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The measured distance between tumor cells and the peritoneal
surface predicts the risk of peritoneal metastases and offers an
objective means to differentiate between pT3 and pT4a colon

cancer
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Substantial variability exists in what pathologists consider as pT4a in colorectal cancer when tumor cells are within T mm of the free
peritoneal surface. This study aimed to determine if the measured sub-millimeter distance between tumor cells and the free
peritoneal surface would offer an objective means of stratifying patients according to the risk of developing peritoneal metastases.
Histological slides of patients included in the COLOPEC trial, with resectable primary ¢/pT4N0-2MO colon cancer, were centrally
reassessed. Specific tumor morphological variables were collected, including distance from tumor to free peritoneal surface,
measured in micrometers (um). The primary outcome, 3-year peritoneal metastasis rate, was compared between four groups of
patients stratified for relation of tumor cells to the peritoneum: 1) Full peritoneal penetration with tumor cells on the peritoneal
surface, 2) 0-99 um distance to the peritoneum, 3) 100-999 um to the peritoneum, and 4) >1000 um to the peritoneum, by using
Kaplan-Meier analysis. In total, 189 cases were included in the present analysis. Cases with full peritoneal penetration (n = 89),
0-99 um distance to the peritoneal surface (n = 34), 100-999 um distance (n = 33), and >1000 um distance (n = 33), showed
significantly different 3-year peritoneal metastases rates of 25% vs 29% vs 6% vs 12%, respectively (Log Rank, p = 0.044). N-category
did not influence the risk of peritoneal metastases in patients with a tumor distance beyond 100 um, while only the N2 category
seemed to result in an additive risk in patients with a distance of 0-99 um. The findings of this study suggest that the measured
shortest distance between tumor cells and the free peritoneal surface is useful as an objective means of stratifying patients
according to the risk of developing peritoneal metastases. This simple measurement is practical and may help in providing a precise

definition of pT4a. Trial registration: NCT02231086 (Clinicaltrials.gov).
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INTRODUCTION

The T category of the TNM system’, representing local invasion,
has therapeutic consequences for colon cancer patients regarding
the type of resection and whether to offer patients adjuvant
therapy, and also has prognostic implications. The most advanced
T category (T4) is also considered to be one of the most important
risk factors for developing peritoneal metastases, which in turn
carry a particularly poor prognosis®™. Two main types of locally
advanced growth are defined and categorized as pT4a (peritoneal
penetration) and pT4b (adjacent organ/structure invasion)'. There
is accumulating data that the pT4a subcategory is diagnostically
less straightforward than often assumed®’. This problem has been
highlighted in recent studies investigating interobserver variability
in diagnosing pT4a®'°. It is also reflected in considerable

divergence in published rates of pT4 rangin? from 12% to 55%
for stage I-lll colorectal cancer combined'' '3,

The underlying problem of the pT4a category retains how the
cutoff between pT3 and pT4a should be defined. Is full peritoneal
penetration with cancer cells being present on the surface required,
or should cases with tumor cells variably close to or at the peritoneal
surface also be regarded as pT4a? This question is analogous to
other problems in colorectal pathology, such as which distance
should be used when defining a positive circumferential resection
margin (CRM) in rectal carcinoma (0, <1, or <2 mm). To answer such
questions, it is necessary to assess various types of clinical outcome
measures that are relevant for a certain parameter.

With regard to the pT4a parameter, the question arises if it
should predict overall or disease-free survival, or more specifically
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Fig. 1

Representative images of colon carcinomas from the COLOPEC trial in relation to the free peritoneal surface (H&E stains).

A, B (x20) are from cases with full peritoneal penetration where the tumor cells were growing onto the peritoneal surface within peritoneal
clefts (in case B with inked surface). C (x20) demonstrates a case where the tumor cells reached directly to the free peritoneal surface (distance
of 0 um, arrow). D (x20), E (x20), and F (x4) show cases where the shortest distance of tumor cells to the free peritoneal surface was 60 um,
167 um, and 703 pm, respectively (black lines show the location of the measurements).

the risk of peritoneal recurrence. Furthermore, it is of importance
that parameters that have clinical implications should be reliable
and reproducible. Prior research has shown that there is wide
survival variation within the spectrum of pT3 through pT4a colon
cancer and that gradually increasing invasion depth beyond the
muscularis propria is associated with worsening of survival'*'®, As
tumors grow larger and deeper, likely the risk of distant
metastases via lymphovascular spread increases and also the risk
of peritoneal dissemination when tumor cells breach the
peritoneal covering. Studies focusing on the differentiation
between pT3 versus pT4a have shown that, when cancer cells
are in close proximity to the peritoneal surface, survival becomes
gradually more akin to cases showing full peritoneal
penetration”'®"'8, However, different criteria for including these
“sub-pT4a” cases within the pT4a category have been put forward.
These include the local peritoneal involvement (LPI) classification
system of Shepherd'®, peritoneal elastic lamina invasion'?, and the
1mm cutoff value (provided that certain fibroinflammatory
changes are present)”'®. Based on mainly the Shepherd
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classification and variants thereof, attempts have been made to
further define the pT4a category in national pathology guidelines
and review papers®. However, variation in guidelines and
subjectivity of the proposed criteria have probably contributed
to the current diagnostic ambiguity for pathologists in differ-
entiating between pT3 and pT4a. It is therefore warranted
that more objective criteria are provided to standardize this
differentiation.

