
mdpi.com/journal/jcm

Special Issue Reprint

Advances in Diagnosis  
and Treatment of  
Peritoneum Cancer

Edited by 
Manuel Diez-Alonso and Alberto Gutierrez-Calvo



Advances in Diagnosis and Treatment
of Peritoneum Cancer





Advances in Diagnosis and Treatment
of Peritoneum Cancer

Guest Editors

Manuel Diez-Alonso
Alberto Gutierrez-Calvo

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Manuel Diez-Alonso

Department of General

Surgery

Príncipe de Asturias

University Hospital

Alcalá de Henares

Spain

Alberto Gutierrez-Calvo

Department of General

Surgery

Príncipe de Asturias

University Hospital

Alcalá de Henares

Spain

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Journal of Clinical Medicine

(ISSN 2077-0383), freely accessible at: https://www.mdpi.com/journal/jcm/special_issues/

8H581974RF.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-4603-0 (Hbk)

ISBN 978-3-7258-4604-7 (PDF)

https://doi.org/10.3390/books978-3-7258-4604-7

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

https://www.mdpi.com/journal/jcm/special_issues/8H581974RF
https://www.mdpi.com/journal/jcm/special_issues/8H581974RF
https://doi.org/10.3390/books978-3-7258-4604-7


Contents

Manuel Diez-Alonso, Alberto San-Juan, Miguel Angel Ortega and Alberto Gutiérrez-Calvo
Peritoneal Metastases: Evolution from a Dark Horizon to an Encouraging Present and a
Promising Future
Reprinted from: J. Clin. Med. 2023, 12, 7536, https://doi.org/10.3390/jcm12247536 . . . . . . . . 1

Rokas Račkauskas, Augustinas Baušys, Jonas Jurgaitis, Marius Paškonis and Kęstutis Strupas
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Peritoneal metastasis (PM) is the primary pattern of metastasis for primary tumours
of the appendix, ovary, and peritoneal mesothelioma. There is a modest risk of PM
in patients with colorectal or gastric cancer; however, it is much less common in pa-
tients with other tumours, such as soft tissue sarcoma, breast cancer, melanoma, and lung
cancer [1]. Traditionally, the presence of PM has been considered an incurable situation;
after their diagnosis, patients were informed that their prognosis was only a few months
and that there was no effective treatment. The survival of patients with PM is poorer than
that of patients with metastases in other sites, such as the liver or lungs. Additionally,
it is known that the survival of patients with metastasis decreases if the peritoneum is
affected. In fact, the eighth actualisation of the American Joint Committee on Cancer’s
(AJCC) TNM classification system for Colorectal Cancer, published in 2016, established
a new M1 subclass named M1c in order to include patients with PM due to their poor
prognosis of survival. However, during recent years, a number of significant therapeutic
contributions have opened an expectancy of a promising future so that this condition
may no longer be considered a death sentence [1–3]. Several factors have contributed
to this change. Our knowledge about the biology of peritoneal disease, its clinical be-
haviour, and the prognostic factors for survival has progressed, and we know that it is not
a uniform disease. the introduction of modern chemotherapeutic drugs and biologically
targeted agents, with superior cytotoxic efficacy and less toxic effects, have also changed the
treatment [1–5]. In addition, cytoreductive surgery (CRS), either accompanied or unaccom-
panied by hyperthermic intraperitoneal chemotherapy (HIPEC), has been introduced for
the treatment of patients with PM with promising results and a great degree of acceptance.
Thus, PM can no longer be considered as a process with an inevitable lethal end.

In approximately 25% of cases, PM appears as the sole presentation site of metastatic
disease. Most patients diagnosed with PM undergo systemic treatment with chemotherapy;
however, CRS with or without HIPEC is a reasonable option in patients with low-risk
comorbidities and a low-to-moderate extent of peritoneal dissemination [6]. However,
CRS/HIPEC possesses high morbidity and mortality rates, and the careful selection of
candidates is mandatory.

According to Lambert in a recent review, the first clinical communication of the
application of CRS/HIPEC was made by Spratt in 1980 [1]. This author described the
technique used for the treatment of a case of PM originating from an appendiceal mucinous
neoplasm and described the concept of “peritoneal surface malignancy” as well as the
basis for the treatment of PM as a regional disease. EVOCAPE [7] was the first clinical
study indicating that some patients with PM could obtain benefit if they are treated with
CRS/HIPEC. In that study, when CRS/HIPEC plus multimodal therapy (surgery and
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best systemic chemotherapy) was used for colorectal, appendiceal, or ovarian cancers,
the median survival improved; conversely, similar results could not be reproduced for
primary tumours of the pancreas, hepatobiliary organs, and other foregut organs. This
trial effectively promoted a new and contemporary surgical approach for patients with
resectable PM. However, the technique spread and became generalised thanks to the works
and publications of Sugarbaker [6].

CRS/HIPEC has been associated with controversy for years, and its implementation
has not been easy. The small number of randomised clinical trials, the difficulty and degree
of skill required by the surgical technique, the morbidity associated with the procedure,
the lack of homogeneity in its application (open vs. closed HIPEC; HIPEC vs. PIPAC;
the selection of perfused chemotherapy), and the lack of knowledge of the contribution
of each of the two components (cytoreduction vs. chemotherapy) have contributed to
persistent doubts about its efficacy. However, CRS/HIPEC is currently fully accepted, and
it is implemented in today’s daily clinical practice throughout the world. Given the limited
amount of solid evidence derived from scientifically proven data, the rationale that justifies
the use of CRS/HIPEC is based, for the most part, on retrospective and uncontrolled
studies. Currently, CRS/HIPEC is the first option of treatment in patients with low-grade
mucinous tumours of the appendix, in advanced ovarian tumours, and in patients with
colorectal cancer or peritoneal mesothelioma with a low tumour burden (PCI < 20).

The first randomised trial designed to analyse the role of CRS in patients with PM
from Colorectal Cancer was conducted in the Netherlands between 1990 and 1998 [8]. It
compared 5 FU/palliative surgery versus 5 FU/CRS/HIPEC plus mitomycin C for 90 min
at 40.5 ◦C. Although the size of the analysed sample was very small (105 patients), the
obtained results indicated that survival was better in the CRS/HIPEC arm (22.4 months
versus 12.6 months) (p = 0.032). A French group proposed and reported good results
with the use of HIPEC with a perfusion of oxaliplatin for 30 min [9]. This regimen was
recently tested in the PRODIGE 7 trial [10], in which the median overall survival was
similar in the CRS/HIPEC group (41·7 months) and in the CRS-on ly group (41·2 months).
However, this study reported the longest survival in patients with CRC-PM survival at
42 months, demonstrating the benefit of combining the best systemic therapy with CRS.
The currently ongoing CAIRO6 trial [11] is exploring the therapeutic benefit of combining
systemic perioperative chemotherapy with CRS/HIPEC.

Two lines of research have explored the efficacy of using CRS/HIPEC for the treatment
of PM in an initial or subclinical phase. HIPECT4 [12] explored the use of CRS/HIPEC
for 60 min with mitomycin C in a prophylactic setting in patients staged as cT4/N0-
2/M0 at diagnosis. The conclusions and relevance obtained were that the addition of
HIPEC to CRS improved the 3-year locoregional control rate compared with surgery
alone. COLOPEC2 [13] analysed the use of an exploratory laparoscopy during the follow
-up in pT4 colon cancer patients for the early detection of peritoneal metastases, at
1 month and at 18 months, compared with computed tomographic imaging. This study was
designed to detect occult peritoneal disease that was not identified in the COLOPEC [14]
and PROPHYOCHIP trials [15].

The OVHIPEC randomised trial evaluated the efficacy of HIPEC in chemotherapy-
naive cases of advanced ovarian cancer [16]. Patients received three cycles of neoadjuvant
carboplatin/paclitaxel and were randomised to receive either CRS alone or CRS/HIPEC with
a perfusion of cisplatin during 90 min of HIPEC, followed by adjuvant chemotherapy. Better
progression-free survival and overall survival were observed in the CRS/HIPEC arm.

Not only have surgical procedures evolved [17], but chemotherapy and systemic
agents have also contributed to improve the prognoses of PM patients. There are many
different novel treatments that have been introduced in recent years and have been ap-
proved for the metastases of different tumours, such as antiangiogenic agents, monoclonal
antibodies, and biologic or immune modulator drugs or targeted treatments, that have
clearly contributed to better response rates, progression-free survival, and overall survival.
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Bevacizumab and Aflibercept are two antibodies that act against the Vascular En-
dothelial Growth Factor that, when combined with chemotherapy, prolong overall survival
beyond 24 months in colorectal cancer patients, independent of their RAS statuses. Ce-
tuximab and Panitumumab are monoclonal antibodies that act against the Epidermal
Growth Factor Receptor on the cell membrane in tumours with a non-mutated KRAS gene,
which blocks the growth of tumour cells. It is known that these types of drugs reduce the
progression of various types of tumours, such as colorectal cancer. In addition, the drugs
regorafenib and TAS-112 have emerged as third-line or beyond treatments for colorectal
tumours and provide improved overall survival.

The incidence of tumours that express microsatellite instability is very low, but
this small group of patients could be treated with immunotherapy, with high response
rates, survival, and quality of life, without many of the potential severe adverse effects
that are associated with chemotherapy treatment. The TOGA trial [18] revealed that
HER-2-positive advanced gastric tumours could benefit from the addition of trastuzumab to
5-FU/platinum-based agents. The median overall survival of patients receiving trastuzumab
plus chemotherapy was higher than that observed in patients treated with chemother-
apy alone (13.8 vs. 11.1 months). ATTRACTION-4 [19] was a randomised, multicentre,
double-blind trial that explored the combination of nivolumab with oxaliplatin-based
chemotherapy, and it observed significantly improved progression-free survival.

In the treatment of advanced ovarian cancer, there has been critical innovation with
the introduction of PARP inhibitors (olaparib, niraparib, and veliparib) as maintenance
therapy for stage III/IV after CRS. PARP is an enzyme involved in the repair of damaged
DNA that has been identified as a target in cancers that have BRCA1/BRCA2 mutations
and/or recombination repair deficiency [20,21].

These different options in the treatment of PM have become an encouraging challenge
for medical oncologists; they should choose the best treatment strategy early in the course
of the disease and consider the preferred regimens for each stage of the disease to provide
patients with the longest survival and best quality of life possible. The clinical management
of PM still entails many difficulties, and depending on the type of primary tumour, different
therapeutic approaches are available.

