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Simple Summary: Metachronous peritoneal carcinomatosis (mPC) has a significantly worse overall
survival than other metastases in colorectal cancer. Exploring the peritoneal cavity is the only effective
way to detect early-stage mPC lesions for curative treatment. The operation cannot be justified in
all patients but is possible in patients with higher mPC risk. pT1–3 have a significantly lower risk
of developing mPC than pT4. Therefore, we focused on analyzing patients with pT4 colon cancer
without distant metastasis, developed a prediction model and used data-driven analysis to select
patients with a high risk of developing mPC.

Abstract: (1) Background: The aim of this study was to develop a prediction model for assessing
individual mPC risk in patients with pT4 colon cancer. Methods: A total of 2003 patients with pT4
colon cancer undergoing R0 resection were categorized into the training or testing set. Based on the
training set, 2044 Cox prediction models were developed. Next, models with the maximal C-index
and minimal prediction error were selected. The final model was then validated based on the testing
set using a time-dependent area under the curve and Brier score, and a scoring system was developed.
Patients were stratified into the high- or low-risk group by their risk score, with the cut-off points
determined by a classification and regression tree (CART). (2) Results: The five candidate predictors
were tumor location, preoperative carcinoembryonic antigen value, histologic type, T stage and nodal
stage. Based on the CART, patients were categorized into the low-risk or high-risk groups. The model
has high predictive accuracy (prediction error ≤5%) and good discrimination ability (area under
the curve >0.7). (3) Conclusions: The prediction model quantifies individual risk and is feasible for
selecting patients with pT4 colon cancer who are at high risk of developing mPC.

Keywords: T4 colon cancer; metachronous peritoneal carcinomatosis; prediction model

1. Introduction

Metachronous peritoneal carcinomatosis (mPC) has a significantly worse overall sur-
vival than other metastases of colorectal cancer [1]. In the modern era, systemic chemother-
apy for mPC still shows limited survival benefits [2]. Complete cytoreductive surgery
(CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) may improve overall sur-
vival [3,4], but the survival benefits most depend on the preoperative extent of peritoneal
carcinomatosis. A lower peritoneal tumor burden at treatment is the major prognostic
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factor for mPC [5,6]. Unfortunately, mPC is often diagnosed late because of the limited
sensitivity of current radiologic examination and delayed presentation of symptoms in the
course of the disease [7]. Exploring the peritoneal cavity via laparotomy or laparoscopy is
the only effective way to detect early-stage mPC lesions for curative treatment [8–10]. An
operation cannot be justified in all patients but may be possible in subgroups of patients
with higher mPC risk.

High-risk factors of mPC have been identified in several studies. A population-based
cohort study including 11,124 patients reported a cumulative incidence of mPC of 4.2%,
with a median diagnosis interval of 16 months after resection of stage I–III colorectal
cancer, showing that the independent predictors for mPC were colon cancer, advanced
tumor (T) and node (N) status, emergency surgery and non-radical resection of the primary
tumor in this study [11]. A prediction model for mPC has been established for stage I–III
colorectal cancer [12]. However, mPC incidence in colorectal cancer after curative resection
was low, at only 2.2% five years after the operation [13]. pT1–3 have significantly lower
incidence and risk of developing mPC than pT4, ranging from 12.7 to 21%, and pT4 has
been identified as an independent risk factor for mPC in many studies [2,13–16]. pT4
has also been used as an inclusion criterion in clinical trials [17–19]. However, pT4 is a
heterogeneous category including multiple clinicopathologic risk factors, which would
confound the possibility of mPC development [20].

To more efficiently select higher-risk patients for early detection and treatment of mPC
in colon cancer after curative resection, we focused on analyzing patients with pT4 colon
cancer without distant metastasis, developed a prediction model and used data-driven
analysis for patient selection. We believe the prediction model is helpful in choosing the
most appropriate patients for intensive surveillance or further adjuvant treatment in the
clinical setting or trials to prevent and treat mPC.

2. Materials and Methods
2.1. Patient Selection

We collected patient data from the Colorectal Section Tumor Registry (CRSTR), a
prospective, single-hospital-based (Linkou Chang Gung Memorial Hospital) database of
patients with CRC. The database has been maintained since 1995. A total of 8722 patients
with primary colon cancer were enrolled in the registry between 1995 and 2015. After
excluding 1887 patients with M1 (distant metastasis) without an R0 resection (palliative or
no resection) or multiple cancers, the remaining 6835 patients were selected for this study.
Of those 6835 patients, 4832 had stage pT1–3 and 2003 patients had stage pT4N0–2M0R0
colon cancer. Rectal cancer was not included in the study. Patients with missing data
were excluded. Data regarding sex, age, operation, histology, pTNM stage, tumor location,
preoperative CEA level, date and site of recurrence (including peritoneal metastasis),
postoperative adjuvant chemotherapy, follow-up status and date and cause of death were
retrieved from the CRSTR. For patients who enrolled before 2010, the tumor stage was
recorded as T4b if the primary tumor directly invaded the adjacent organs or structures
and T4a if it invaded through the serosa but not into the adjacent structures, according to
the American Joint Committee on Cancer (AJCC) [21].