Measurement of the distance between tumor cells and the
peritoneal surface can be objectively performed by any pathol-
ogist, digitally as well as manually under the microscope.
Previously it has been suggested that the 1 mm cutoff value can
be used to differentiate between pT3 and pT4a categories,
provided that certain fibroinflammatory changes are also present.
However, we assumed that this cut-off value might be lower if the
pT4a category is specifically used to predict the risk of developing
peritoneal metastases. This study aims to clarify the prognostic
importance of four different categories regarding the relationship
of tumor cells to the peritoneal surface, i.e., “full penetration” with
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tumor cells on the peritoneal surface, 0-99 micrometers (um)
distance, 100-999 um distance, and =1000 um distance, with
regard to peritoneal metastases and overall survival, in patients
with locally advanced colon cancer.

MATERIALS AND METHODS

Study design and patient cohort

This is a side study of the COLOPEC multicenter randomized controlled trial
(NCT02231086). The study design and results of the primary endpoint of
this trial have been published previously®. Patients were included in the
COLOPEC trial between April 1st, 2015 and February 20th, 2017, if they had
primary, clinically (preoperative) or pathological proven (postoperative)
T4N0-2MO colon cancer, or colon cancer that had caused a bowel
perforation. Other criteria were age between 18 and 75 years, an adequate
clinical condition for HIPEC, and intention to start adjuvant systemic
chemotherapy. Eligible patients were randomized to the experimental arm
comprising adjuvant HIPEC followed by standard adjuvant systemic
chemotherapy or the control arm consisting of adjuvant systemic
chemotherapy alone.

All histological slides of the primary colon carcinomas of patients
included in the COLOPEC trial were requested from the tissue archives of
laboratories affiliated with the treating hospital. Patients’ demographics,
and baseline characteristics were obtained from the COLOPEC dataset.
Additional histopathological specifications were obtained from original
pathology reports. All histological slides were reassessed by one
pathologist (PS), specialized in colorectal cancer, according to a uniform
protocol without any knowledge of the patients’ individual outcomes.
Patients that appeared to already have peritoneal metastases during
revision were excluded from further analyses, as well as patients who were
lost to follow-up.

Review of histopathological characteristics

The slides were scanned (Leica Aperio AT2, x20 or x40) and uploaded in
our virtual electronic pathology database. During central revision, the
following morphological variables were assessed based on standardized
criteria: the shortest distance of tumor cells to the free peritoneal surface
measured in micrometers (um), morphological characteristics of the
peritoneum/ subperitoneal tissue, resection margin status, pT4b category
with type of invaded organ/structure, tumor type and differentiation,
tumor border configuration, tumor budding (Bd), tumor-stroma ratio (TSR),
venous invasion, lymphatic invasion, perineural invasion, lymph node (LN)
status, tumor deposits (TD), and peritoneal metastases.

The shortest distance from the neoplastic epithelial tumor cells (referred
to in this paper as tumor cells) to the free peritoneal surface in um,
irrespective of the type of intervening stroma/tissue or peritoneal changes,
was measured digitally. Relation of tumor cells to the free peritoneal
surface was registered irrespective of pT4b status. Cases with tumor cells in
direct contact with the peritoneal cavity through a perforation (either via
perforated peritumoral abscess or direct tumor perforation by necrosis)
were classified as full penetration. The relation between tumor cells and
the peritoneal surface was categorized into four groups: (1) Full peritoneal
penetration with tumor cells clearly growing onto the peritoneal surface.
(2) Shortest distance of 0-99 um. (3) Shortest distance of 100-999 um. (4)
Shortest distance of >1000 um. Examples are shown in Fig. 1. The choice of
the 99/100 um cut-off value is based on our previous experience in
applying the Shepherd's LPI classification in which we demonstrated that a
subgroup of LPI3 tumors, i.e,, those approaching the LPI4 category, had
most similarity to LPI4 with regard to prognosis'’. For Shepherd's LPI
classification see Suppl. Table 1. The 999/1000 um represents the cutoff
value previously proposed in the literature”'®. Cases where the tumor cells
were clearly remote to the free surface, but any relation to the peritoneum
was absent in the slides, were classified in category 4 (shortest distance to
free peritoneal surface 1000 um). Since 0.1 mm is a more common cutoff
point for measurements in pathology, we additionally performed analyses
with the four categories combined into two categories <99 um and
=100 pm (i.e., <0.1 mm versus =0.1 mm).