There has been a revolution in the treatment of patients with PM as new and different
avenues of research have been opened and progress has been made. What could be the
roles of laparoscopy and robotic surgery in the future? How can the new modalities
of magnetic resonance imaging contribute to the earlier detection and staging of PM?
Future developments in molecular profiling methods will allow for the identification of
precise molecular changes that are responsible for PM. Advances in immunotherapy, where
immune checkpoint inhibitors and other immunotherapeutic strategies are now being
studied, have made it a promising option. Drug delivery systems based on nanotechnology
have the ability to deliver chemotherapeutic drugs to tumour cells within the peritoneal
cavity in a targeted and regulated manner. This strategy could reduce systemic toxicity while
increasing the effectiveness of chemotherapy. Another promising strategy to identify the
response to therapy and for the early detection of recurrence is the identification of circulating
tumour cells. In the future, we will know if it could be a useful tool to improve survival.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: Peritoneal surface malignancies (PSMs) are a heterogenous group of primary
and metastatic cancers affecting the peritoneum. They are associated with poor long-term outcomes.
Many centers around the world adopt cytoreductive surgery (CRS) and hyperthermic intraperitoneal
chemotherapy (HIPEC) in routine clinical practice for these otherwise condemned patients despite
a lack of high-level evidence from randomized control trials. This study aimed to investigate and
present our 10-year experience with this controversial method, CRS and HIPEC, for PSM in a single
tertiary center in a Baltic country. Methods: Patients who underwent CRS and HIPEC at Vilnius
University Hospital Santaros Klinikos between 2011 and 2021 were included in this retrospective
study. Overall survival was the primary study outcome. Secondary outcomes included postoperative
morbidity and mortality, and local or systemic recurrence rates. Results: Sixty-nine patients who
underwent CRS and HIPEC were included in the study. Most patients underwent treatment for
peritoneal metastases from colorectal, ovarian, and appendiceal cancers. Six (8.7%) patients received
CRS and HIPEC for primary peritoneal neoplasm—pseudomyxoma peritonei. The mean peritoneal
carcinomatosis index score was 12 ± 7. Complete cytoreduction was achieved in 62 (89.9%) patients.
The mean OS was 39 ± 29 months. The mean survival of patients with PSMs of different origin was
as follows: 39 ± 25 (95% CI: 28–50) months for colorectal cancer, 44 ± 31 (95% CI: 30–58) months
for ovarian cancer, 32 ± 21 (95% CI: 21–43) months for appendiceal cancer, 422 ± 1 (95% CI: 12–97)
months for pseudomyxoma peritonei, and 7 months for gastric cancer. Conclusions: The current
study demonstrated the results of the CRS and HIPEC program in a single Baltic country tertiary
center. Patients who underwent CRS and HIPEC for PSMs achieved moderate survival rates with
acceptable postoperative morbidity and mortality risk.

Keywords: peritoneal surface malignancies; cytoreductive surgery; hyperthermic intraperitoneal
chemotherapy; Peritoneal mesothelioma; colorectal peritoneal metastases; peritoneal carcinomatosis;
peritoneum cancer

1. Background

Peritoneal mesothelioma, pseudomyxoma peritonei, and peritoneal metastases of
various cancers are among the main tumors that make up the heterogeneous group of peri-
toneal surface malignancies (PSMs). The most typical sources of metastasis are colorectal,
stomach, and ovarian malignancies [1]. Irrespective of the origin, PSMs are associated with
poor long-term outcomes. Historically, the main treatment options for PSM patients were
palliative systemic chemotherapy or palliative care [2,3]. However, in recent decades, the
notion of futile PSM treatment has evolved. The oncological community has grown inter-
ested in a more aggressive and potentially curative treatment approach using cytoreductive
surgery (CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) [4]. Many centers
around the world adopt CRS and HIPEC in routine clinical practice for these otherwise
condemned patients despite a lack of high-level evidence from randomized control trials
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(RCTs). Accumulating evidence from observational studies promoted the spread of CRS
and HIPEC for PSMs, and now, the treatment is considered the standard of care for primary
peritoneal malignancies despite the absence of level 1 evidence due to lack of an effective
alternative treatment [5]. However, certain recent high-quality RCTs, such as PRODIGE7,
COLOPEC, CYTO-CHIP, and PROFILOCHIP presented conflicting data and questioned
whether HIPEC regimens currently in use are helpful for peritoneal metastases [6–9]. Thus,
this study aimed to investigate and present our 10-year experience with this controversial
method, CRS and HIPEC, for PSMs in a single tertiary center in a Baltic country.

2. Materials and Methods
2.1. Ethics

Ethical approval from Vilnius regional biomedical research ethics committee
(No. 2020/11-1279-761) was obtained before the start of the study. The waiver for in-
formed consent was given by the authority. The study was conducted according to the
Declaration of Helsinki.

2.2. Patients and Data Collection

All consecutive patients who underwent CRS and HIPEC at Vilnius University Hos-
pital Santaros Klinikos between 2011 and 2021 were included in this retrospective study.
Every patient with a PSM was discussed at multidisciplinary team meetings and decision
to perform CRS and HIPEC for PSMs was individualized depending on patients’ general
condition (ECOG 0-1), etiology, and the dissemination of the disease. Data on patient char-
acteristics were extracted from the prospectively collected institutional electronic database.
They included clinicopathologic characteristics (age; gender; history of previous cancer
treatment; origin, number, and size of metastatic lesions; and peritoneal carcinomatosis
index (PCI) score) and treatment-related characteristics (length of surgery; blood loss;
HIPEC regime; postoperative complications as per Clavien–Dindo classification).

2.3. Study Outcomes

The primary outcome of the study was overall survival (OS) in patients with peritoneal
carcinomatosis treated with CRS and HIPEC. OS was defined as the time from surgical
intervention to death. The secondary outcomes included postoperative morbidity, mortality,
and local or systemic recurrence. Data on survival and date of death were collected from
the Lithuanian National Cancer Registry.

2.4. CRS and HIPEC Regimens

All procedures were performed under general anesthesia. At first, laparotomy was
performed, and the extent of CRS and organ resections depended on the dissemination of
the disease. After CRS, HIPEC was performed. Different protocols were used for PSMs of
different origin:

1. For ovarian and gastric cancer, the HIPEC protocol consisted of Cisplatin at 75 mg/m2

with 4 L of 0.9% saline at 42 ◦C for 60 min;
2. For colorectal cancer, the HIPEC protocol consisted of Oxaliplatin at 460/m2 with 4 L

of 5% glucose at 42 ◦C for 45 min until 2017; later, it was changed to Mytomicin C at
30 mg + 10 mg, with 5 L of 1.5% dextrose at 42 ◦C for 90 min;

3. For primary PSMs (pseudomyxoma peritonei, appendiceal cancer), the HIPEC pro-
tocol consisted of Mytomicin C 30 mg + 10 mg, with 5-L 1.5% dextrose at 42 ◦C
for 90 min.

After surgery, all patients were moved to the intensive care unit for further treatment.
Typically, if patients vital functions were stable, they were moved to further treatment in a
surgical ward on postoperative day 1 or 2.
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2.5. Statistical Analysis

All statistical analyses were conducted using the statistical program SPSS 24.0 (SPSS,
Chicago, IL, USA). Continuous variables are presented as means with standard deviation
and an interquartile range. Categorical variables are shown as proportions. Continuous
variables were compared using a Mann–Whitney U-test and categorical variables with
Pearson’s chi-square or Fisher’s exact test, as appropriate. Overall survival rates were using
the Kaplan–Meier method and compared with the log-rank test. Statistical significance was
considered when a p-value < 0.05 was achieved.

3. Results
3.1. Baseline Characteristics

In total, 69 patients who underwent CRS and HIPEC were included in the study. The
baseline characteristics of patients are shown in Table 1. All patients (100%) had an ASA
score of 2 or 3. Most patients underwent treatment for peritoneal metastases from colorectal,
ovarian, and appendiceal cancers. Six (8.7%) patients received CRS and HIPEC for primary
peritoneal neoplasm—pseudomyxoma peritonei. The mean peritoneal carcinomatosis
index (PCI) score at the time of surgery was 12 ± 7. Complete cytoreduction was achieved
in 62 (89.9%) patients. After CRS and HIPEC, all patients (100%) received systemic therapy
(chemotherapy/biological therapy) prior and after the procedure

Table 1. Baseline clinicopathologic characteristics of patients who underwent cytoreductive surgery
and hyperthermic intraperitoneal chemotherapy for peritoneal surface malignancies.

Characteristics of HIPEC Patients

Sex
Female (n; %) 56 (81.2%)

Male (n; %) 13 (18.8%)

Mean age ± SD (Q1; Q3), years 57.2 ± 10.89 (49; 67)

Mean hospitalization ± SD (Q1; Q3), days 20.19 ± 14.69 (12; 23.5)

Peritoneal histology (n; %):
Colorectal 22 (31.9%)
Ovarian 23 (33.3%)
Appendiceal: 17 (24.6%)

- LAMN 13 (18.8%)
- HAMN 4 (5.8%)

Pseudomyxoma peritonei 6 (8.7%)
Gastric 1 (1.4%)

Mean PCI score ± SD (Q1; Q3) 12.2 ± 7.6 (6.25; 15.75)

Mean operation time ± SD (Q1; Q3), min 447.5 ± 152.7 (310; 540)

Mean blood loss ± SD (Q1; Q3), mL 350.7 ± 284.3 (200.0; 500.0)

Cytoreduction completeness:

- CC0 (n; %)
- CC1 (n; %)
- CC2 (n; %)

- 62 (89.9%)
- 6 (8.7%)
- 1 (1.4%)

Complications C–D:

- No complications
- <3
- 3a
- 3b
- 5

36 (52.2%)
21 (30.4%)
5 (7.2%)
6 (8.7%)
1 (1.4%)
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3.2. Postoperative Morbidity

Postoperative complications occurred in 33 (47.8%) patients, including 11 patients
(15.9%) who suffered severe complications (≥Clavien–Dindo 3). The postoperative mortal-
ity rate was 1.4% (one patient). A detailed list of complications and their severity according
to the Clavien–Dindo classification is shown in Table 2.

Table 2. Postoperative complications after cytoreductive surgery and hyperthermic intraperitoneal
chemotherapy for peritoneal surface malignancies.

Complication Number of Patients C–D

Atrial fibrillation 2 1

Wound infection 6 2

Urinary tract infection 3 2

Renal insufficiency 3 1

Pancytopenia 2 2

Hydrothorax 5 2

Pneumonia 3 2

Intraabdominal abscess 4 3a

Intraabdominal bleeding 1 3b

Pancreatic fistula 2 3a

Ileus 3 1

Anastomotic leakage 5 3b

Compartment syndrome 1 3b

Postoperative myocardial infarction 1 5

3.3. Long-Term Outcomes

The mean OS of patients treated with CRS and HIPEC was 39 ± 29 months; however,
it greatly depended on the etiology of the disease. The mean survival of patients with PSMs
of different origin was as follows: 39 ± 25 (95% CI: 28–50) months for colorectal cancer,
44 ± 31 (95% CI: 30–58) months for ovarian cancer, 32 ± 21 (95% CI: 21–43) months for
appendiceal cancer, 42 ± 21 (95% CI: 12–97) months for pseudomyxoma peritonei, and
7 months for gastric cancer. However, these differences failed for significance (Figure 1).
The mean time for recurrence was 15 ± 12 months, with no differences among PSMs of
different origin (data not shown).