2.2. Systemic Treatment

The use of a chemotherapeutic regimen for each patient was discussed in a weekly
multidisciplinary team meeting according to the hospital’s treatment guidelines. However,
the final decision regarding regimen selection was at the discretion of the attending physi-
cians and the patients and their families. We used the following chemotherapeutic agents:
oral uracil-tegafur (UFT) or capecitabine for 6–12 months and intravenous 5-fluorouracil
(5-FU, high or low dose) with calcium folinate (leucovorin) for six months. From 2009,
oxaliplatin-based agents (with capecitabine (Xelox) or 5-FU plus leucovorin (mFOLFOX))
were introduced as options in the treatment guidelines.
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2.3. Follow-Up Program and Diagnosis of mPC

All patients were followed up at the outpatient clinic every three to six months for
physical examination and CEA tests. Imaging studies, such as chest X-ray, abdominal
computed tomography (CT) and abdominal sonography, were also conducted annually or
as per clinical conditions. Colonoscopy was performed every one to three years postop-
eratively. The patients were followed up until the end of the study period (May 2020) or
death, whichever occurred first. mPC was diagnosed by imaging studies such as CT scans
or histological confirmation for patients who underwent a subsequent operation.

2.4. Statistical Analysis
2.4.1. Developing a Prediction Model

This study was a complete case analysis. We used a data-splitting strategy to randomly
sort 75% of the patients (n = 1503) into a training set and the remaining patients (n = 500)
into a testing set. Three-fold cross-validation was conducted based on the training set. Cox
proportional hazard models were employed based on the two subsets of the training set.
The candidate variables were age at diagnosis (<50 vs. ≥50 years), sex, tumor location
(right vs. left colon), histological type (nonmucinous vs. mucinous adenocarcinoma),
histological grade (poorly vs. moderately and well-differentiated), preoperative CEA value
(≤5 vs. >5 ng/mL), T stage (T4a vs. T4b), N1 stage (N0 vs. N1) and N2 stage (N0 vs. N2).
These nine candidate variables can form 511 linear combinations of parameters in the Cox
model (C9

1 + C9
2 + . . . + C9

9 = 511). We used the cubic spline approach [22] to formulate
the cumulative baseline hazards of these 511 models. We considered the cubic splines with
four types of knot locations: a knot at 50th percentile of time, two knots at 33rd and 66th
percentiles of time, three knots at 25th, 50th and 75th percentiles of time and four knots
at the 20th, 40th, 60th and 80th percentiles of time. The procedure constructed a total of
2044 Cox models (an array of 511 by 4).

We then evaluated the predictive performance of the 2044 Cox models based on
the third subset of the training set. Harrell’s C-index (discrimination ability) and the
integrated Brier score (predictive error) were used. Finally, we chose the model containing
variables with the highest Harrell’s C-index [23] and lowest integrated Brier score [24]
to develop a prediction model for mPC based on the 1503 patients in the training set,
and also developed a scoring system [25]. Reference levels of variables were assigned a
score of zero. We assigned five points to the factor with the highest estimated regression
coefficient (βmax), and the others were 5 × β̂/βmax points, rounding to the nearest integer.
The sum of points formed the risk score for each patient. We stratified patients into risk
groups by the risk score and determined the optimal cut-off points using a classification
and regression tree (CART) [26], which is a data-driven rather than user-defined approach
for determining the number of risk groups.

2.4.2. Validating the Selected Prediction Model

We evaluated the proportional hazard assumption for the selected prediction model [27].
We calculated the time-dependent area under the receiver operating characteristic curve
(AUC) [28] and Brier’s score [24,29] based on the testing set to assess the predictive perfor-
mance over time. We also used Harrell’s C-index to assess the performance of Segelman’s
model [12] and Nagata’s model [30] based on our data. All clinicopathologic variables are
presented as frequencies and proportions. The clinicopathologic features of patients from
the training and testing sets were compared using the chi-square test. The overall survival
curve was constructed by the Kaplan−Meier method, and the cumulative hazard function
was estimated by the Nelson−Aalen method. The survival differences were compared
by the log-rank test. Statistical significance was set at p < 0.05. All statistical analyses
were performed using R version 3.5.2. by Bell Laboratories (Lucent Technologies, Windsor,
CT, USA).
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3. Results
Developing and Validating a Prediction Model

Of the 2003 pT4 patients, with a median follow-up time of seven years, 246 patients
(12.3%) developed mPC. The cumulative incidences of mPC were 4.7%, 10.7% and 11.8%
at the one-, three- and five-year follow-ups, respectively. The five-year overall survival
was 13.8% for patients with mPC and 65.3% for those without mPC (p < 0.001). Among the
246 patients with mPC, 79 (32.1%) had isolated mPC. Although laparoscopically assisted
colectomy has been performed in the hospital since 2008, it was an infrequent procedure
in the present study (only 89 out of 2003, 4.4%). Among 949 patients who received
postoperative adjuvant chemotherapy, 675 (71.1%) had stage III and 274 (28.9%) had
stage II colon cancer. Only 108 (11.4%) patients received an oxaliplatin-based regimen. Our
findings show that the factors age, preoperative CEA, histologic grade and pT and pN
classification were significantly associated with cumulative mPC incidence and overall
survival rates, and histology type and tumor location were associated with cumulative
incidence only (Table 1). Although the patients who received adjuvant chemotherapy had
better overall survival than those who did not, the cumulative mPC incidence rates were
similar between the two groups.

Table 1. Cumulative mPC incidence and five-year overall survival of 2003 patients with pT4 colon cancer after curative
resection.