Morphological characteristics of the peritoneum/subperitoneal tissue
were registered as absent or present according to Panarelli et al.:
fibroinflammatory tissue reaction, vascular proliferation at the peritoneum,
peritumoral abscesses communicating with the peritoneum, reactive
mesothelial cells, peritoneal hemorrhage, or peritoneal fibrin deposition'®.
Resection margin status was defined as positive (R1) when tumor cells
extended directly into the resection margin in any of the following
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scenarios: tumor cells growing into non-peritonealized mesocolic resection
margin, tumor cells growing into non-peritonealized resection margin of
en-bloc resected organ(s)/structure(s), tumor cells growing into specimen
surface at the site of adhesiolysis (as determined by correlation with
surgical report), represented by very irregular surface, typically with
crushed tissue (mechanical changes), and/or fresh hemorrhage and lacking
inflammatory response, and tumor cells extending into the non-
peritonealized outer surface of the specimen at the site of a laceration,
tear or tissue defect that have occurred either during (e.g., through
traction/manipulation) or after the operation (timing usually unknown).

Tumor type and differentiation were categorized as well/moderately
differentiated adenocarcinoma, poorly differentiated adenocarcinoma,
mucinous carcinoma, and signet ring cell carcinoma according to the
WHO criteria. Grading of differentiation was restricted to the extent of
gland formation within conventional adenocarcinomas. Tumor border
configuration was classified as either pushing or infiltrating as described by
Wohlke et al.2" Tumor budding was defined as low, intermediate or high as
described by Lugli et al.?. Signet ring cell carcinomas were classified as
high budding (Bd3). TSR was classified as <50% stroma and >50% stroma
as described by Pelt et al.2%. Venous, lymphatic and perineural invasion
were assessed using conventional methodology, mainly on HE-slides, and
where available using immunohistochemical or elastic stainings. Either
intra- and/or extramural venous invasion was registered as present and
defaulted to absent in case of doubt. Either intra- and/or extramural
lymphatic invasion and intra- and/or extramural perineural invasion were
registered as present.

The number of positive LN and TD were registered separately. The
differentiation between LN metastases and TD was based on whether
there was recognizable lymph node background present. LN status was
categorized into pN, pN1 (1-3 positive LN), and pN2 (4 or more positive
LN). Mesocolic metastases were defined as TD if there was no recognizable
LN background and when larger than 3 mm, according to the TNM-5
definition of TD?**, which was still adhered to in the Netherlands due to
criticism of the TNM-6 and TNM-7 when the COLOPEC trial started®”.
Tumor deposits were categorized as absent or present.

Lesions were classified as peritoneal metastases mainly based on
location. Location well separate from the primary tumor, based on either
pathology request form (separate container) or gross description (typically
separate nodules from the greater omentum) was considered indicative for
peritoneal metastases. Lesions with epicenter inside the mesocolic fatty
tissue were regarded as regular (intramesocolic) TD. Also, lesions were
regarded as TD when containing vascular invasion, perivascular growth, or
perineural invasion. When in doubt whether a lesion represented a
peritoneal metastasis or not, the parameter was defaulted to absent.

Follow-up and endpoints

Follow-up within the COLOPEC trial consisted of imaging of the liver
(ultrasound/CT) at 6 and 12 months and standardized CT abdomen at
18 months, combined with blood CEA testing at 3-6 months intervals,
during the first 18 months. A diagnostic laparoscopy was performed for
peritoneal staging at 18 months if the following criteria were met: the
patient was willing to undergo this study procedure, there were no signs of
recurrence and patients should be eligible for curative intent treatment.
After 18 months and still no signs of recurrence, patients were followed by
yearly liver ultrasound/CT abdomen and CEA testing at 6-12 months
intervals until 5 years after primary tumor resection.

Our main outcome parameter of the present study was the 3-year
metachronous peritoneal metastasis rate. The primary endpoint of the
COLOPEC trial was peritoneal metastasis-free survival at 18 months and
was assessed centrally, which included imaging of the abdomen with CT,
combined with carcinoembryonic antigen testing at 3-6 months intervals.
A diagnostic laparoscopy was done at 18 months in all patients without
prior incurable, recurrent disease. Metachronous peritoneal metastases
from 18 months up till 3-year after the primary resection were detected by
routine follow-up according to the Dutch Guidelines, which included yearly
liver ultrasound or CT imaging of the abdomen, in combination with serum
carcinoembryonic antigen measurement, starting at 24 months after the
initial tumor resection. Ovarian and omental metastases were considered
as peritoneal metastases as well. Our secondary outcome parameter was
3-year overall survival.

Statistical analysis
Descriptive statistics were used to present patient-, procedure-, and basic
tumor characteristics, and tumor morphology characteristics. Patients were
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Table 1. Patient-, procedure-, basic tumor characteristics, and tumor morphology in association with the relationship of tumor cells to the free
peritoneal surface in micrometers (um).