3.4. CRS and HIPEC Development in the Study Center

Since the implementation of CRS and HIPEC into clinical practice at our center, there
have been ongoing worldwide debates about the effectiveness and benefits of this treatment
modality. However, through the study period, with accumulating high-level evidence
questioning the effectiveness of CRS and HIPEC in many cancers, the number of procedures
tended to drop at our center (Figure 2). Currently, CRS and HIPEC are performed at our
center only for primary peritoneal malignancy and appendiceal LAMN and HAMN tumors.
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4. Discussion

The present study demonstrated the results of CRS and HIPEC for PSMs at a single
tertiary center in a Baltic country. The postoperative outcomes achieved in our study in
terms of postoperative morbidity and long-term outcomes are comparable to international
standards. The present study showed that CRS and HIPEC are safe and feasible with a low
mortality rate in medium- or low-volume centers in small-population countries. However,
current standard indications for CRS and HIPEC are narrow; thus, clinical trials may be an
option to offer this treatment to patients and maintain sufficient center volume.

Since the introduction of CRS and HIPEC for PSMs, it has been postulated to increase
the survival of patients with advanced peritoneal surface disease [10,11]. However, recent
RCTs showed controversial results, and the rationale for HIPEC in some types of cancer
became questionable. The third most prevalent disease in the world is colorectal cancer,
and up to 15% of patients have peritoneal metastases [12]. The present study showed
that CRS and HIPEC in such patients can achieve a mean survival of 39 months. Such
results seem promising, similar to initial reports that showed that CRS and HIPEC offer
survival benefits over systemic chemotherapy [13]. However, a recent PRODIGE-7 study
showed that HIPEC did not improve survival in colorectal cancer patients who achieved
CC0 resection compared with CRS alone but increased morbidity 60 days after surgery.
Thus, our satisfactory results achieved using CRS and HIPEC do not encourage the further
adoption of the method for colorectal cancer patients [6,14].

Another entity that may be considered for CRS and HIPEC is ovarian cancer. In our
study, these patients achieved a mean survival of 44 months. Globally, there are still ongoing
debates regarding HIPEC’s role after CRS for primary and recurrent ovarian cancer [15,16].
Some studies showed that patients with stage III epithelial ovarian cancer may benefit from
HIPEC after CRS in terms of increased OS and recurrence-free survival [17]. However, the
lack of robust evidence resulted in a decreased number of these procedures for ovarian
cancer in our center [18].

Primary peritoneal malignancies, such as pseudomyxoma peritonei or malignant
mesothelioma, and mucinous appendiceal tumors are among those where CRS with HIPEC
is the standard treatment option [19]. Several studies comparing CRS with HIPEC to
surgery and debulking alone failed to show HIPEC benefits for long-term outcomes [20,21],
but the lack of an effective alternative treatment still precludes abandoning HIPEC for these
patients. Thus, the recent clinical practice guidelines recommend that patients with these
rare malignancies should be referred to a specialized center for a personalized treatment
approach [22]. In our center’s experience, CRS and HIPEC are feasible, safe, and promising
for these patients, especially for patients with pseudomyxoma peritonei, as the 10-year OS
of these patients was 100%.

Regarding gastric cancer peritoneal carcinomatosis treatment, there is no high-level
evidence that would strongly support the use of CRS and HIPEC. Several studies from
Asian countries suggested that prophylactic HIPEC in high-risk patients may improve
long-term outcomes, but since they are confined to exclusively the Asian population or a
small number of included patients, such treatment cannot be considered outside of clinical
trials [22–25].

Taking together the current evidence, CRS with HIPEC is the cornerstone treatment
option only for primary peritoneal malignancies (pseudomyxoma peritonei or malignant
mesothelioma) and mucinous appendiceal tumors. Other indications, such as peritoneal
metastases arising from colorectal, ovarian, and gastric cancers remain controversial. The
optimization of HIPEC protocols, new drugs and techniques (i.e., water lavage), and
the development and improvement of perioperative care techniques that would reduce
postoperative morbidity may expand the indications for CRS with HIPEC, but further
studies are needed [26–30]

The main and most important limitation of present study was its retrospective nature
which greatly limited the level of evidence. This emphasizes the need for the centralization
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of such patients with peritoneal surface pathology, thus allowing more evidence to emerge
in randomized clinical trial settings.

5. Conclusions

The current study demonstrated the results of the CRS and HIPEC program in a single
Baltic country tertiary center. Patients who underwent CRS and HIPEC for PSMs achieved
moderate survival rates with acceptable postoperative morbidity and mortality risk. CRS
with HIPEC is a standard treatment option for primary peritoneal malignancies, and our
study confirmed excellent outcomes in these patients. However, the lack of high-level
evidence on CRS and HIPEC for most of the peritoneal metastases precludes the utilization
of this treatment outside the clinical trial setting.
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Abstract: Background: The treatment of ovarian carcinomatosis with cytoreductive surgery and
HIPEC is still controversial. The effect and pharmacokinetics of the chemotherapeutics used (espe-
cially taxanes) are currently under consideration. Methods: A phase II, simple blind and random-
ized controlled trial (NTC02739698) was performed. The trial included 32 patients with primary
or recurrent ovarian carcinomatosis undergoing cytoreductive surgery (CRS) and intraoperative
intraperitoneal chemotherapy with paclitaxel (PTX): 16 in hyperthermic (42–43 ◦C) and 16 in nor-
mothermic (37 ◦C) conditions. Tissue, serum and plasma samples were taken in every patient before
and after intraperitoneal chemotherapy to measure the concentration of PTX. To analyze the immuno-
histochemical profile of p53, p27, p21, ki67, PCNA and caspase-3 and the pathological response, a
scale of intensity and percentage of expression and a grouped Miller and Payne system were used,
respectively. Perioperative characteristics and morbi-mortality were also analyzed. Results: The
main characteristics of patients, surgical morbidity, hemotoxicity and nephrotoxicity were similar in
both groups. The concentration of paclitaxel in the tissue was higher than that observed in plasma
and serum, although no statistically significant differences were found between the two groups.
No statistically significant association regarding pathological response and apoptosis (caspase-3)
between both groups was proved. There were no statistically significant differences between the
normothermic and the hyperthermic group for pathological response and apoptosis. Conclusions:
The use of intraperitoneal PTX has proven adequate pharmacokinetics with reduction of cell cycle
and proliferation markers globally without finding statistically significant differences between its
administration under hyperthermia versus normothermia conditions.
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1. Introduction

The standard treatment of primary advanced epithelial ovarian cancer (EOC) is com-
plete cytoreductive surgery (CRS) with no residual tumor, followed by adjuvant chemother-
apy based on taxanes and platinum compounds [1,2].
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Due to its natural history, EOC remains localized in the abdominal cavity. Intraperi-
toneal (IP) chemotherapy allows higher concentrations of chemotherapeutics in the peri-
toneal cavity than systemic chemotherapy because of its slow absorption by the peritoneum
and the first-pass effect by the liver. This allows higher IP doses and potentially increased
efficacy with concurrently low systemic toxicity [3,4] and an increased possibility of sur-
vival. Nevertheless, this type of chemotherapy has not been fully accepted for different
reasons: pharmacokinetic problems (the penetration depth of IP delivered drugs into the
tumor nodules is limited [5], so optimal CRS will be required before IP chemotherapy),
problems with the technique since it is not free from peritoneal access device complications
with high toxicity [6] and the complex and demanding logistical management of patients.
Although IP chemotherapy with taxanes has been demonstrated to be effective in advanced
EOC [6], in the last GOG-252 trial no progression-free survival (PFS) improvement with IP
chemotherapy was seen [7].

To overcome the inconveniences of IP chemotherapy, intraoperative administration
under hyperthermia conditions (HIPEC) arose. Its main objective was to treat residual
microscopic disease after CRS before the formation of adhesions, through physical (heat)
and chemical (chemotherapeutic) methods [8]. The mechanisms by which HIPEC results
in an increased tumor response to cytostatics, besides the direct effect of heat [9] per
se, are multiple [10]. HIPEC potentiates the cytotoxic effect of some chemotherapeutic
agents [11–15] and increases their tissue penetration [16,17]. There is significant hetero-
geneity in fundamental aspects of HIPEC administration, such as the clinical setting in
which it is indicated, the definition of optimal surgery (CC1 vs. R1), the cytostatic used and
its dose, the temperature (37–46 ◦C) or the perfusion time [18].

Some authors [19–27] (our group among them) use taxanes for HIPEC in the treatment
of ovarian carcinomatosis because of its high efficacy observed in the systemic treatment
of EOC and its favorable pharmacokinetics after IP administration due to its high molec-
ular weight [28] and hepatic metabolism. The theory about an increase in the efficacy of
intraperitoneal taxanes administration is supported by different clinical [29–32] and experi-
mental studies [33,34]. In an update published by Sugarbaker [35], it was observed that
hyperthermia increases the cytotoxic activity of most cytostatics. However, this synergy is
not clear in taxanes. Contradictory results have been obtained concerning the interaction
of heat with taxanes [36], even though they are heat stable, and hyperthermia seems to
increase the intracellular accumulation of these cytostatics.

For all the above, this study aims to analyze the effect of intraoperative IP administra-
tion of paclitaxel (PTX) under hyperthermia vs. normothermia conditions on antitumor
activity, proliferation and cell cycle markers and its pharmacokinetics.

2. Patients and Methods

A phase II, simple blind, randomized controlled trial (RCT), NTC02739698, was per-
formed. All steps, including a selection of patients, sampling and storage, were developed
according to the guidelines dictated by the World Medical Association Declaration of
Helsinki in 2004. The ethical review board of Reina Sofía Hospital (Córdoba, Spain) ap-
proved and supervised the clinical study.

3. Inclusion Criteria

Age ranging between 18–75 years; histopathologic confirmation of peritoneal carci-
nomatosis from primary or recurrent EOC (stage IIIb-IIIc FIGO); Karnosfsky index > 70
or Gynecologic Oncology Group performance status ≤ 2; optimal or complete CRS (no
residual tumor greater than 2.5 mm) and an informed consent form filled by all patients.