Cumulative mPC Incidence (%) Overall Survival (%)

Patients, N One-Year Three-Year Five-Year p-Value Five-Year p-Value

All patients 2003 4.7 10.7 11.8 67.3
Gender, N (%) 0.979 0.017

Female 961 (48.0) 4.3 10.7 11.7 69.7
Male 1042 (52.0) 5.1 10.7 11.9 65.1

Age at diagnosis, N (%) 0.002 <0.001
<50 years 385 (19.2) 6 15.1 16.6 75
≥50 years 1618 (80.8) 4.4 9.6 10.6 65.5

Tumor location, N (%) <0.001 0.633
Right colon 941 (47.0) 5.8 13.2 14.3 67.1
Left colon 1062 (53.0) 3.7 8.5 9.5 67.5

Preoperative CEA, N (%) <0.001 <0.001
≤5 ng/mL 1132 (56.5) 3.5 8.1 9.3 74.2
>5 ng/mL 871 (43.5) 6.2 14 15 58.4

Histological grade, N (%) <0.001 0.001
Well-to-moderately differentiated 1782 (89.0) 4.2 9.7 10.9 68.4

Poorly differentiated 221 (11.0) 9 18.6 19 58.7
Histological type, N (%) <0.001 0.88

Adenocarcinoma 1755 (87.6) 4.3 9.2 10.3 67.8
Mucinous adenocarcinoma 248 (12.4) 7.3 21.4 22.6 63.8

pT stage, N (%) <0.001 0.001
4a 1662 (83.0) 4.3 9.1 10.2 70.4
4b 341 (17.0) 6.7 18.2 19.4 63.6

pN stage, N (%) <0.001 <0.001
N0 958 (47.8) 3.3 7.2 8.4 76.7
N1 640 (32.0) 4.8 10.9 11.7 63.5
N2 405 (20.2) 7.7 18.5 20 50.3

Adjuvant chemotherapy, N (%) 0.28 <0.001
None 1054 (52.6) 5.3 11.6 12.8 61.5

5-FU-based only 841 (42.0) 3.9 9.6 10.7 73.2
Oxaliplatin-based 108 (5.4) 4.6 10.2 10.2 88

Examined lymph node, N (%) 0.022 <0.001
<12 294 (14.7) 3.4 7.1 8.2 61.9
≥12 1709 (85.3) 4.9 11.3 12.4 68.3

To more precisely estimate mPC development, the prediction model was established
by a data-driven method to select high-risk patients and validated by randomized training
and testing settings. The clinicopathologic features were similar in both settings (Table 2).
The best model selected from the 2044 Cox models was a five-factor model with a baseline
hazard smoothed by a four-knot cubic spline. Harrell’s C-index and the integrated Brier
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score of the selected model were 0.73 and 0.09, respectively. The final model included
five clinicopathological variables: tumor location, preoperative CEA value, histologic
grade, tumor stage (T4a vs. T4b) and nodal stage (N0, N1, N2). The five variables all
satisfied the proportional hazard assumption (see Supplementary Materials for assessment
of proportional hazard assumption).

Table 2. Clinicopathologic features of patients in training and testing sets.

Training Set Testing Set
p-Value

N = 1503 N = 500

Gender, N (%) 0.054
Female 702 (46.71) 259 (51.80)
Male 801 (53.29) 241 (48.20)

Age at diagnosis, N (%) 0.833
<50 years 291 (19.36) 94 (18.80)
≥50 years 1212 (80.64) 406 (81.20)

Tumor location, N (%) 1
Right colon 706 (46.97) 235 (47.00)
Left colon 797 (53.03) 265 (53.00)

Pre-operation CEA, N (%) 0.209
≤5 ng/mL 862 (57.35) 270 (54.00)
>5 ng/mL 641 (42.65) 230 (46.00)

Histological grade, N (%) 0.272
Well-to-moderately differentiated 1330 (88.49) 452 (90.40)

Poorly differentiated 173 (11.51) 48 (9.60)
Histological type, N (%) 0.825

Adenocarcinoma 1315 (87.49) 440 (88.00)
Mucinous adenocarcinoma 188 (12.51) 60 (12.00)

pT stage, N (%) 0.44
4a 1241 (82.57) 421 (84.20)
4b 262 (17.43) 79 (15.80)

pN stage, N (%) 0.339
N0 729 (48.50) 229 (45.80)
N1 467 (31.07) 173 (34.60)
N2 307 (20.43) 98 (19.60)

Table 3 presents the results of the mPC risk prediction model and the scoring system
based on 1503 patients in the training set. All selected factors were statistically significant:
tumor in the right colon, preoperative CEA >5 ng/mL and nodal stage pN1 scored two
points; stage pT4b and histology of mucinous adenocarcinoma scored three points; pN2
tumors scored five points. All reference categories scored zero points. Each patient achieved
a total score of 0–15 points. Based on CART results, all patients were categorized into two
groups with regard to mPC risk: the low-risk group, with 1534 (76.6%) patients scoring
≤6 points, and the high-risk group, with 469 (23.4%) patients scoring ≥7 points. Figure 1
presents the predictive performance over time for the mPC risk prediction model based
on the 500 patients in the testing set. The mPC risk prediction model exhibited high
predictive accuracy (prediction error ≤5%; Figure 1A) within one year of the operation.
After that, predictive accuracy decreased gradually but continued to be better than that
of the reference Kaplan–Meier model (none of the factors included). The time-dependent
AUC of the mPC risk prediction model (Figure 1B) revealed acceptable discrimination
ability (0.7 ≤ AUC ≤ 0.8) six months after operation.
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Table 3. Prediction model of metachronous peritoneal carcinomatosis risk and scoring system based
on training set (N = 1503).

Hazard Ratio (95% CI) Coefficient Points *

Tumor location Left colon 1 - 0
Right colon 1.41 (1.05–1.89) 0.34 2

Histologic type Adenocarcinoma 1 - 0
Mucinous adenocarcinoma 1.93 (1.36–2.75) 0.66 3

Preoperative CEA ≤5 ng/mL 1 - 0
>5 ng/mL 1.46 (1.09–1.96) 0.38 2

pT stage 4a 1 - 0
4b 2.04 (1.47–2.83) 0.71 3

pN stage N0 1 - 0
N1 1.49 (1.04–2.12) 0.4 2
N2 2.79 (1.96–3.97) 1.03 5

* Assigning five points to variable N2 and 5 × β̂/1.03 points to the others, rounding to nearest integer.
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Figure 1. Long-term predictive performance of metachronous peritoneal carcinomatosis (mPC) risk prediction model in
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Kaplan–Meier model (no factors included). (B) Time-dependent area under the curve (AUC) of mPC risk prediction model
shows acceptable discrimination ability (0.7 ≤ AUC ≤ 0.8) six months after operation.