Total Full peritoneal 0-99 pm to 100-999 pm to =1000 um to p value
(n=189) penetration peritoneum peritoneum peritoneum
(n=89) (n=34) (n=133) (n=133)
Patient characteristics
Age <70 164 (87) 77 (87) 32 (94) 23 (70) 32 (97) 0.005
Age >70 25 (13) 12 (13) 2 (6) 10 (30) 1(3)
Gender, male 101 (53) 51 (57) 15 (44) 17 (52) 18 (55) 0.618
Received adjuvant 168 (89) 81 (91) 32 (94) 26 (79) 29 (88) 0.204
chemotherapy
Received adjuvant HIPEC 105 (56) 54 (61) 18 (53) 15 (45) 18 (55) 0.486
Basic tumor and procedure characteristics
Tumor location
Appendix 42 4 (4 0 (0) 0 (0) 0 (0) =
Cecum 37 (20) 12 (13) 1(3) 7 (21) 7 (21)
Ascending colon and 26 (14) 18 (20) 4(12) 3(9) 1)
hepatic flexure
Transverse colon 12 (6) 9 (10) 1(3) 1(3) 1(3)
Splenic flexure and 16 (8) 8 (9) 2 (6) 3(9) 3 (9)
descending colon
Sigmoid colon 90 (48) 34 (38) 16 (47) 19 (58) 21 (64)
Procedure type
(Extended) right 71 (38) 39 (44) 15 (44) 10 (30) 7 (21) 0.130
hemicolectomy
(Extended) left 25 (13) 14 (16) 3(9) 4(12) 4(12)
hemicolectomy
Sigmoid resection 62 (33) 19 (21) 11 (32) 14 (42) 17 (51)
Subtotal colectomy 4(2) 2 (2 0 (0) 13) 13)
Anterior resection 27 (14) 15 (17) 5(15) 4 (12) 3(9
Multivisceral resection 67 (35) 13 (15) 11 (32) 20 (61) 23 (70) <0.001
Elective resection 154 (81) 68 (77) 32 (94) 27 (82) 27 (82) 0.163
Completed laparoscopic 103 (55) 58 (65) 21 (62) 14 (42) 10 (30) 0.008
primary tumor resection
Converted laparoscopic 19 (10) 8 (9) 4(12) 4(12) 39
primary tumor resection
Open primary tumor 67 (35) 23 (26) 9 (26) 15 (45) 20 (61)

resection

ASA-score American Society of Anesthesiologists score, HIPEC hyperthermic intraperitoneal chemotherapy.

Bold values indicate a statistical significant difference (p < 0.05).

stratified by the four groups of shortest distance from the tumor to the
peritoneal surface. Categorical data were presented as numbers with
percentages and compared using the chi-square test. Continuous data were
presented as means with standard deviations and statistically significant
differences were assessed using parametric tests for data with a normal
distribution. Metachronous peritoneal metastasis rate was determined using
Kaplan-Meier analysis, and differences between patient groups were assessed
using Log Rank test. Sensitivity analysis of the association between tumor
distance from the peritoneal surface and peritoneal metastasis rate was
performed for subgroups with RO resection, N stage, and tumor type other
than signet ring cell carcinoma. Significance level was set at a p value of 0.05.
All analyses were performed using Statistical Package for Social Sciences
version 26.0 (IBM Corp. Armonk, New York, United States of America).

RESULTS

Patient cohort

Out of 202 patients in the COLOPEC trial, 189 were included in the
present study (Suppl. Fig. 1). Reasons for exclusions were as follows:
non-resectable tumor (n = 1), liver metastases found during primary
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resection (n = 1), histological slides unavailable (n = 1), and patients
who appeared to have synchronous peritoneal metastases found
during revision (n=10). In 89 patients, the tumor cells clearly
penetrated the peritoneal surface, 34 had a distance of 0-99 um to
the free peritoneal surface, 33 had a distance of 100-999 um, and 33
had a distance of >1000 um. Patient-, procedure-, and basic tumor
characteristics are presented in Table 1. There was no difference in
the percentage of patients that received adjuvant chemotherapy or
adjuvant HIPEC among the four groups.

Histopathological characteristics

Table 2 presents histopathological characteristics of the primary
tumor, for all patients in total and stratified by the relation of
nearest tumor cells to the peritoneal surface. Full peritoneal
penetration correlated with more aggressive pathology profile
reflected by higher percentages of multiple features such as signet
ring cell tumor type, infiltrating tumor border configuration, high
tumor budding (Bd3) and lymph node status. Peritoneal changes
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Table 2. Tumor morphology in association with the relationship of tumor cells to the free peritoneal surface in micrometers (um).