4. Exclusion Criteria

Unfulfillment of inclusion criteria; extra-abdominal metastasis or stage IV FIGO;
concomitance of other malignant neoplasm; renal, hepatic or cardiovascular dysfunction;
intolerance during treatment or refusal to participate.
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5. Sample Size Calculation

Based on an expected 40% of G3 tumor-regression in the experimental arm vs. a 1%
of G3 tumor-regression in the control arm with an α error of 0.05 and β error of 0.20, the
sample size was 32 (16 patients per group). It has been calculated according to the available
funding from the public health grant.

6. Treatment

All patients (except one) received a neoadjuvant chemotherapy regime consisting of
four to six cycles of carbo-taxol. After confirming the stabilization or regression of the
disease, the patients underwent optimal CRS followed by intraoperative IP chemotherapy
with 60 mg/m2 PTX per 2 l of 1.5% dextrose at continuous perfusion for 60 min. They were
randomized 1:1 after the completeness of cytoreduction into two groups: the experimental
arm (H-group) in which the IP chemotherapy was administered in hyperthermia conditions
(41–42 ◦C) and the control arm (N-group) where this IP chemotherapy was administered in
normothermia conditions (37 ◦C). After surgery, most patients received adjuvant carbo-
taxol chemotherapy to complete the eight cycles.

7. Variables

Main characteristics of patients, the ovarian cancer stage, previous surgical score
(PSS) [37], response to neoadjuvant chemotherapy (complete response: normalization of Ca
125 and disappearance of signs of disease in radiology tests; partial response: decrease of
the value of Ca 125 and decrease of signs of disease in radiology tests according to RECIST
criteria [38]) and data of surgery such as peritoneal carcinomatosis index (PCI) [39] or
Completeness of Cytoreduction (CC) Score [40] were collected.

Dindo–Clavien scale [41] and CTCAE [42] v 4.0 were used to describe surgical morbid-
ity and hematological and renal toxicities, respectively. Major morbidity was considered
as ≥grade 3 after 30 days from the surgical treatment.

8. Sampling and Storage

Two types of peritoneal biopsies (with and without tumor) were taken before and after
IP chemotherapy (PRE-chemo and POST-chemo, respectively). Those with a small and
well-perfused area of infiltrated peritoneum were sent to the Pathology Department in fresh.
The other tumor-free peritoneal biopsies and blood samples (taken before, immediately
after and 1 h after IP chemotherapy-PRE-chemo, POST-chemo and 1 h POST-chemo, respec-
tively), the latter after centrifugation-were introduced in Eppendorf tubes and preserved at
−80 ◦C to analyze the concentration of PTX in peritoneal tissue by liquid chromatography-
tandem mass spectrometry (LC–MS/MS), as reported before [43].

9. Anatomopathological Study

The specimens were fixed in 10% neutral formalin, routinely processed and embedded
in paraffin blocks, from which 3 micrometer (µm) thick serial sections were cut and stained
with HE, PAS and Masson’s trichome.

The immunohistochemical study was performed using the prediluted antibodies: p53
(clone DO.7. Dako Corporation Santa Clara, CA United States), p27kip1 (clone DSC-72.
Genova Scientific SL), p21waf1 (clone polyclonal. Genova Scientific SL, Seville, Spain), ki67
(clone MIB.1. Dako Corporation), PCNA (clone PC10. Genova Scientific SL, Seville, Spain)
and caspase-3 (clone polyclonal. Master Diagnostica SL). For the immunostaining, the
Dako EnVision Flex Plus visualization system was used. The sections were examined by
two blinded expert pathologists and evaluated by the grouped Miller and Payne (MP)
system [44] for pathological response: G1 (minimal changes that include MP G1-G2), G3
(microscopic foci that include MP G3-G4) and G5 (no residual tumor), according to the
percentage of total area involved in the biopsy specimen. Immunohistochemical expression
was assessed by the percentage of nuclei-stained tumor cells.
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10. Statistical Analysis

Continuous variables were expressed as means and standard deviation (SD), and
categorical variables as frequency and percentages. Association between categorical vari-
ables was tested using Pearson’s chi-squared test (χ2). The difference between means
of continuous variables was tested by an independent t-test. The second set of depen-
dent t-tests (paired samples t-test) was carried out to compare the means of two related
groups to determine if a statistically significant difference exists between these means of
anatomopathological results. p values ≤ 0.05 were defined as statistically significant.

11. Results
11.1. Patients’ Main Characteristics

The main patient characteristics are presented in Table 1. No statistically significant
differences in preoperative variables were found between the two groups, except BMI
(24.68 ± 2.55 H-group vs. 29.00 ± 4.84 N-group, p < 0.004).

Table 1. Patients’ main characteristics.

H-Group N-Group
p

(n = 16) (n = 16)

Age (years) 57.06 ± 12.60 58.13 ± 9.38 0.789

BMI (kg/m2) 24.68 ± 2.55 29.00 ± 4.84 0.004

Prior abdominal surgery
0.253No 13 (81.2%) 9 (56.2%)

Yes 3 (18.8%) 7 (43.8%)

Prior comorbidity
1No 8 (50.0%) 9 (56.3%)

Yes 8 (50.0%) 7 (43.8%)

Ovarian cancer situation
0.33Primary 15 (93.8%) 12 (75.0%)

Recurrent 1 (6.3%) 4 (25.0%)

Prior cancer surgery
0.075No 10 (62.5%) 4 (25.0%)

Yes 6 (37.5%) 12 (75.0%)

Prior Surgical Score (PSS)

0.164
0 10 (62.5%) 4 (25.0%)
1 4 (25.0%) 8 (50.0%)
2 2 (12.5%) 3 (28.8%)
3 0 (0.0%) 1 (6.3%)

Neoadjuvant chemotherapy
0.31No 1 (6.3%) 0 (0.0%)

Yes 15 (93.8%) 16 (100%)

Response to neoadjuvant chemotherapy
Complete 0.714
Partial 2 (12.5%) 4 (25.0%)

13 (81.2%) 12 (75.0%)
H-group: Hyperthermia group, N-group: Normothermia group, BMI: Body Mass Index.

11.2. Treatment and Morbidity

The mean PCI was similar in both groups, and although microscopically complete
cytoreduction (CC0) was achieved in 81.2% in H-group and 62.5% in N-group, no significant
differences were found (Table 2).
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Table 2. Treatment and morbidity.

H-Group N-Group
p

(n = 16) (n = 16)

Ureteral catheterization
0.544No 2 (12.5%) 1 (6.3%)

Yes 14 (87.5%) 15 (93.8%)

PCI 19.25 ± 6.78 21.50 ± 7.81 0.391

Peritonectomy procedure

0.462
Total 11 (68.8%) 12 (75.0%)
Extensive 5 (31.3%) 3 (18.8%)
Pelvic 0 (0.0%) 1 (6.3%)

CC Score
0.432CC0 13 (81.2%) 10 (62.5%)

CC1 3 (18.8%) 6 (37.5%)

Splenectomy
0.703No 12 (75.0%) 10 (62.5%)

Yes 4 (25.0%) 6 (37.5%)

Number of anastomosis

0.363
0 5 (31.3%) 8 (50.0%)
1 10 (62.5%) 6 (37.5%)
2 1 (6.3%) 2 (12.5%)

Number of procedures

0.665
2–1 0 (0.0%) 1 (6.3%)
4–3 11 (68.8%) 10 (62.5%)
5 5 (31.3%) 5 (31.3%)

Intraoperative blood transfusion
0.154No 5 (31.3%) 9 (56.3%)

Yes 11 (68.8%) 7 (43.8%)

Duration of surgery (minutes) 492.53 ± 95.81 538.06 ± 112.91 0.237

Postoperative blood transfusion (units)

0.688

0
1–2 4 (25.0%) 1 (6.3%)
3–4 7 (43.8%) 7 (43.8%)
>4 3 (18.8%) 5 (31.3%)

2 (12.5%) 2 (12.5%)

Postoperative stay (days) 12.38 ± 6.63 13.33 ± 6.65 0.691

Surgical Morbidity (Clavien)

0.245

I-II 12 (75.0%) 14 (87.5%)
IIIa 3 (18.8%) 0 (0.0%)
IIIb 1 (6.3%) 1 (6.3%)
IVa 0 (0.0%) 1 (6.3%)
IVb 0 (0.0%) 0 (0.0%)
V 0 (0.0%) 0 (0.0%)

Leukopenia (CTCAE 4.0)

1

No 14 (87.5%) 15 (93.8%)
1 0 (0.0%) 0 (0%)
2 0 (0.0%) 0 (0%)
3 2 (12.5%) 1 (6.3%)
4 0 (0.0%) 0 (0.0%)
5 0 (0.0%) 0 (0.0%)
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Table 2. Cont.

H-Group N-Group
p

(n = 16) (n = 16)

Neutropenia (CTCAE 4.0)

0.491

No 14 (87.5%) 15 (93.8%)
1 0 (0.0%) 0 (0.0%)
2 0 (0.0%) 0 (0.0%)
3 1 (6.3%) 1 (6.3%)
4 1 (6.3%) 0 (0.0%)
5 0 (0.0%) 0 (0.0%)

Thrombocytopenia (CTCAE 4.0)

0.478

No 15 (93.8%) 13 (81.2%)
1 0 (0.0%) 1 (6.3%)
2 1 (6.3%) 2 (12.5%)
3 0 (0.0%) 0 (0.0%)
4 0 (0.0%) 0 (0.0%)
5 0 (0.0%) 0 (0.0%)

Acute kidney injury

0.346

(CTCAE 4.0)
No 11 (68.8%) 6 (37.5%)
1 2 (12.5%) 2 (12.5%)
2 1 (6.3%) 4 (25.0%)
3 2 (12.5%) 3 (18.8%)
4 0 (0.0%) 1 (6.3%)
5 0 (0.0%) 0 (0.0%)

Hematuria (CTCAE 4.0)

0.931

No 8 (50.0%) 7 (43.5%)
1 2 (12.5%) 2 (12.5%)
2 6 (37.5%) 7 (43.8%)
3 0 (0.0%) 0 (0.0%)
4 0 (0.0%) 0 (0.0%)
5 0 (0.0%) 0 (0.0%)

H-group: Hyperthermia group, N-group: Normothermia group, PCI: Peritoneal Carcinomatosis Index, CC score:
Completeness of Cytoreduction Score, CTCAE: Common Terminology Criteria for Adverse.

There was no treatment-related death. However, all patients in this study had at least
one grade 2 surgical complication since they all received total parenteral nutrition (TPN),
and most patients required a blood transfusion.

Major surgical morbidity (≥ IIIa) was 25% in H-group and 12.5% in N-group. In
the H-group, two patients had a wound infection that needed surgical debridement; one
had low-grade colorectal fistula treated with conservative treatment and percutaneous
drainage, and the other required reintervention due to hemoperitoneum. In N-group, one
patient required reoperation due to hemoperitoneum, and another had septic shock with
reintervention with renal and global respiratory failure, resulting in death.