The one- and three-year mPC recurrence-free survival rates were 96.5 and 93.3% in the
low-risk group and 91.9 and 78.3% in the high-risk group (Figure 2A), respectively. mPC
recurrence-free survival was significantly higher for the low-risk group (HR: 0.27, p < 0.001)
than the high-risk group. Furthermore, the estimated five-year overall survival rates were
72.3 and 52.9% for the low- and high-risk groups, respectively (Figure 2B), and overall
survival was significantly lower for the high-risk group (p < 0.001) than the low-risk group.
Figure 3 shows the mPC recurrence-free survival and overall survival of the training and
testing sets (see Supplementary Materials for mPC risk calculator). In addition, based on
our data, the performances of Segelman’s model (Harrell’s C-index = 0.548) and Nagata’s
model (Harrell’s C-index = 0.535) were both poorer than the model developed in this study
(Harrell’s C-index = 0.734).
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4. Discussion

The present study included large-scale cohort data (n = 2003) to investigate mPC risk,
specifically in pT4 colon cancer after curative resection. The rate of mPC in pT4 colon cancer
was 12.3%, lower than the 12.7 to 21% reported in the literature, which may be due to the
exclusion of emergency surgery and distant metastasis [2,13–16]. The model performed
well and can be applied when deciding on treatment strategies for patients with pT4 colon
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cancer after curative resection. We also proved the time-dependent performance of our
model, from operation to five years after. This model could be applied for both the short-
and long-term with good discrimination and low prediction error. We also developed an
mPC risk score based on the selected model for simple clinical use. With the risk table
(Table 3), clinical doctors can easily calculate mPC risk scores for patients by collecting only
five variables. For example, a patient with the following status would get five points: left
colon, adenocarcinoma, CEA > 5 ng/mL, pT = 4b and pN = N0. The higher the score, the
higher the risk of mPC. We also found that patients with a risk score ≥7 points will likely
have poor prognostic performance (Figures 2 and 3). This seven-point rule contributes
to convenient and effective clinical use. Cautiously, the risk table is only appropriate for
use with stage T4 colon cancer patients after curative resection and cannot be applied to
other cohorts, for example, those with lower T-stage cancers. Also, those who use the risk
users should avoid missing data by completely collecting the five variables from patients.
The prediction model and subgrouping of patients with stage T4 colon cancer can help to
determine what preventive measures to implement, such as prophylactic HIPEC, advanced
chemotherapy or intensive surveillance, in the clinical setting.

The results show that N2 status has the highest hazard ratio (HR:2.79, CI 1.96–3.97)
for mPC risk, followed by pT4 stage (HR:2.04, CI 1.47–2.83) and mucinous adenocarcinoma
(HR:1.93, CI 1.36–2.75). Advanced nodal status was considered an important indepen-
dent risk factor in several previous studies. A retrospective study that collected data on
22,586 colorectal cancer cases with reported overall mPC risk of 2.2% at five years showed
by multivariable analysis that pT4 and pN2 significantly increased the absolute risk of
developing mPC (pT4 6.0%, pN2 4.3% at three years) [13]. A retrospective study of 200 pa-
tients with pT4 colorectal cancer found that only the N stage was associated with mPC
risk (OR 1.62; 95% CI 1.12–2.34; p = 0.01) [14]. Another study of 159 patients with pT4
colorectal cancer reported that lymph node involvement led to a significantly higher risk of
developing mPC (N1: OR 1.572; N2: OR 4.046; p = 0.014) [31]. However, the mechanism of
lymph node metastasis and peritoneal carcinomatosis was not clear. pT4 is considered to
be associated with a high risk of mPC because of its penetration through the surface of the
visceral peritoneum [15,31], and mucinous adenocarcinoma is associated with mPC due to
the production of mucus under pressure, making cancer easily spread to the peritoneal
cavity [32].

There were two previous studies on predicting mPC risk; both included stage I–III
CRC. In a study of 8044 patients with an overall incidence of mPC of 4.9%, Segelman et al.
presented a prediction model combining common clinicopathological prognostic factors to
specify high-risk patients for planned second-look surgery and HIPEC. They observed that
pT and pN stages and other factors, such as age, primary site, radicality, type of surgery,
preoperative radiotherapy, number of examined lymph nodes and adjuvant chemotherapy,
were associated with mPC risk [33]. The model was externally validated and modified
in a subsequent study by the same study group [12]. In another study of 1720 patients,
Nagata et al. presented a prediction model combining T category, N category, lymph node
count, CEA, obstruction and anastomotic leak after surgery [30].