Total Full peritoneal
(n=189) penetration
(n=89)

Histopathological characteristics

Type and differentiation

Well/moderately 135 (71) 60 (67)

differentiated

adenocarcinoma

Poorly differentiated 23 (12) 9 (10)

adenocarcinoma

Mucinous carcinoma 20 (11) 10 (11)

Signet ring cell 11 (6) 10 (11)

carcinoma
Tumor border configuration

Pushing 55 (29) 9 (10)

Infiltrating 134 (71) 80 (90)
Tumor budding

Low budding (Bd1) 66 (35) 22 (25)

Intermediate 28 (15) 10 (11)

budding (Bd2)

High budding (Bd3) 95 (50) 57 (64)
Tumor-stroma ratio

Stroma-low (£50% 84 (44) 29 (33)

stroma)

Stroma-high (>50% 105 (56) 60 (67)

stroma)

Venous invasion 100 (53) 55 (62)

Lymphatic invasion 78 (41) 44 (49)

Perineural invasion 103 (54) 57 (64)
Lymph node status

pNO 50 (26) 19 (21)

pN1 (1-3 positive nodes) 67 (35) 30 (34)

pN2 (4+ positive nodes) 72 (38) 40 (45)

Tumor deposits 54 (29) 30 (34)

Peritoneal changes 165 (87) 88 (99)

according to

Panarelli et al.

Irradical resection (R1) 25 (13) 6 (7)

pT4b 35 (19) 2(2)
Tissue sampling for histological assessment

No. of tissue blocks, 5.28 (2.84) 4.61 (1.55)

mean (SD)

No. of tissue blocks 3.56 (2.54) 3.29 (1.61)

relevant to pT4a
assessment, mean (SD)

1995
0-99 pm to 100-999 pm to 21000 pm to p value
peritoneum peritoneum peritoneum
(n=34) (n=33) (n=33)
23 (68) 23 (70) 29 (88) 0.017
8 (24) 6 (18) 0 (0)
3 (9 39 4(12)
0 (0) 13) 0 (0)
8 (24) 21 (64) 17 (52) <0.001
26 (76) 12 (36) 16 (48)
13 (38) 14 (42) 17 (52) 0.012
5 (15) 6 (18) 7 (21)
16 (47) 13 (39) 9 (27)
17 (50) 21 (64) 17 (52) 0.011
17 (50) 12 (36) 16 (48)
18 (53) 15 (45) 12 (36) 0.066
15 (44) 12 (36) 7 (21) 0.036
23 (68) 14 (42) 9 (27) <0.001
5 (15) 9 (27) 17 (52) 0.018
14 (41) 14 (42) 9 (27)
15 (44) 10 (30) 7 (21)
9 (26) 10 (30) 5 (15) 0.242
33 (97) 29 (88) 15 (45) 0.001
4 (12) 10 (30) 5 (15) 0.010
5 (15) 17 (52) 11 (33) <0.001
5.38 (2.84) 6.21 (4.59) 6.06 (2.92) 0.055
3.21 (2.51) 4.36 (3.87) 3.82 (2.87) 0.086

Peritoneal changes according to Panarelli et al."®

included: fibroinflammatory tissue reaction, vascular proliferation at the peritoneum, peritumoral abscesses

communicating with the peritoneum, reactive mesothelial cells, peritoneal hemorrhage, or peritoneal fibrin deposition.

Bold values indicate a statistical significant difference (p < 0.05).
Bd budding, SD standard deviation.

as defined by Panarelli, et al.'® were present in most cases (87%)
but were least common in the category of tumors with a distance
of tumor cells to the surface of =1000 pm (45%). The presence of
pT4b occurred more often in cases where the distance of tumor
cells to the free peritoneal surface was 100-999 and >1000 pum.

Univariable analysis for metachronous peritoneal metastases

Median follow-up was 36 months (interquartile range 24-48).
Crude rates of metachronous peritoneal metastases that were

Modern Pathology (2022) 35:1991-2001

diagnosed during follow-up for the different tumor and histo-
pathological characteristics are presented in Table 3. The
measured relationship of tumor cells to the free peritoneal surface
was significantly associated with the occurrence of peritoneal
metastases (p = 0.038). Peritoneal metastases occurred in 22 of 89
and 10 of 34 patients where tumor cells either penetrated onto
the free peritoneal surface or were found very close to the free
surface with a of 0-99um distance, respectively. When the
shortest distance to the peritoneal surface was 100-999 um or
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Table 3. Association between clinicopathological parameters and the
crude proportion of patients who developed peritoneal
metastases (PM).