Grade 3–4 hemotoxicity was seen in 9.4% (12.5% H-group vs. 6.3% N-group). Grade 3–4
nephrotoxicity was seen in 12.5% of the H-group and in 25% of the N-group (Table 2).

12. Pharmacokinetics

PRE-chemo serum, plasma and tissue samples had PTX values below the detection
limit. In the H-group the mean PTX concentration in serum post-chemo and 1 h post-chemo
was 16.61 ± 5.34 ng/mL and 12.18 ± 5.52 ng/mL, respectively; in plasma post-chemo
and 1 h post-chemo, it was 17.24 ± 6.14 ng/mL and 11.23 ± 5.15 ng/mL, respectively;
and in tissue, post-chemo, it was 1382 ± 1407.18 ng/mL. In the N-group, the mean PTX
concentration in serum post-chemo and 1 h post-chemo was 14.98 ± 4.79 ng/mL and
13.37 ± 4.87 ng/mL, respectively; in plasma post-chemo and 1 h post-chemo, it was
15.14 ± 6.18 ng/mL and 12.36 ± 4.87 ng/mL, respectively; and in tissue post-chemo, it was
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2093.19 ± 1777.92 ng/mL. No significant differences were found between the two groups
in any measurement. However, it was observed that the concentration of PTX obtained
at the local level (tissue) was much longer than the systemic (plasma and serum) in both
groups (Figure 1).
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Figure 1. Pharmacokinetics of intraperitoneal PTX administration in our study. The concentration of
PTX in the tissue (local level) was higher than that observed in plasma and serum (systemic level),
although no statistically significant differences were found between the two groups.

13. Anatomopathology

Regarding the pathological response according to MP grouped system, no significant
differences were observed in either group. It was observed that IP chemotherapy produced
a marked reduction of tumor cellularity in 87.5% of the H-group and 81.3% of the N-group.
The pathological reductions GR1, GR2 and GR3 were observed in 12.5%,62.5% and 25% for
HIPEC group and 18.8%, 62.5% and 18.8% for the normothermic group (p = n.s) (Table 3).
No significant differences concerning apoptosis (caspase-3) were found either.

The analysis of the results of the cell cycle markers (p53, p27 and p21) showed that there
was a significant reduction in the expression ofW the three markers after IP chemotherapy
in the 32 patients (p = 0.021, p = 0.000 and p = 0.000, respectively) (Figure 2), but when
both groups were compared, this reduction was not statistically significant. Something
similar occurred with cell proliferation markers (ki67 and PCNA). After comparing pre- and
post-IP-chemo samples globally, the differences were statistically significant (p = 0.012 and
p = 0.000), but not when pre- and post-chemo samples from both groups were compared
(Table 3). No statistically significant differences were observed between the two groups for
the cell cycle and proliferation markers.
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Table 3. Anatomopathological results.

H N H + N
p

(n = 16) (n = 16) (n = 32)

Pathological response

0.842
GR1 (minimal changes) 2 (12.5%) 3 (18.8%)
GR3 (microscopic foci) 10 (62.5%) 10 (62.5%)
GR5 (no residual tumor) 4 (25%) 3 (18.8%)

p53
∆Pre-Post H + N 0.021
∆Pre-Post H vs. Pre-Post N 21.56 ± 39.99 11.75 ± 37.89 16.66 ± 38.64 0.482

p27
∆Pre-Post H + N 0
∆Pre-Post H vs. Pre-Post N 59.38 ± 38.55 44.38 ± 29.15 51.88 ± 34.47 0.224

p21
∆Pre-Post H + N 0
∆Pre-Post H vs. Pre-Post N 36.25 ± 38.28 23.31 ± 34.02 29.78 ± 6.22 0.32

Ki67
∆Pre-Post H + N 0.012
∆Pre-Post H vs. Pre-Post N 11.19 ± 24.32 8.88 ± 18.68 10.03 ± 21.36 0.765

PCNA
∆Pre-Post H + N 0
∆Pre-Post H vs. Pre-Post N 47.38 ± 44.18 23.25 ± 37.49 35.31 ± 42.13 0.106

Caspasa-3
∆Pre-Post H + N 0.188
∆Pre-Post H vs. Pre-Post N 23.44 ± 49.35 −2.81 ± 32.96 10.31 ± 43.38 0.089

H: hyperthermia, N: normothermia.
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Figure 2. Immunohistochemical nuclear expression of cell cycle regulatory proteins in one H-group
patient. In the analysis of the expression of the cell cycle regulatory proteins (p53, p21 and p27) in this
patient, it is observed that in the pre-chemo samples the positive nuclear labeling (brown staining)
is much more abundant than in the samples post-chemo; that is, there is a significant reduction in
its expression after chemotherapy. (A): p53 pre-chemo, (B): p53 post-chemo, (C): p27 pre-chemo,
(D): p27 post-chemo, (E): p21 pre-chemo, (F): p21 post-chemo.

21



J. Clin. Med. 2022, 11, 5785

14. Discussion

The present study has not shown statistically significant differences in regression grade,
pharmacokinetic or molecular markers when the PTX was administered intraperitoneally
in normothermia vs. hypethermia conditions. However, our study found that PTX is an
excellent drug to be used intraperitoneally independent of hyperthermia conditions.

Numerous worldwide medical centers have incorporated CRS with peritonectomy
procedures associated to HIPEC to treat peritoneal carcinomatosis, making this tech-
nique controversial when the carcinomatosis originates from the colon [45,46]; however,
nowadays such treatment is the standard care in pseudomyxoma peritonei [47,48] and
mesothelioma [49]. Although the standard treatment of ovarian carcinomatosis is not
CRS-HIPEC [1,2], evidence of its use is growing after recent publications of RCTs [50–53]
and meta-analyses [54,55].

Spiliotis et al. [50] reported an improvement in survival in the treatment of recur-
rent EOC with CRS-HIPEC vs. CRS alone, where the mean overall survival (OS) was
26.7 vs. 13.4 months respectively. However, this study has limitations considering the ran-
domization process and the definition of the end points, which affect the interpretation of
the results [56]. Moreover, others [57,58] have raised the concern that the statistical analysis
performed in the study was not clearly described and inappropriately applied and their
recalculation of statistics demonstrated no statistically significant differences between the
two groups.

For primary EOC, better disease-free survival (DFS) rates and OS were observed in
patients treated with neoadjuvant chemotherapy (NAC) followed by interval CRS-HIPEC,
compared to those treated with NAC followed by interval CRS alone [51–53].

The first meta-analysis [54] of CRS-HIPEC in EOC concludes that this combination
improves OS rates for both primary and recurrent EOC vs. isolated CRS. However, this
meta-analysis did not provide the exact pooled hazard ratios associated with HIPEC in the
clinical setting. A later meta-analysis [55] concluded, for primary EOC, that CRS-HIPEC
improved both DFS and OS (in patients with a residual tumor ≤ 1 cm, while not visible
tumors improved DFS but not OS). In case of recurrent EOC, CRS-HIPEC improved OS but
not DFS (in patients with residual tumor ≤ 1 cm or not visible tumor improved DFS, while
in patients with residual tumor ≤ 1 cm only improved OS).

Our group has carried out the CRS-HIPEC with PTX in the treatment of ovarian
carcinomatosis since 1997 [59]. However, in the beginning, it was not always possible
to use the perfusion machine that allowed reaching hyperthermia, and IP chemotherapy
was administered in normothermia conditions observing how these patients reached
similar conditions of survival. This behavior, added to the contradictory results obtained
concerning the interaction of heat with taxanes [35], led us to decide to perform the
present study.

The analysis of the results showed two homogeneous groups according to pre- and
peri-operatives variables, except BMI, which was significantly higher in the N-group. How-
ever, this difference did not affect either group’s ability to achieve optimal cytoreduction,
which is consistent with the literature as well [60]. The morbidity and mortality outcomes
of CRS-HIPEC were similar to the literature [61,62], with the total significant morbidity of
25% in the H-group and 12.5% in the N-group. Although twice as much, no significant
differences were found between the two groups. Major morbidity related to intraperitoneal
PTX, such as hematological and renal toxicity, ranged from 10.5% to 84.2% and 0% to 7%,
respectively [6,63,64]. For HIPEC PTX administration, the major hematological toxicity
is reported from 0% to 13% [22,65] and renal toxicity above 11,6% [66]. In our study, we
observed significant hematological complications in 12.5% of the H-group and 6.3% of the
N-group and major renal toxicity in 12.5% of the H-group and 25% of the N-group, which
were not statistically different.

In our study, the maximal tissue concentrations were average, 84.54 and 178.01 times
longer than the maximal plasma concentration (H and N-group, respectively). This fact
supports the idea that PTX could be suitable for IP administration, according to previous
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reports of intraperitoneal use of PTX [22,67]. Although PTX concentration in the N-group
was almost twice that of H-group, this fact might be related to the contradictory results
of the effect of hyperthermia on the pharmacokinetics of taxanes [36], and no significant
differences were observed in both groups.

To assess the effect of IP administration of PTX on the pathological response (reduction
in tumor cellularity) we used the grouped Miller and Payne system, widely studied in the
effect of neoadjuvant on locally advanced breast cancer [68] but not used previously in the
treatment of ovarian cancer with HIPEC. Although we did not find significant differences
in our study in the two groups, it was observed that IP chemotherapy produced a marked
reduction of tumor cellularity in 87.5% of the H-group and 81.3% of the N-group.

Proliferation and cell cycle control are central processes in the biology of cancer [69],
and our study showed for the first time the effect of HIPEC on these biomarkers. As p53
mutation seems to be related to the development of chemoresistance and recurrence [70,71],
the relevance of the expression p21 and p27 as prognostic survival factors in EOC are
inconsistent [72–75]. Our findings showed a reduction in the expression of the three mark-
ers after IP chemotherapy in both groups, but no statistically significant differences were
found among them. That shows the possible influence of IP chemotherapy in the molecular
field of EOC. More studies are needed to assess these findings. In an experimental setting,
the hyperthermia with IP PTX used in mice with EOC enhanced the antitumor effects
through immune-mediated cancer stem cell targeting [76]. In an experimental study from
De Bree et al. [77], the absence of thermal enhancement (the normothermic), as our study
showed, may be as effective as hyperthermic intraoperative intraperitoneal chemotherapy
with taxanes. Potential oncological and treatment-related adverse effects of concurrent
hyperthermia, such as thermal injury to organs and other tissues [78], immunosuppres-
sive effects [79] and the enhanced systemic release of heat-shock proteins [80–82], could
be avoided.