Compared with the previously established prediction models, an advantage of our
model is that it can efficiently select high-risk patients among those with pT4 colonic
cancer with five simple common clinical-pathological variables (pT4a/b, pN, histological
type, CEA level and tumor location), which can be easily obtained within one week of
the operation (right after the pathology report on the resected primary tumor; the timing
depends on the institution). The physician can use the results of the model to discuss
treatment strategies with patients before administering adjuvant chemotherapy or other
treatment. We also validated the performance of Segelman’s and Nagata’s models based on
our data; Harrell’s C-index scores were 0.548 and 0.535, respectively. This poor performance
did not surprise us because those authors included more patients with pT1–pT3 colonic
cancer in their studies. This indicates that the factors for mPC might be different between
pT1–pT3 patients and pT4 patients; therefore, a prediction model for the pT4 colonic
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patients is essential. On the other hand, we considered various models for model selection
to optimize discrimination ability. We estimated the baseline hazard by cubic splines to
smooth mPC recurrence-free survival. The benefit of curve smoothing includes noise
elimination, which contributes to reducing the Brier score, enhancing predictive accuracy.
We also applied a data-splitting method to avoid overfitting. Furthermore, we developed
mPC risk calculator based on the final Cox model, but the risk scores are not convenient
for medical decision-making. We used classification and regression trees to classify into
high-risk and low-risk groups. This approach avoids the use of a post hoc method to
determine the number of risk groups, for example, subjectively assigning the median risk
score as the cut-off point.

Patients with mPC, or at high risk of developing mPC, have significantly worse five-
year overall survival (Figure 2). HIPEC plus cytoreduction surgery has been used to treat
patients with CRC and mPC, especially those with a lower burden of disease as defined by
a low peritoneal carcinomatosis index (PCI) score [3–5]. Because of the difficulties in diag-
nosing mPC with a low PCI score through regular follow-up surveillance [7], second-look
surgery for early detection of mPC stage T4 colon cancer has also been advocated [10,15].
COLOPEC, a clinical trial conducted to determine the efficacy of adjuvant HIPEC in pa-
tients with T4 or perforated colon cancer, showed that adjuvant HIPEC did not improve
18-month overall survival [17]. Another clinical trial, PRODIGE 7, showed no overall
survival benefit after adding HIPEC to cytoreductive surgery in patients with mPC [34].
Although the results of these clinical trials do not show a benefit to overall survival, they do
not exclude the benefits to locoregional disease control and mPC-recurrence-free survival
by CRS plus HIPEC. OS can be influenced not only by short-duration HIPEC treatment, but
also by other confounding factors, such as various types of systemic chemotherapy, patient
status and other metastases. Even without any difference in OS, a decrease in peritoneal
recurrence would be sufficient grounds for the continued use of HIPEC in CRC [35]. There
are still ongoing clinical trials investigating second-look, third-look and adjuvant HIPEC
for T4 colonic tumors, pending results [18,19]. In our result, we found that three-year mPC
recurrence-free survival was significantly higher in the low-risk group than the high-risk
group (93.3% versus 78.3%), indicating that not all patients with pT4 colonic cancer are at
high risk of developing mPC. We intend to select high-risk patients with pT4 colon cancer
for further intensive surveillance or early treatment based on our model.

This study has several limitations. First, mPC was diagnosed mainly by imaging
studies, with few patients having histology reports. Selection bias cannot be avoided
altogether; however, the bias is nondirectional. Second, most of our examined patients
underwent open surgery (95.6%), which is infrequent now. Given the recent observation of
a higher risk of mPC in patients with T4 colon cancer who undergo laparoscopic surgery
compared to open surgery [36], it is highly likely the prediction model could be applied
to such patients. Third, the data collection period was from 1995–2015, but oxaliplatin-
based chemotherapy was only introduced in 2009 at our institution, leading to the low
rate of oxaliplatin-based chemotherapy. However, according to Table 1, oxaliplatin-based
chemotherapy does not decrease the incidence of mPC. It has been used as standard
adjuvant chemotherapy to prevent distant metastasis in pT4 colon cancer but not mPC [37].
The mPC risk prediction model can be used right after the operation and before starting
systemic adjuvant chemotherapy. Finally, although we ensured the elimination of bias in
the chronological patient selection and internal validation in this study, there are inherent
biases in any retrospective study. In the future, we suggest that the developed mPC risk
score should be validated with external cohorts to strengthen the robustness and assess
the generalizability. We will also start a prospective study at our institution to assess its
predictive performance.

5. Conclusions

In conclusion, the present study confirmed that not all stage pT4 colon cancers are
created equal. A prediction model combining five clinicopathological variables (tumor
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location, preoperative CEA, histologic type, pT and pN) was developed. The ability of the
risk score model to identify high-risk categories and quantify the individual risk of mPC
in patients with T4 colon cancer allows for a more appropriate selection of patients for
second-look surgery, prophylactic HIPEC in clinical trials or different treatment strategies
for patients who undergo curative resection.
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10.3390/cancers13112808/s1. mPC risk calculator: https://bit.ly/mpc-risk-calculator. Table S1.
Assessment of proportional hazard assumption.

Author Contributions: Conceptualization, T.-Y.T., R.T. and W.-S.T.; methodology, T.-Y.T., J.-R.J.,
R.T. and W.-S.T.; software, J.-R.J.; validation, T.-Y.T. and J.-R.J.; formal analysis, T.-Y.T. and J.-R.J.;
investigation, T.-Y.T. and J.-F.Y.; resources, T.-Y.T., J.-F.Y., Y.-J.H., J.-R.J., Y.-J.C., J.-M.C., R.T., H.-Y.H.,
C.-Y.Y., P.-S.H., S.-F.C., C.-C.L. and W.-S.T.; data curation, T.-Y.T., J.-F.Y., Y.-J.H., J.-R.J., Y.-J.C., J.-M.C.,
R.T., H.-Y.H., C.-Y.Y., P.-S.H., S.-F.C., C.-C.L. and W.-S.T.; writing—original draft preparation, T.-Y.T.,
J.-F.Y. and J.-R.J.; writing—review and editing, R.T. and W.-S.T.; visualization, T.-Y.T. and J.-R.J.;
supervision, R.T. and W.-S.T.; project administration, R.T. and W.-S.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
of CGMH (ID: 201900670B0).

