.005)). The fact that this shift in HGP was observed in
a randomised study is consistent with a lack of selection

in the association of pre-operative chemotherapy and the
desmoplastic HGP. However, it remains to be determined
whether chemotherapy induces a transformation of replacement-
type Tiver metastases into lesions that form a desmoplastic
rim or whether pre-existing desmoplastic lesions are more
resistant to chemotherapy.

Taken together, it appears that a transition from one HGP to
another could occur in patients with CRLM following systemic
treatment. However, despite all the studies discussed above,
a reliable assessment in individual patients of the effect of
systemic treatment on the HGPs of liver metastases will only
be possible when non-invasive imaging (as discussed below)
or blood analyses will be available to identify the HGPs at
several time points during treatment. One promising blood
marker was recently proposed.[16] Circulating extracellular
vesicles (EVs) derived from patients with replacement-

type CRLM exhibited significantly higher protein expression
of Claudin-2 relative to EVs isolated from patients with
desmoplastic liver metastases. Thus, high protein Tevels

of Claudin-2 in EVs isolated in the blood circulation

of patients with liver metastatic CRC may predict the
replacement HGP in CRLM.
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Standard method for assessment of the histopathological

growth patterns of liver metastases

The updated consensus guidelines for tissue sampling of

surgical liver resections and for scoring and reporting of

the HGPs of liver metastases are presented in table 5.

Table 5. Standard method for histopathological growth pattern
assessment of liver metastases.
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Ssampling of resection specimens:

¢ Complete sampling (tumour-Tliver interface and centre) of
metastases up to 2 cm.

¢ Sampling of a complete central section (tumour-Tiver interface
and centre) of metastases larger than 2 cm.

¢ If an alternative sampling method is applied, for example a
tumour-type specific approach, this should be reported.

The growth pattern is a histological parameter assessed by light

microscopic imaging of good quality H&E sections of FFPE tissue

of resection specimens of Tiver metastases. Tissue cores from

needle biopsy procedures are not suitable for HGP assessment.

Resection specimen tissue sections with only a Timited part of

the tumour-liver interface are considered insufficient to assess

the growth pattern of Tiver metastases. Also, if no viable tumour

tissue is present in the metastasis, the growth pattern cannot be

assessed. Delayed fixation (autopsy cases), surgical cautery or

radiofrequency ablation artifacts may lead to insufficient quality

of the tissue sections for scoring the growth patterns.

The histological growth patterns of Tiver metastases can be

evaluated by a pathologist or by any other investigator trained

by a pathologist. The authors of the guidelines may be contacted

for training sessions.

The growth pattern is a characteristic of the tumour-liver

interface, more specifically the interface with the adjacent non-

tumorous hepatic Tobular tissue. The centre of the metastasis

does not contribute to the classification of a growth pattern.

The three common growth patterns are: desmoplastic, pushing and

replacement.

The sinusoidal growth pattern is rare. In addition, metastases

can grow in portal tracts and inside biliary ducts.

when more than one growth pattern is present in a metastasis:

estimate the relative fraction of each growth pattern as a

percentage of the total length of the interface*.

In case of multiple metastases/patient: assess the growth

pattern(s) 1in every individual liver metastasis.

Reporting of the HGPs per patient®:

¢ For each metastasis (defined by its largest diameter), report
the proportion of the interface with replacement, desmoplastic
and pushing HGP (for example: ‘metastasis 1: 20% replacement,
80% desmoplastic, 0% pushing).

¢ small areas with a distinct HGP covering Tless than 5% of the
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interface should still be reported.
¢ The presence of intrabiliary, portal and sinusoidal growth
should be reported as a separate remark.
¢ ‘Escape’ should be reported as being absent or present 1in
metastases resected after chemotherapy.
« The categorisation of a patient according to the growth pattern
of a liver metastasis or of multiple metastases will depend
on the primary tumour type and the aim of the growth pattern
assessment.
e Caveats and practical tips:
¢ Portal tracts at the tumour-liver interface and growth near
the 1liver capsule (facing the peritoneal surface or soft
tissue without intermediate Tiver parenchyma) should not be
considered as part of the tumour-Tiver interface.
¢ Metastatic growth inside portal tracts or biliary ducts should
not be regarded as desmoplastic growth.
¢ o0The presence and extent of intrabiliary tumour growth can be
underestimated, as the biliary epithelium is often replaced by
cancer cells which eventually filT the Tumen with accompanying
necrosis.
¢ oReactive proliferation of bile ducts (ductular reaction)
in the desmoplastic rim can simulate a replacement growth
pattern. In addition, cancer cells can build common structures
with the reactive bile ductuli.
¢ In case of severe inflammation and associated tissue changes it
may be difficult to identify the growth patterns. The presence
of co-opted hepatocytes and tumour cell-hepatocyte contact
in the periphery of the metastasis are indicative of the
replacement growth pattern. Immunohistochemistry or silver
impregnation staining of the sections (e.g., Gordon- Sweet’s
reticulin staining) may be helpful to identify the growth
patterns.
¢ Pushing-type of growth should not be overestimated: only when
there is no cancer cell-hepatocyte contact, the pushing HGP
can be considered.
*Remark: Specific scoring and reporting rules may apply to certain
tumour types and settings. For example, when the HGPs are assessed
to obtain prognostic information in a patient with CRLM, it will
be sufficient to Took for areas of replacement HGP to distinguish a
non-desmoplastic from a desmoplastic status.

The proposed sampling guidelines are not based on published
experimental evidence but are rather an empirical approach.
[62] Given that the invasion front of liver metastases is
often heterogeneous in respect to HGPs, a balance must be
struck between accurate assessment of growth patterns and
practical feasibility of sampling in a pathology laboratory.
In addition, the sampling procedure may be tumour-type
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dependent. For example, when dealing with CRLM, a two-step
approach can be envisaged for clinical routine, given that
the presence of any proportion of the interface with a non-
desmoplastic HGP in any of the resected metastases has clear
prognostic significance.[18,19] Initial sampling or scoring
may consist of a Timited number of paraffin blocks and in
the event that a region with a non-desmoplastic growth is
identified in the H&E-stained sections, the p