No PM N (%) PM N (%) p value
Tumor & histopathological characteristics
Tumor location
Right sided 58 (73.4) 21 (26.6) 0.079
Left sided 89 (84.0) 17 (16.0)
Type and differentiation
Well/moderately 112 (83.0) 23 (17.0) 0.122
differentiated
adenocarcinoma
Poorly differentiated 17 (73.9) 6 (26.1)
adenocarcinoma
Mucinous carcinoma 16 (80.0) 4 (20.0)
Signet ring cell 6 (54.5) 5 (45.5)
carcinoma
Tumor border configuration
Pushing 49 (89.1) 6 (10.9) 0.043
Infiltrating 102 (76.1) 32 (23.9)
Tumor budding
Low budding (Bd1) 57 (86.4) 9 (13.6) 0.261
Intermediate 21 (75.0) 7 (25.0)
budding (Bd2)
High budding (Bd3) 73 (76.8) 22 (23.2)
Tumor-stroma ratio
Stroma-low (£50% 66 (78.6) 18 (21.4) 0.685
stroma)
Stroma-high (>50% 85 (81.0) 20 (19.0)
stroma)
Venous invasion 77 (77.0) 23 (23.0) 0.293
Lymphatic invasion 55 (70.5) 23 (29.5) 0.007
Perineural invasion 75 (72.8) 28 (27.2) 0.008
Lymph node status
pNO 42 (84.0) 8 (16.0)0 0.118
pN1 (1-3 57 (85.1) 10 (14.9)
positive nodes)
PN2 (4+ 52 (72.2) 20 (27.8)
positive nodes)
Tumor deposits 45 (83.3) 9 (16.7) 0.456
Irradical resection (R1) 19 (76.0) 6 (24.0) 0.602
pT4b 28 (80.0) 7 (20.0) 0.986
Distance from tumor to free peritoneal surface in micrometers (um)
Full peritoneal 67 (75.3) 22 (24.7) 0.038
penetration of tumor
cells onto the
peritoneal surface
Shortest distance to 24 (70.6) 10 (29.4)
free peritoneal surface
0-99 ym
Shortest distance to 31 (93.9) 2 (6.1)
free peritoneal surface
100-999 pm
Shortest distance to 29 (87.9) 4 (12.1)

free peritoneal surface
21000 ym

Bold values indicate a statistical significant difference (p < 0.05).
Bd budding, pN lymph node status.
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>1000 um, 2 of 33 and 4 of 33 patients developed peritoneal
metastases, respectively. The two patients belonging to the
100-999 um category who developed peritoneal metastases had
measured distances of 940 um and 524 um, and the former was a
R1 resection. Of four patients belonging to the =>1000pum
category, two patients had an R1 resection.

Among the other histopathological characteristics, higher crude
rates of peritoneal metastases were found for infiltrating tumor
border configuration 32/134 (23.9%), lymphatic invasion 23/78
(29.5%), perineural invasion 28/103 (27.2%), 20/72 pN2 category
(27.8%), signet ring cell carcinoma 5/11 (45.5%). The overall crude
peritoneal metastasis rate of RO (32/164) and R1 (6/25) resections
was not significantly different (19.5% vs 24.0%, p = 0.602).

Since lymph node status has previously been described as an
important risk factor for developing peritoneal metastases, it was
combined with the distance parameter (Suppl. Table 2). This
analysis indicated that N1 status was not influencing peritoneal
metastasis rate and that the pN2 category seemed to increase the
risk of peritoneal metastases when there was either full or close to
full penetration (0-99 um distance) present (38/55, 33%), but not
when the tumor cells were further away from the peritoneal
surface (2/17, 12%).

3-year risk of peritoneal metastases and overall survival
The 3-year peritoneal metastases rates in patients with full
peritoneal penetration were 25%, and this was 29% for tumors
with a distance of 0-99 um, 6% for a distance of 100-999 um and
12% for a distance =1000 um, which reached statistical significance
overall (Log Rank, p =0.044, Fig. 2A). When excluding all patients
with R1 resection, this difference remained (Log Rank, p =0.046,
Fig. 2B). After excluding signet ring cell carcinomas, the curves
remained separated, although not significantly different (Log Rank,
p=0.075, Fig. 2Q). After exclusion of pT4b tumors, the curves
remained separated, although not significantly different (Log Rank,
p =0.205, Fig. 2D). There was no significant difference in 3-year
overall survival between the four groups of tumor distances (Fig. 3).
When comparing only 2 categories, patients with a distance of
<0.1mm had significantly higher rates of 3-year peritoneal
metastases than patients with a distance =0.1 mm (Log Rank,
p = 0.006, Fig. 4A). Subgroup analyses excluding patients with R1
resection, signet ring cell carcinoma, and pT4b also showed
significant differences in 3-year peritoneal metastases rates
between the two categories in all cases (Fig. 4B-D).

DISCUSSION
This side study of the COLOPEC trial with detailed central
histopathological revision of all primary colon cancers, measuring
the shortest distance of tumor cells to the free peritoneal surface
in um, enabled objective stratification of patients according to the
risk of developing peritoneal metastases. A cutoff value of 100 um
resulted in significantly different 3-year peritoneal metastasis
rates, which seemed to become even more pronounced when
excluding R1 resections. In patients with shortest distances
beyond 100 um between tumor cells and the free peritoneal
surface, N-category did not influence the risk of peritoneal
metastases, while only the N2 category seemed to result in an
additive risk in patients with 0-99 um. Full peritoneal penetration
correlated with more aggressive pathology features such as signet
ring cell tumor type, infiltrating tumor border configuration, and
high tumor budding. Interestingly, the pT4b category was
overrepresented in patients with the shortest distance of
>100 um. Although validation is needed, these findings suggest
that subjective assessment of peritoneal involvement can be
replaced by an objective measurement in pm.