Informed Consent Statement: Written informed consent was obtained from the patients to publish
their data in this paper.

Data Availability Statement: The data presented in this study are available in this article (and
supplementary material).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Franko, J.; Shi, Q.; Meyers, J.P.; Maughan, T.S.; Adams, R.; Seymour, M.T.; Saltz, L.; A Punt, C.J.; Koopman, M.; Tournigand,

C.; et al. Prognosis of patients with peritoneal metastatic colorectal cancer given systemic therapy: An analysis of individual
patient data from prospective randomised trials from the Analysis and Research in Cancers of the Digestive System (ARCAD)
database. Lancet Oncol. 2016, 17, 1709–1719. [CrossRef]

2. Kerscher, A.G.; Chua, T.C.; Gasser, M.; Maeder, U.; Kunzmann, V.; Isbert, C.; Germer, C.T.; Pelz, J.O.W. Impact of peritoneal
carcinomatosis in the disease history of colorectal cancer management: A longitudinal experience of 2406 patients over two
decades. Br. J. Cancer 2013, 108, 1432–1439. [CrossRef] [PubMed]

3. Elias, D.; Lefevre, J.H.; Chevalier, J.; Brouquet, A.; Marchal, F.; Classe, J.-M.; Ferron, G.; Guilloit, J.-M.; Meeus, P.; Goéré, D.; et al.
Complete Cytoreductive Surgery Plus Intraperitoneal Chemohyperthermia with Oxaliplatin for Peritoneal Carcinomatosis of
Colorectal Origin. J. Clin. Oncol. 2009, 27, 681–685. [CrossRef] [PubMed]

4. Verwaal, V.J.; Van Ruth, S.; de Bree, E.; Van Slooten, G.W.; Van Tinteren, H.; Boot, H.; Zoetmulder, F.A. Randomized trial of
cytoreduction and hyperthermic intraperitoneal chemotherapy versus systemic chemotherapy and palliative surgery in patients
with peritoneal carcinomatosis of colorectal cancer. J. Clin. Oncol. 2003, 21, 3737–3743. [CrossRef] [PubMed]

5. Sugarbaker, P.H.; Schellinx, M.E.; Chang, D.; Koslowe, P.; von Meyerfeldt, M. Peritoneal carcinomatosis from adenocarcinoma of
the colon. World J. Surg. 1996, 20, 585–591. [CrossRef] [PubMed]

6. Elias, D.; Blot, F.; El Otmany, A.; Antoun, S.; Lasser, P.; Boige, V.; Rougier, P.; Ducreux, M. Curative treatment of peritoneal
carcinomatosis arising from colorectal cancer by complete resection and intraperitoneal chemotherapy. Cancer 2001, 92, 71–76.
[CrossRef]

7. Jacquet, P.; Jelinek, J.S.; Steves, M.A.; Sugarbaker, P.H. Evaluation of computed tomography in patients with peritoneal carcino-
matosis. Cancer 1993, 72, 1631–1636. [CrossRef]

8. Goéré, D.; Glehen, O.; Quenet, F.; Guilloit, J.M.; Bereder, J.M.; Lorimier, G.; Thibaudeau, E.; Pinto, A.; Tuech, J.-J.; Kianmanesh,
R.; et al. A Phase 3 Randomised Study Evaluating the Benefit of Second-Look Surgery Plus HIPEC in Patients at High Risk of
Developing Colorectal Peritoneal Metastases (PROPHYLOCHIP). Lancet Oncol. 2020. [CrossRef]

9. Elias, D.; Honoré, C.; Dumont, F.; Ducreux, M.; Boige, V.; Malka, D.; Burtin, P.; Dromain, C.; Goéré, D. Results of systematic second-
look surgery plus HIPEC in asymptomatic patients presenting a high risk of developing colorectal peritoneal carcinomatosis.
Ann. Surg. 2011, 254, 289–293. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13112808/s1
https://www.mdpi.com/article/10.3390/cancers13112808/s1
https://bit.ly/mpc-risk-calculator
http://doi.org/10.1016/S1470-2045(16)30500-9
http://doi.org/10.1038/bjc.2013.82
http://www.ncbi.nlm.nih.gov/pubmed/23511564
http://doi.org/10.1200/JCO.2008.19.7160
http://www.ncbi.nlm.nih.gov/pubmed/19103728
http://doi.org/10.1200/JCO.2003.04.187
http://www.ncbi.nlm.nih.gov/pubmed/14551293
http://doi.org/10.1007/s002689900091
http://www.ncbi.nlm.nih.gov/pubmed/8661635
http://doi.org/10.1002/1097-0142(20010701)92:1&lt;71::AID-CNCR1293&gt;3.0.CO;2-9
http://doi.org/10.1002/1097-0142(19930901)72:5&lt;1631::AID-CNCR2820720523&gt;3.0.CO;2-I
http://doi.org/10.1016/S1470-2045(20)30322-3
http://doi.org/10.1097/SLA.0b013e31822638f6
http://www.ncbi.nlm.nih.gov/pubmed/21709543


Cancers 2021, 13, 2808 11 of 12

10. Elias, D.; Goéré, D.; Di Pietrantonio, D.; Boige, V.; Malka, D.; Kohneh-Shahri, N.; Dromain, C.; Ducreux, M. Results of systematic
second-look surgery in patients at high risk of developing colorectal peritoneal carcinomatosis. Ann. Surg. 2008, 247, 445–450.
[CrossRef] [PubMed]