The main limitation of this study is the small sample size, even though our hospital
is a reference for the treatment of ovarian carcinomatosis in our country, so it will be
necessary to conduct additional studies with a larger sample size to validate the impact of
the temperature in IP administration of PTX on pharmacokinetics, pathological response
and cell cycle markers. Nevertheless, to our knowledge, this is the first study in ovarian
carcinomatosis where IP chemotherapy is compared with taxanes in hyperthermia vs.
normothermia conditions.

In conclusion, in this clinical trial, PTX has proven to have adequate pharmacokinetics
to treat ovarian carcinomatosis, reaching optimal concentrations in tissue and minimal in
serum and plasma, as well as a reduction in cell cycle and proliferation markers globally
when administered in the peritoneal cavity during CRS. Nevertheless, no significant differ-
ences in pharmacokinetics and cytotoxicity could be demonstrated between normothermic
and hyperthermic intraoperative intraperitoneal chemotherapy in patients with primary or
recurrent ovarian cancer.
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Abstract: Introduction: Hyperthermic IntraPEritoneal Chemotherapy (HIPEC) has evolved as a
treatment for peritoneal carcinomatosis in various tumors after a careful and complete cytoreductive
surgery, and it demonstrated much better and longer survival than more traditional therapeutic
schemas. Our objective has been to examine the safety, efficacy and survival achieved with closed tech-
nique with CO2-agitation system Combat PRS® (Peritoneal Recirculation System: PRS). To achieve
this, we compared the appearance of adverse events, mortality and survival with the described
using classic techniques (open, closed without CO2-agitation) for the treatment of selected patients
with peritoneal carcinomatosis; Materials and methods: We studied overall survival, disease-free
survival and safety (morbidity and mortality) of the administration of HIPEC through a closed
method technique with CO2 recirculation (Combat PRS®) in 482 patients from 11 Spanish hospitals;
Results: The mortality of our technique (1.66%) was similar to other published techniques (open,
closed). Morbidity exhibited a 9.96% rate of Clavien-Dindo (CD) III/IV complications in 482 patients,
which was lower than in other series. Survival (overall survival (OS) and disease-free survival (DFS))
was similar to previously published results: 86% 1y-OS, 54% 3y-OS, 77% 1y-DFS and 31% 3y-DFS;
Conclusion: The procedure with closed PRS with CO2 agitation is as safe as standard open and closed
procedures for the administration of HIPEC after complete cytoreductive surgery, with similar and
very low mortality (1.66%) and lower morbidity (9.96% CD III and IV in our series vs range of 20–40%
in the majority of different series); only Kusamura had similar results, with 12% in 205 patients, using
the closed technique without CO2 agitation).

Keywords: peritoneal carcinomatosis; intraperitoneal chemotherapy; cytoreductive surgery; intraop-
erative intraperitoneal chemotherapy; Spanish PRS Group

1. Introduction

The combination of cytoreductive surgery and perioperative chemotherapy [1–7] is
the treatment of choice for select patients with peritoneal carcinomatosis of many tumors
(e.g., peritoneal pseudomyxoma, mesothelioma or colon tumors [8–10]), and it has great
promise in other tumor types [11] (e.g., gastric [12–15] or ovarian origin [1,2,16]).
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Cytoreductive surgery (CRS) aims to completely remove all macroscopically visible
tumors, and perioperative chemotherapy (CT) acts in a complementarily way to eradicate
microscopic residual implants [4–6]. Although cytoreductive surgery procedures have be-
come quite standardized since the publication of peritonectomy techniques by Sugarbaker,
this standardization has not occurred with intraperitoneal chemotherapy, which has many
existing protocols involving different chemotherapeutic drugs, durations, temperatures
and application methods. [17].

CRS with intraoperative chemotherapy are usually long and complex procedures,
usually involving multivisceral and peritoneal resections, with great systemic surgical
repercussion and the added toxicity of concomitant, intraoperative and chemotherapy, but
the long-term results are encouraging [4,18,19].

The HIPEC rationale is deliver a higher dosage of chemotherapy on the locoregional
extension of the tumor (the peritoneal surface) with lower systemic toxicity. The direct
introduction of chemotherapy in the peritoneal cavity achieves this objective, but this is
further improved by hyperthermia, which enhances the penetration depth of cytotoxic
drugs. This depth is limited and, therefore, can be only effective in patients with minimal
residual disease after complete CRS [20].

The drugs, methods of application and timing of chemotherapy, however differ be-
tween work groups, and new techniques and methods have evolved to optimize the
application of chemotherapeutic agents. Although HIPEC is the most widely used proce-
dure in leading oncological centers, it lacks uniformity [2,6,21], with extensive variability
in chemotherapeutic drugs, chemotherapeutic contact durations and methods of adminis-
tration. Open, closed, half-open techniques or treatment with peritoneal cavity expansion
coexist with the most recent contributions of a laparoscopic method (PIPAC) and closed tech-
nique with CO2 agitation (Combat PRS®). The best technique remains controversial [22].

Theoretical advantages of a closed system with CO2 agitation (Combat PRS®) are to
maintain a more constant temperature within the peritoneal cavity, to achieve a homo-
geneous distribution of the chemotherapy selected and diminish the risk for operating
system, as its assembly is easy and staff have minimal contact with chemotherapy (only
during final aspiration of the abdominal cavity); this has been tested in pigs [23]).

Our objective is to examine whether the closed technique with the CO2-agitation
system (Combat PRS®) was a safe and effective treatment of select patients with peritoneal
carcinomatosis in real world practice, in 11 hospitals in Spain.

2. Materials and Methods

This study was a multi-center, retrospective study of 11 Spanish hospitals (Table 1, Figure 1a–d)
that used the closed technique with CO2 agitation (Combat PRS®, Madrid, Spain) in the
context of the multidisciplinary treatment of peritoneal carcinomatosis.

Table 1. Participating hospitals, patients provided (yearly tumoral histology) and evolution over time
of the number of procedures. (Pseud: pseudomyxoma. Perit: primary peritoneal. Mesot: peritoneal
mesothelioma. Sarco: peritoneal sarcoma. Append: appendix. Panc: pancreas).

Series Colon Ovarian Gastric Pseud. Perit. Mesot. Sarco. Append. Panc. Other Total

2011 3 3
2012 10 10
2013 5 14 1 20
2014 15 8 9 2 1 35
2015 28 14 10 2 1 1 4 60
2016 28 25 9 4 1 3 1 71
2017 55 20 8 11 1 2 5 1 1 104
2018 70 46 11 14 1 2 1 6 2 153
2019 9 9 1 1 2 1 2 1 26
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Table 1. Cont.

Series Colon Ovarian Gastric Pseud. Perit. Mesot. Sarco. Append. Panc. Other Total

Total 210 149 49 32 2 10 2 14 9 5 482
Cumulative Series 2019

Fuenlabrada University Hospital 101
Cuidad Real University Hospital 79
Principe de Asturias University Hospital 85
Gran Canaria Insular Hospital 71
Madrid Sanchinarro University Hospital 47
University of Malaga Regional University Hospital 45
Fundación Alcorcon University Hospital 18
Elche General University Hospital 14
Reina Sofia University Hospital 14
FJD University Hospital 2
Virgen de Arraixaca University Hospital 6
TOTAL 482
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Figure 1. (a) Eleven participating hospitals. (b) Yearly increase of total HIPEC procedures. (c) Yearly
increase of HIPEC procedures, with area proportional to histology, showing than the two main
histologies are colon and ovarian origin. (d) Yearly evolution of HIPEC procedures with disaggregated
yearly histology.

The study period was from 2011 to February 2019, with a gradual and strong increase in
the number of patients treated using this technique during this period (Table 2, Figure 2a,b).

Table 2. Types of tumours.

Tumour Total % Clinical PCI Surgery PCI

Colon 210 43.6 4.6 (3.89–5.31) 6.37 (5.44–7.30)
Ovarian 149 30.9 8.58 (7.47–9.70) 9.68 (8.49–10.88)
Gastric 49 10.2 4.04 (2.12–5.96) 4.89 (2.81–6.98)

Appendix 14 2.9 8.64 (7.54–9.30) 10.33 (9.25–11.10)
Pseudomixoma 32 6.6 8.59 (7.20–9.70) 11.78 (10.50–12.36)
Mesothelioma 10 2.1 19.63 (17.25–20.50) 21.78 (18.30–22.45)

Pancreas 9 1.9
Other 4 0.8

Primary peritoneal 2 0.4
Endometrium 1 0.2

Sarcoma 2 0.4

Total 482 100%
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(Combat PRS®). The surgical approach in every case was the one described by Sugarbaker 
[17]. The chemotherapeutics used and the treatment time varied according to the pre-
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Figure 2. (a) Histology: yearly evolution of HIPEC procedures. (b) Total HIPEC procedures by histology.

The study included 482 patients who met the specific inclusion criteria (Table 3). All
patients received HIPEC with a CO2-agitation system and the same perfusion machine
(Combat PRS®). The surgical approach in every case was the one described by Sugar-
baker [17]. The chemotherapeutics used and the treatment time varied according to the
preferred protocol of each participating center.

Table 3. Inclusion criteria [24].

- Complete Cytoreduction (R0 resective surgery)
- Age < 75 years
- Functional Status According to WHO (ECOG) ≤ 2
- Presence of Peritoneal Carcinomatosis
- Absence of Extra-Abdominal Metastasis
- Absence of Hepatic Metastasis requiring a major or nonresectable hepatectomy
- Liver, Kidney and Bone Marrow function within these parameters:

• Total Bilirubin ≤ 1.5 times the upper limit of normal (ULN)
• GOT/GPT ≤ 2.5 times ULN
• AP ≤ 3 times ULN
• Serum Creatinine ≤ 1.5 times NFS
• Neutrophils > 1.5 × 103
• Hb > 10 g/dL
• Platelets > 100,000
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Twenty-four variables were collected in a prospective database created for this purpose.
The carcinomatosis index was quantified according to the peritoneal cancer index (PCI)
described by Sugarbaker [25–27]. Data were collected on intraoperative complications
related to the surgery, and data linked to HIPEC were collected separately. Complications
detected in the postoperative period were recorded and codified according to the 2004
version of the Clavien-Dindo (CD) scale [28]. (Clavien-Dindo I and II are deviations from
normal postoperative course solved pharmacologically; CD III are complications which
require surgical/endoscopic or radiologic intervention without (IIIa) or with (IIIb) general
anesthesia, and CD IV are life-threatening complications that require admission to Intensive
Care Unit (ICU), with single organ (IVa) or multiorgan (IVb) disfunction. CD V is death:
“mortality”). For the analysis of morbidity, CD III and IV have been taken into account (as
reported in the main articles of Table 4).

Table 4. Comparison of morbidity/mortality and survival among various series related to the HIPEC
technique used.