We have demonstrated that when tumor cells are within
100 um of the free peritoneal surface, patients have similar chance
of developing peritoneal metastases as patients with tumor cells
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Fig. 2 A Kaplan Meier analysis for 3-year risk of peritoneal metastases stratified by the measured relationship of tumor cells to the
peritoneum, n = 189. pm micrometers, PM peritoneal metastases.

Number at risk, figure 2A

0 12 24 36
Full penetration 89 77 61 47
0-99 pm 34 30 24 20
100-999 pm 33 31 28 22
=1000 pm 33 31 27 25

B Kaplan Meier subgroup analysis for 3-year risk of peritoneal metastases of all patients with a RO resection, stratified by tumor distance to the
peritoneum, n = 164. pm micrometers, PM peritoneal metastases.

Number at risk, figure 2B

0 12 24 36
Full penetration 83 74 58 45
0-99 um 30 27 22 18
100-999 pum 23 22 19 15
=>1000 pm 28 27 24 22

C Kaplan Meier subgroup analysis for 3-year risk of peritoneal metastases of all patients without signet ring cell histology, stratified by tumor
distance to the peritoneum, n=178. pm micrometers, PM peritoneal metastases.

Number at risk, figure 2C

0 12 24 36
Full penetration 79 70 59 46
0-99 pm 34 30 24 20
100-999 um 32 30 27 21
21000 pm 33 31 27 25

D Kaplan Meier analysis for 3-year risk of peritoneal metastases of all patients without pT4b tumors, stratified by tumor distance to the
peritoneum, n = 154. pm micrometers, PM peritoneal metastases.

Number at risk, figure 2D

0 12 24 36
Full penetration 87 76 61 47
0-99 pm 29 26 22 18
100-999 pum 16 15 13 10
=1000 pm 22 20 19 18
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Fig.3 Kaplan Meier analysis for 3-year overall survival of all patients, stratified by tumor distance to the peritoneum, n = 189. pm micrometers,

OS overall survival.

Number at risk, figure 3

0 12 24 36
Full penetration 89 84 73 56
0-99 um 34 32 32 25
100-999 pm 33 33 29 23
21000 pm 33 32 30 27

penetrating the peritoneum fully (growing clearly onto the
peritoneal surface). On the other hand, when the distance of
tumor cells to the peritoneal surface was 100-999 um, the risk of
developing peritoneal metastases was similar as for tumors with
>1000 um distance. These are important observations because
there has been a trend towards classifying tumors with less than
1 mm (1000 um) distance as pT4a, provided that certain fibroin-
flammatory and other reactive peritoneal changes are also
present”'®. However, the present study indicates that only the
subgroup with a shortest distance up to 100 um among the
0-1000 pm range carries the main risk of developing peritoneal
metastases. This implies that pT4a definitions based on 1 mm
distance are likely to overestimate the number of cases with risk of
developing peritoneal metastases. The presence or absence of
various fibroinflammatory and reactive changes was not of
relevance to the risk of developing peritoneal metastases (Suppl.
Table 3). These changes were found in most cases and were,
therefore, poorly discriminative. It deserves to be mentioned that
peritoneal changes can still serve as an indicator to examine
additional levels and sections.

A persistent problem in the staging of colorectal cancer retains
the differentiation between pT3 and pT4a categories. The TNM-
definition of pT4a lacks specificity on the topic with controversy
regarding the exact criteria that should be used as summarized
earlier®. While some pathologists stick to the criterion of full
peritoneal penetration (extending onto the peritoneal surface),
others consider pT4a in cases with cancer cells growing variably
at, close to or within 1 mm of the peritoneal surface, especially in
the presence of particular reactive changes’. Some authors have
also proposed using the peritoneal elastic lamina as a reference
line in differentiating between pT3 and pT4a'’. Variation in
national guidelines and literature proposals, all offering criteria
that are bound by subjectivity, have resulted in interobserver
variation as emphasized in three recent studies®'°. Measurement
of the distance from the tumor cells to the free peritoneal surface,

SPRINGER NATURE

irrespective of the type of intervening stroma/tissue or peritoneal
changes, could be an objective way of helping pathologists to
diagnose pT4a more consistently. This can be easily performed
digitally or using separate circular glasses with rulers for
microscopes with 0.1 mm (=100 um) intervals or built-in eye-
pieces, when digital assessment is not available. The reproduci-
bility of sub-millimeter measurements when assessing peritoneal
involvement needs to be further investigated, but it is likely that
few practical difficulties arise, as measured at 0.1 mm intervals is
already used for other purposes, for example for the distinction
between micro-metastases and isolated tumor cells and for
T-categorization of melanomas. Interestingly and in analogy to
the present study, recent literature indicates that 0.1 mm cutoff
value is more appropriate than 1.0 mm for differentiating between
RO and R1 for locally excised pT1 colorectal cancer®®. Thus the
importance of being able to perform sub-millimeter measure-
ments in daily pathology practice seems to be increasing.