11. Segelman, J.; Granath, F.; Holm, T.; Machado, M.; Mahteme, H.; Martling, A. Incidence, prevalence and risk factors for peritoneal
carcinomatosis from colorectal cancer. Br. J. Surg. 2012, 99, 699–705. [CrossRef] [PubMed]

12. Segelman, J.; Akre, O.; Gustafsson, U.O.; Bottai, M.; Martling, A. External validation of models predicting the individual risk of
metachronous peritoneal carcinomatosis from colon and rectal cancer. Colorectal Dis. 2016, 18, 378–385. [CrossRef] [PubMed]

13. Ravn, S.; Heide-Jorgensen, U.; Christiansen, C.F.; Verwaal, V.J.; Hagemann-Madsen, R.H.; Iversen, L.H. Overall risk and risk
factors for metachronous peritoneal metastasis after colorectal cancer surgery: A nationwide cohort study. BJS Open 2020, 4,
284–292. [CrossRef] [PubMed]

14. Van Santvoort, H.C.; Braam, H.J.; Spekreijse, K.R.; Koning, N.R.; De Bruin, P.C.; Reilingh, T.S.D.V.; Boerma, D.; Smits, A.B.; Wiezer,
M.J.; Van Ramshorst, B. Peritoneal carcinomatosis in t4 colorectal cancer: Occurrence and risk factors. Ann. Surg. Oncol. 2014, 21,
1686–1691. [CrossRef]

15. Sugarbaker, P.H. Revised guidelines for second-look surgery in patients with colon and rectal cancer. Clin. Transl. Oncol. 2010, 12,
621–628. [CrossRef]

16. Baguena, G.; Pellino, G.; Frasson, M.; Roselló, S.; Cervantes, A.; García-Granero, A.; Giner, F.; García-Granero, E. Prognostic
Impact of pT Stage and Peritoneal Invasion in Locally Advanced Colon Cancer. Dis. Colon Rectum 2019, 62, 684–693. [CrossRef]
[PubMed]

17. Klaver, C.E.L.; Wisselink, D.D.; Punt, C.J.A.; Snaebjornsson, P.; Crezee, J.; Aalbers, A.G.J.; Brandt, A.; ABremers, A.J.; ABurger,
J.W.; Fabry, H.F.J.; et al. Adjuvant hyperthermic intraperitoneal chemotherapy in patients with locally advanced colon cancer
(COLOPEC): A multicentre, open-label, randomised trial. Lancet Gastroenterol. Hepatol. 2019, 4, 761–770. [CrossRef]

18. Bastiaenen, V.P.; Klaver, C.E.L.; Kok, N.F.M.; De Wilt, J.H.W.; De Hingh, I.H.J.T.; Aalbers, A.G.J.; Boerma, D.; Bremers, A.J.A.;
Burger, J.W.A.; Van Duyn, E.B.; et al. Second and third look laparoscopy in pT4 colon cancer patients for early detection of
peritoneal metastases; the COLOPEC 2 randomized multicentre trial. BMC Cancer 2019, 19, 254. [CrossRef]

19. Arjona-Sanchez, A.; Barrios, P.; Boldo-Roda, E.; Camps, B.; Carrasco-Campos, J.; Martín, V.C.; García-Fadrique, A.; Gutiérrez-
Calvo, A.; Morales, R.; Ortega-Pérez, G.; et al. HIPECT4: Multicentre, randomized clinical trial to evaluate safety and efficacy of
Hyperthermic intra-peritoneal chemotherapy (HIPEC) with Mitomycin C used during surgery for treatment of locally advanced
colorectal carcinoma. BMC Cancer 2018, 18, 183. [CrossRef] [PubMed]

20. Arrizabalaga, N.B.; Navascues, J.M.E.; Echaniz, G.E.; Ansorena, Y.S.; Galán, C.P.; Martín, X.A.; Pardo, L.V. Prophylactic HIPEC in
pT4 Colon Tumors: Proactive Approach or Overtreatment? Ann. Surg. Oncol. 2020, 27, 1094–1100. [CrossRef] [PubMed]

21. Weiser, M.R. AJCC 8th Edition: Colorectal Cancer. Ann. Surg. Oncol. 2018, 25, 1454–1455. [CrossRef] [PubMed]
22. Herndon, J.E., 2nd; Harrell, F.E., Jr. The restricted cubic spline as baseline hazard in the proportional hazards model with step

function time-dependent covariables. Stat. Med. 1995, 14, 2119–2129. [CrossRef] [PubMed]
23. Uno, H.; Cai, T.; Pencina, M.J.; D’Agostino, R.B.; Wei, L.J. On the C-statistics for evaluating overall adequacy of risk prediction

procedures with censored survival data. Stat. Med. 2011, 30, 1105–1117. [CrossRef] [PubMed]
24. Graf, E.; Schmoor, C.; Sauerbrei, W.; Schumacher, M. Assessment and comparison of prognostic classification schemes for survival

data. Stat. Med. 1999, 18, 2529–2545. [CrossRef]
25. Iasonos, A.; Schrag, D.; Raj, G.V.; Panageas, K.S. How to build and interpret a nomogram for cancer prognosis. J. Clin. Oncol.