Authors Technique No. Year Tumour Mortality (%) Morbidity (%) OS DFS Classification

Sugarbaker
et al. [29] Open 356 2006 AP 2 19 - -

IV
(proprietary

base)

Elias et al. [30] Open
Closed 523 2010 CRC 3.3 31

1 y: 81%
3 y: 41%
5 y: 27%

1 y: 47%
3 y: 15%
5 y: 10%

CD: III/IV
CTCAE

Goére [11]
(PSOGI)

Open
Closed 781 2017

Rare OC,
Sarcomas,

NT
2.9 41

1 y: 78%
3 y: 52%
5 y: 39%

1 y: 61%
3 y: 33%
5 y: 28%

CTCAE 4

Glehen et al. [31] Closed 207 2003
OC, CRC,
GC, PMP,

PM, others
3.2 24.5 - - CD: III/IV

Kusamura
et al. [32] Closed 205 2006

OC, CRC,
GC, PMP,

PM, others
0.9 12 - - Bozzetti: 3–4

Levine et al. [33] Closed 460 2007

OC, CRC,
GC, PMP,
PM, PS,
others

4.8 43 3 y: 60% - Not
described

Manzanedo et al.
[15] (GECOP)

Open
Closed PRS 88 2019 GC 3.4 31 1 y: 80%

3 y: 31%
1 y: 46%
3 y: 22%

CD (v2004):
III/IV

Sanchez-Garcia
et al. [34] Closed PRS 21 2016 OC 4.76 38.1 - - CD: III/IV

CTCAE 4

Cianci [35] Closed PRS 17 2018 CRC, OC,
AP, GC 0 38.1 - - CD: III/IV

Our group
(Spain) Closed PRS 482 2019

CRC, AP,
GC, PMP,

OC, others
1.66 9.96 1 y: 86%

3 y: 54%
1 y: 77%
3 y: 31%

CD (v2004):
III/IV

GC: gastric cancer. CRC: colorectal cancer. AP: appendiceal cancer. OC: ovarian cancer. PMP: pseudomyxoma.
PM: peritoneal mesothelioma. NT: neuroendocrine tumor. CTCAE: Common Terminology Criteria for Adverse
Events. CD: Clavien-Dindo. GECOP: Spanish group of peritoneal oncologic surgery. Note: “Mortality” equals
Clavien-Dindo V. 1 y: 1 year. 3 y: 3 year. 5 y: 5 year.

IBM-SPSS, version 22 (IBM, Armonk, NY, USA), was used for statistical analyses.
Actual survival was calculated using Kaplan–Meier curves.

Description of HIPEC Administration Technique

The closed technique with CO2 agitation is based on the existence of two closed
circuits. One circuit is filled with chemotherapy agents, and the other circuit is filled with
gas bubbles (CO2).

After complete cytoreduction and exposure of all appropriate abdominal cavities, the
base of the control device was passed through a small orifice (2 cm) in the abdominal wall
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to connect the cavity to a transparent extracorporeal cylinder (Figure 3a,b) that allowed
us to monitor the proper level of filling and the intraabdominal pressure (which was
approximately equal to the height of the water column over the skin level within this
control device). This device was held in a vertical and stable position by an external arm
tightly attached to the operating table. The three thinner multiperforated tubes for gas
intake (Figure 3a (light green)) were positioned under the intestinal package and extended
like a trident at the root of the mesentery. All tubes converged into a single tube, which
exited the cavity through another small (1 cm) skin orifice over the left iliac fossa. This tube
may be used to place a drain at the end of the procedure. A recirculation circuit of CO2
was established between these tubes (gas inlet) and the upper part of the control device
(gas outlet (Figure 3a (black dot)).

Chemotherapeutic drugs in a liquid carrier solution were administered (inflow) via
specially designed, multiperforated Y-shaped tubes with blunt ends (Figure 3a (white)),
which were exteriorized through the lower part of the laparotomy and placed superficially
over the visceral package. After entering the abdominal cavity, the solution was recovered
(outflow) and recirculated through similar tubes with a larger diameter than the gas tubes
(Figure 3a (blue)), which were exteriorized through the upper end of the laparotomy and
positioned deeply in both parietocolic gutters. Once the tubes were placed, the laparotomy
was closed as tightly as possible using continuous blocking stitches in the skin to allow
impregnation of the abdominal wall with the chemotherapeutic agents during recirculation.
After skin closure, recirculation of the solvent/carrier solution (transport liquid without
chemotherapy) was started to test patency without external contamination risk. The
solvent was generally the same liquid used for peritoneal dialysis (Physioneal 35, with
1.36% glucose) and preheated to 42 ◦C. After verification of correct recirculation, the gas was
introduced to test the gas circuit. Once the desired amount of CO2 had been introduced,
it only recirculated within its own circuit. Chemotherapeutic agents were added after
confirmation that both circuits were functioning properly. Recirculation of CO2 aims to
cause a turbulent flow that ensures a homogenous mixture of the chemotherapeutic agent
solution and heat throughout the entire abdominal cavity.
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Figure 3. HIPEC and HITAC schematic view. Part (a) schematic view of the HIPEC system (white IN-
blue OUT for chemotherapy, light green IN-dark green OUT for CO2; in pink, the HITAC modification,
allowing chemotherapy recover from pleural cavities. Part (b) real intraoperative setting of HIPEC
with Combat PRS®(Author: E. Ovejero-Merino).
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The dose of chemotherapy was calculated according to the surface area of the pa-
tient’s body, and the amount of transport fluid depended on the capacity of each patient’s
abdominal cavity, tissue compliance and degree of anaesthetic relaxation.

After completion of the recirculation time, the cavity was drained via the outlet tubes.
Two full 5-min washes were performed with a clean, gas-free recirculation liquid to remove
any remnant chemotherapeutic agents. After the last wash, the abdominal cavity was
reopened, and any remaining liquid was manually suctioned. All disposable material was
removed from the patient and directly placed into biological waste buckets to minimize the
risk of contamination of operating room staff.

The diagram presents the variation used when it was necessary to open or resect any
part of the diaphragm, which allowed cells to potentially reach the pleural cavity. This
variation allowed perfusion and recovery of the recirculation fluid from the pleural cavity
during the perfusion by connecting chest tubes to the outlet tubes. This variation was
named HIperthermic ThoracoAbdominal Chemotherapy (HITAC).

3. Results
3.1. Description of the Series

Of the 482 patients, 66.4% were women and 33.6% were men. The average age at the
time of the surgery was 59 years (CI ± 11.39).

In total, 210 cases were colon tumors, 149 cases were ovarian tumors, 49 cases were
gastric tumors, 32 cases were pseudomyxoma, 14 cases were appendiceal tumors, 10 cases
were mesothelioma, 2 cases were primary peritoneal tumors and 16 cases were other tumors
(i.e., 9 pancreas, 1 endometrial, 2 sarcomas, 1 neuroendocrine and 3 GIST) (Table 2).

The global mean hospital stay was 13.4 days with 3.2 days in the ICU. There were no
significant differences related to the type of tumor.

For the procedures performed in the cytoreduction, more than four procedures were
performed in 215 patients (44.6%).

3.2. Peritoneal Carcinomatosis Index (PCI)

The clinical PCI was lower than the PCI during surgery in all the included tumors (Table 2).

3.3. Chemotherapeutic Drugs

For colon tumors, the most commonly used agents were mitomycin C for 60 to 90 min
(46.2%) and oxaliplatin for 30 min (45.7%).

The preferred drugs for ovarian tumors were paclitaxel (61.7%) and the combination
cisplatin/doxorubicin (16.1%) for 60 min.

For gastric carcinomatosis, the most frequent combination (42.9%) was cisplatin and
mitomycin C for 60 min.

For pseudomyxoma tumors, mitomycin C for 60 min was used in 78.1% of the cases.
For mesothelioma tumors, most cases (66.6%) received the combination cisplatin and

doxorubicin for 90 min.

3.4. Morbidity/Mortality

A total of 170 patients (35.27%) exhibited complications during their hospital stay, and
we classified the adverse events using the Clavien-Dindo scale. Only 48 of these adverse
events (9.96%) were serious (CD III/IV) (Table 5).
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Table 5. Part (a) Relation between variables and increased morbidity; Part (b) Postoperative deaths
(Clavien-Dindo V) (Decade 1 = 0–9 years; decade 2 = 10–19 years, and so on); Part (c) HIPEC
specifically-related complications (CD II).

(a)

Complications CD III/IV Statistic p Value Risk CI

>4 procedures Chi squared 0.035 1.928 (1.16–3.20)

Surgical PCI Mann–Whitney U 0.154
Age Mann–Whitney U 0.888

Type of primary tumour Chi squared 0.387
Medicine Chi squared 0.103

Sex Chi squared 0.088
HIPEC time Mann–Whitney U 0.793

(b)

Case ID Age
(Decade) Histology Postop

Day HIPEC Drugs HIPEC Time ICU Days Cause of Death

HUCR11 7 th Ovarian 8 Paclitaxel 60 7 Probable PE, CRA

HUCR35 8 th Ovarian 12 Paclitaxel 60 8
Intestinal perforation

Peritonitis
Multi-organ failure

HUCR36 7 th Ovarian 3 Paclitaxel 60 17
Intestinal perforation

Intestinal ischemia
Multi-organ failure

HMS12 5 th Colon 17 Oxaliplatin 60 79 Sepsis
HMS34 8 th Colon 20 Oxaliplatin 45 18 MI

HUPA70 6 th Pseudomyxoma 35 Mitomycin C +
5FU + Folinic 90 3 PE

HRUM18 8 th Colon 3 Oxaliplatin 30 8 Post-operative LGIB

HUFLB 10 th Colon Oxaliplatin 30 8 Fatal and unexpected liver
failure

(c)

Code Age
(Decade) T. 1º >4 Proc PCI

PRE-SURGICAL
PCI IN SURGERY HIPEC Drugs Time Complication Days in

ICU

HUPA34 8 th Colon Yes 7 6
Oxaliplatin

+ Leucovorin
+ 5FU

10 Anaphylactic
shock 7

HRUM12 4 th Colon Yes 30 30 Oxaliplatin 30 Hyperglycaemia 2

HRUM15 7 th Colon No 4 4 Oxaliplatin 30 Metabolic
acidosis 2

HRUM18 7 th Colon No 3 3 Oxaliplatin 30 Hyperglycaemia 8

HRUM21 5 th Ovary No 2 3 Cisplatin
+ Doxorrubicin 90 Hyperglycaemia 2

HRUM22 7 th Colon No 6 23 Oxaliplatin 30 Hyperglycaemia 2
HRUM30 6 th Colon Yes 4 7 Mitomycin 60 Hyperglycaemia 2
HRUM40 6 th Colon No 2 3 Oxaliplatin 30 Hyperglycaemia 3

HGUE 5 th Ovary Yes 13 13 Paclitaxel 45 Hypercarbia 3

PE: pulmonary embolism. CRA: cardiorespiratory arrest. MI: acute myocardial infarction. LGIB: lower gastroin-
testinal bleeding.