The higher risk of peritoneal metastases in patients with tumors
showing full peritoneal penetration can be explained by the well-
known theory of seeding of tumor cells within the peritoneal cavity
after the peritoneal covering has been breached, subsequently
attaching to the peritoneal surface elsewhere and progressing into
peritoneal metastases. This risk of peritoneal metastases was 25% in
the present study, which is similar to another study reporting on full
penetration with a reported risk of 28%?’. These data tell us that
despite tumor cells having entered the peritoneal cavity, the
efficiency of the metastatic process is overall not more than about
25-30%. This probably relates to the underlying tumor biology.
These seeding theories, however, do not explain how tumors lacking
full penetration (0-99 um) also have a higher risk of peritoneal
metastases. Some of these cases with a higher risk could be
explained by inadequate sampling which has direct impact on the
detection of pT4a, as shown previouslys. In addition, handling of the
specimen during surgical and pathological processes can wipe cells
off the free peritoneal surface, only leaving subsurface growth. Also,
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Fig. 4 A Kaplan Meier analysis for 3-year risk of peritoneal metastases stratified by the measured relationship of tumor cells to the peritoneum

in mm, n=189. mm millimeters, PM peritoneal metastases.

Number at risk, figure 4A

0 12 24 36
<0.1 mm 123 108 85 68
20.1 mm 66 63 56 48

B Kaplan Meier subgroup analysis for 3-year risk of peritoneal metastases in all patients with a RO resection, stratified by tumor distance to the

peritoneum in mm, n = 164. mm millimeters, PM peritoneal metastases.

Number at risk, figure 4B

0 12 24 36
<0.1 mm 113 102 80 64
>0.1 mm 51 50 44 38

C Kaplan Meier subgroup analysis for 3-year risk of peritoneal metastases in all patients without signet ring cell histology, stratified by tumor

distance to the peritoneum in mm, n = 178. mm millimeters, PM peritoneal metastases.

Number at risk, figure 4C

0 12 24 36
<0.1 mm 113 101 83 68
>0.1 mm 65 61 55 47

D Kaplan Meier analysis for 3-year risk of peritoneal metastases in all patients without pT4b tumors, stratified by tumor distance to the

peritoneum in mm, n = 154. mm millimeters, PM peritoneal metastases.

Number at risk, figure 4D

0 12 24 36
<0.1 mm 116 103 83 66
>0.1 mm 38 35 32 29
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discontinuous growth may play a role. Finally, reactive fibroin-
flammatory changes that occur after peritoneal tumor cell penetra-
tion has taken place may lead to the disappearance of the focus
with full peritoneal penetration.

It is noteworthy that the risk of developing peritoneal metastases
according to the shortest distance of tumor cells to the free peritoneal
surface did not translate into differences in 3-year overall survival rates
yet. The 5-year overall survival rates of the COLOPEC trial must be
awaited to draw definitive conclusions, but the current data suggest
that the distance-parameter, as proposed in this paper, might be
mainly related to the risks of developing peritoneal metastases and
less related to overall survival. As such, the question arises if the pT4a
parameter is mainly meant to represent the risk of peritoneal
metastases or more broadly overall survival. This is analogous to the
question if the CRM status in rectal cancer is supposed to represent
mainly the risk of local recurrence or overall survival? One way to
solve this issue might be to subdivide pT3 into superficial and deep
growth for predicting distal recurrences (via mainly lymphovascular
spread) and reserve the pT4a parameter for mainly predicting
peritoneal recurrences.

One of the advantages of the present study is the accurate
detection of peritoneal metastases in the follow-up. Therefore, the
frequency of peritoneal metastases in different categories may even
be regarded as a reference rate for future research and quality
control. The disadvantages retain possible selection bias related to
the inclusion criteria of the COLOPEC trial, 3- instead of 5-year overall
survival, and lack of performing multivariable analysis to adjust for
possible confounders (which is the probable reason for pT4b not
being prognostic on univariate analysis regarding peritoneal
metastases). This was due to the relatively low patient and event
sample. Therefore, future studies with larger patient cohorts are
needed to confirm our findings. Despite multivariable analysis was
not possible due to low number of events, we were able to perform
informative subgroup analyses, excluding those patients who were
possibly at high risk of the endpoint peritoneal metastases (R1
resection, signet ring cell tumor type).

In conclusion, we have provided objective means of classifying
the depth of tumor invasion in relation to the peritoneal surface
within a well-documented prospective trial with standardized
follow-up including 18 months diagnostic laparoscopy, which can
be used to stratify patients according to the risk of developing
peritoneal metastases. Our results need verification in a larger
study but may offer a basis to redefine the pT4a parameter using
more objective criteria, regardless of any peritoneal changes.
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