2008, 26, 1364–1370. [CrossRef]
26. Loh, W.Y. Classification and regression trees. Wiley Interdiscip. Rev. Data Min. Knowl. Discov. 2011, 1, 14–23. [CrossRef]
27. Grambsch, P.M.; Therneau, T.M. Proportional hazards tests and diagnostics based on weighted residuals. Biometrika 1994, 81,

515–526. [CrossRef]
28. Kamarudin, A.N.; Cox, T.; Kolamunnage-Dona, R. Time-dependent ROC curve analysis in medical research: Current methods

and applications. BMC Med. Res. Methodol. 2017, 17, 53. [CrossRef] [PubMed]
29. Gerds, T.A.; Schumacher, M. Consistent estimation of the expected Brier score in general survival models with right-censored

event times. Biom. J. 2006, 48, 1029–1040. [CrossRef]
30. Nagata, H.; Ishihara, S.; Oba, K.; Tanaka, T.; Hata, K.; Kawai, K.; Nozawa, H. Development and Validation of a Prediction

Model for Postoperative Peritoneal Metastasis After Curative Resection of Colon Cancer. Ann. Surg. Oncol. 2018, 25, 1366–1373.
[CrossRef] [PubMed]

31. Klaver, C.E.L.; van Huijgevoort, N.C.M.; de Buck van Overstraeten, A.; Wolthuis, A.M.; Tanis, P.; Van Der Bilt, J.D.W.; Sagaert, X.;
D’Hoore, A. Locally Advanced Colorectal Cancer: True Peritoneal Tumor Penetration is Associated with Peritoneal Metastases.
Ann. Surg. Oncol. 2018, 25, 212–220. [CrossRef]

32. Sugarbaker, P.H. Mucinous colorectal carcinoma. J. Surg. Oncol. 2001, 77, 282–283. [CrossRef] [PubMed]
33. Segelman, J.; Akre, O.; Gustafsson, U.O.; Bottai, M.; Martling, A. Individualized prediction of risk of metachronous peritoneal

carcinomatosis from colorectal cancer. Colorectal Dis. 2014, 16, 359–367. [CrossRef]
34. Quénet, F.; Elias, D.; Roca, L.; Goéré, D.; Ghouti, L.; Pocard, M.; Facy, O.; Arvieux, C.; Lorimier, G.; Pezet, D.; et al. Cytoreductive

surgery plus hyperthermic intraperitoneal chemotherapy versus cytoreductive surgery alone for colorectal peritoneal metastases
(PRODIGE 7): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol. 2021, 22, 256–266. [CrossRef]

http://doi.org/10.1097/SLA.0b013e31815f0113
http://www.ncbi.nlm.nih.gov/pubmed/18376188
http://doi.org/10.1002/bjs.8679
http://www.ncbi.nlm.nih.gov/pubmed/22287157
http://doi.org/10.1111/codi.13219
http://www.ncbi.nlm.nih.gov/pubmed/26588669
http://doi.org/10.1002/bjs5.50247
http://www.ncbi.nlm.nih.gov/pubmed/32207578
http://doi.org/10.1245/s10434-013-3461-0
http://doi.org/10.1007/s12094-010-0567-8
http://doi.org/10.1097/DCR.0000000000001367
http://www.ncbi.nlm.nih.gov/pubmed/30839315
http://doi.org/10.1016/S2468-1253(19)30239-0
http://doi.org/10.1186/s12885-019-5408-8
http://doi.org/10.1186/s12885-018-4096-0
http://www.ncbi.nlm.nih.gov/pubmed/29439668
http://doi.org/10.1245/s10434-019-07970-z
http://www.ncbi.nlm.nih.gov/pubmed/31664619
http://doi.org/10.1245/s10434-018-6462-1
http://www.ncbi.nlm.nih.gov/pubmed/29616422
http://doi.org/10.1002/sim.4780141906
http://www.ncbi.nlm.nih.gov/pubmed/8552891
http://doi.org/10.1002/sim.4154
http://www.ncbi.nlm.nih.gov/pubmed/21484848
http://doi.org/10.1002/(SICI)1097-0258(19990915/30)18:17/18&lt;2529::AID-SIM274&gt;3.0.CO;2-5
http://doi.org/10.1200/JCO.2007.12.9791
http://doi.org/10.1002/widm.8
http://doi.org/10.1093/biomet/81.3.515
http://doi.org/10.1186/s12874-017-0332-6
http://www.ncbi.nlm.nih.gov/pubmed/28388943
http://doi.org/10.1002/bimj.200610301
http://doi.org/10.1245/s10434-018-6403-z
http://www.ncbi.nlm.nih.gov/pubmed/29508182
http://doi.org/10.1245/s10434-017-6037-6
http://doi.org/10.1002/jso.1111
http://www.ncbi.nlm.nih.gov/pubmed/11473380
http://doi.org/10.1111/codi.12552
http://doi.org/10.1016/S1470-2045(20)30599-4


Cancers 2021, 13, 2808 12 of 12

35. Ceelen, W. HIPEC with oxaliplatin for colorectal peritoneal metastasis: The end of the road? Eur. J. Surg. Oncol. 2019, 45, 400–402.
[CrossRef] [PubMed]

36. Nagata, H.; Kawai, K.; Hata, K.; Tanaka, T.; Nozawa, H.; Ishihara, S. Laparoscopic surgery for T4 colon cancer: A risk factor for
peritoneal recurrences? Surgery 2020, 168, 119–124. [CrossRef]

37. Macari, D.; Kawak, S.; Raofi, V.; Wasvary, H.; Jaiyesimi, I. Recurrence pattern and outcomes in T4 colon cancer: A single institution
analysis. J. Surg. Oncol. 2019. [CrossRef]

http://doi.org/10.1016/j.ejso.2018.10.542
http://www.ncbi.nlm.nih.gov/pubmed/30392745
http://doi.org/10.1016/j.surg.2020.02.026
http://doi.org/10.1200/JCO.2019.37.4_suppl.706

	Introduction 
	Materials and Methods 
	Patient Selection 
	Systemic Treatment 
	Follow-Up Program and Diagnosis of mPC 
	Statistical Analysis 
	Developing a Prediction Model 
	Validating the Selected Prediction Model 


	Results 
	Discussion 
	Conclusions 
	References