Variables, such as age, drug used, PCI, type of primary tumor or HIPEC time, were not
associated with increased morbidity. Only the number of procedures > 4 was significantly
linked to an increase in morbidity.

Eight patients died in the postoperative period (1.66%). Four deaths were due to
medical causes (PE, MI and liver failure), and the other deaths were due to causes directly
related to the surgery (intestinal perforation, sepsis and lower GI bleeding). None of these
deaths were directly related to the administration of HIPEC.

We found nine cases with complications that were linked exclusively to HIPEC (de-
tected during the procedure) (1.9% of the total): six hyperglycaemia cases over 400 mg/dL,
one allergy to oxaliplatin (anaphylactic shock), one significant metabolic acidosis and one
case of hypercarbia (the only directly relatable with CO2 agitation). Seven cases were colon
carcinomatosis (two appendiceal), and two cases were ovarian. The HIPEC duration was
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30 min in 5 of the nine cases. The complications linked to HIPEC did not significantly
increase the stay in the ICU.

Hyperglycaemia >400 mg/dL was related to carrier solution (5% dextrose) and was
avoided, and in further procedures, carrier solution was switched to peritoneal dialysis
fluid (Physioneal 35, with 1.36% glucose). With no known clinical significance of the
difference, 5% dextrose maintains a concentration of oxaliplatin at levels that reach 101.2%
at 60′ and 105.1% at 120′ of HIPEC, while peritoneal dialysis fluid levels slowly decrease to
91.7% at 60′ and 85.3% at 120′ of the original dosage, but avoids the serious hyperglycaemia
and electrolyte disturbances caused by the former (5% dextrose). [36].

3.5. Survival Curves

The OS of the series with a mean follow-up of 17.8 months was 86.1% and 54.1%
after the first and third years, with DFS rates of 77.2% and 31.4%, respectively; a direct
comparison with the main series can be seen in Tables 4 and 6 and Figure 4. The data by
tumoral histology are detailed in Figure 2.
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Figure 4. Survival curves by histology. (a) DFS: disease-free survival; ovarian (pink), global group
(red), pseudomyxoma (orange) appendix (blue), colon (brown), gastric (green). (b) GS: global
survival); ovarian (pink), pseudomyxoma (yellow), global group (red), colon (brown), gastric (green).
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Table 6. OS and DFS, by tumour histology, 1 and 3 years after HIPEC procedure.

Tumour Origin
Mean

Follow-Up
(Months)

OS 1 Year OS 3 Years DFS 1 Year DFS 3 Years

Colon carcinomatosis 17.7 90.7% 48.7% 80.1% 23.4%
Appendiceal carcinomatosis 17.5 92.3% 64.6% 75.2% 51.6%

Ovarian carcinomatosis 18.8 89.1% 68.9% 80.8% 45.2%
Gastric carcinomatosis 17.3 65.8% 30.6% 63.5% 19.8%

Pseudomyxoma 14 84.2% 52.6% 76.3% 33.9%
Mesothelioma 16.2 50% 50% 50% 30%

4. Discussion

Cytoreductive surgery in the treatment of peritoneal carcinomatosis is a useful tool
in centers with experience and appropriate patient selection [37] to increase overall and
disease-free survival [38,39]. The rate of complications in these procedures, which some-
times require excision of the peritoneum and the resection of affected organs for the macro-
scopic elimination of the tumor, is very similar to other highly complex surgeries [38].

The role of intraperitoneal chemotherapy as a theoretical complementary treatment
to surgery for the eradication of the residual microscopic tumor has not been completely
demonstrated in prospective trials [40,41], which may be because it has a much less stan-
dardized protocol than surgery [42]. Therefore, each group uses different treatment proto-
cols with different chemotherapeutic agents, times, temperatures and methods of appli-
cation without any evidence of which protocol produces better results [39,43]. Therefore,
it is difficult to obtain global and valid conclusions. Intraperitoneal chemotherapy is also
used in other scenarios, such as the prophylaxis treatment of peritoneal carcinomatosis in
high-risk tumors [44] or the treatment of malignant ascites [45].

Intraperitoneal chemotherapy acts directly on local tumor cells via various mecha-
nisms. The chemotherapeutic drugs selected are generally hydrophiles, with high molecular-
weight molecules to prevent the drugs from passing through the peritoneal barrier. This
characteristic minimizes their passage into the bloodstream, decreases their systemic tox-
icity and achieves much higher intraperitoneal concentrations than would be possible
or safe with systemic chemotherapy [46]. The selected agents must have a fast, direct
cytotoxic effect on the residual tumor, which must not be larger than 2.5 mm because the
chemotherapeutic agents will not completely permeate the full thickness of larger tumors
during the recirculation time.

Hyperthermia theoretically acts in three ways [47–51]: the first mechanism produces
a direct thermal cytotoxic effect on the tumor cell; the second mechanism increases the
cytotoxicity of the chemotherapeutic agents; and the third mechanism increases the ability
of the chemotherapeutic agent to penetrate inside tumoral implants. Hyperthermia itself
seems to play a significant role in the efficacy of intraperitoneal chemotherapy, as Yonemura
et al. founded: “HIPEC at 42–43 ◦C had better results than lower temperatures or no HIPEC
(only CRS)” [52], but the ideal temperature in a varied range of chemotherapeutic agents
still remains controversial, because not all chemotherapeutic drugs reach their maximum
efficacy or stability at the same temperature [49]. Some recent publications related high
temperatures (>41.4 ◦C) to lower survival rates [14], and other studies related these find-
ings to the synthesis of heat shock proteins (HSP) inside tumor cells, which ultimately
protected the tumor cells (“thermotolerance”) by reducing the apoptosis generated by the
chemotherapeutic drugs or selecting the subpopulations of tumor cells that were most
resistant to the administered chemotherapy [50]. HSP therapies are being investigated to
prevent their protective actions and as a marker for cytotoxic drugs [47].

Therefore, the ideal temperature is not well defined and will likely vary depending
on the drugs used when we have more knowledge of their behavior at high temperatures.
However, we must be able to monitor the temperature of the chemotherapy very well,
modify it and keep it constant and homogeneous within the cavity for maximum efficacy
in all areas and to avoid heat damage in areas of possible accumulation.
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Another significant influence on the efficacy of intraperitoneal chemotherapy is the
intraabdominal pressure of the fluid. Increasing the intraabdominal pressure increases
the penetration of the medicine into the cell layers of the tumor implant by collapsing the
capillaries that wash the chemotherapeutic agents in the peritoneum and increases the
concentration and permanence of the agent in contact with the tumoral cells [45,53].

The most widely used method for the administration of perioperative chemotherapy
is Hyperthermic IntraPEritoneal Chemotherapy (HIPEC) [22,54] because it unites the
cytotoxic effect of chemotherapeutic agents with the effect of thermal shock on tumor cells.
The classic method described by P. Sugarbaker is the open or “Coliseum” method, in which
the chemotherapeutic agents are dissolved in a carrier solution, enter the abdominal cavity
and are manually moved continuously to reach all areas of the peritoneum. However, the
great difficulty of this method is maintaining a constant temperature throughout the entire
abdomen. There are also safety concerns because of the direct and long-term contact of the
surgeons with the chemotherapeutic drugs. A closed method was subsequently described
to avoid possible exposure of the staff to the chemotherapeutic agents and maintain a more
homogeneous temperature within the cavity and a higher intraabdominal pressure to help
the penetration of chemotherapeutic agents into the tumor cells. The problem with this
technique is the early formation of adhesions that hinder the ability to reach all areas of the
peritoneum and the potential accumulation of heat or chemotherapeutic agents in some
areas, which could lead to lesions or increased toxicity [22].

After several experimental trials in pigs [23] verified the safety of the technique, we
started to use a new method for the administration of HIPEC in 2012, which was the closed
technique with CO2 recirculation (Combat PRS®, Madrid, Spain).

Regarding efficacy, our results are very promising, with a mean overall survival
near 50% at 3 years in a pathology where the published survival without treatment is 6
months (49% in colon cancer, almost 70% in ovarian cancer and 30% for tumors when
carcinomatosis appears as gastric cancer).

The grade III/IV morbidity of our series was 9.96%, which is within the expected
range for a surgery of this complexity and consistent with other groups. The mortality was
also within acceptable margins and was 1.66% in our series [40].

Various studies compared the classic open and closed methods, but no groups demon-
strated that one procedure was better than the other. Therefore, the best application method
of HIPEC remains controversial [1,2].

In our experience, morbidity was lower by using the closed technique with CO2
in comparison with previous literature [1–9]; thus, it seems to be a safe option. As the
different studies used different systems to classify adverse events, a direct comparison
using a metanalysis review is unfortunately not possible [28].

Based on the morbidity/mortality data of the entire process and the analysis of
the complications directly related to HIPEC, we found that the severe adverse events
were related either to the chemotherapeutic drug itself (anaphylactic shock) or the carrier
medium (hyperglycemia). Only one case presented a plausibly related complication with
CO2 agitaton, hypercarbia, and survived.

During the procedures, no accidents were documented for spillage or contamination of
the operating room staff with the chemotherapeutic agents. One advantage for the Combat
PRS® system is it is easy to mount and the cavity is closed and the gas is recirculated through
the device, and thus the risk of inhaling any vapor created when heating the medicine is
reduced to a minimum. Therefore, the procedure is also safe for health care staff when it is
performed in compliance with the established protocol and security measures.

A main limitation of the study is the variability between centers because each center
used a different treatment regimen with different chemotherapeutic drugs and times. These
differences make it difficult for a comparison of concrete chemotherapy added or time of
the technique. The variability in protocol as well as different length of follow-up in the
included patients will require additional studies.
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5. Conclusions

According to the experience of our multi-center group, the closed system with CO2
agitation seems to be a safe procedure for the application of HIPEC for the patient and
health care staff. Only one patient suffered hypercarbia, which could be related directly
to the CO2 agitation use. This new protocol showed similar survival as the previously
published series. The application of HIPEC with CO2 recirculation using the Combat
PRS® device, thus, seems to be a safe and effective procedure that may be added to the
therapeutic arsenal in the multimodal treatment of peritoneal carcinomatosis.
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Abstract: Peritoneal metastasis is a malignant disease which originated from several gastrointestinal
and gynecological carcinomas and has been leading to a suffering condition in patients for decades.
Currently, as people have gradually become more aware of the severity of peritoneal carcinomatosis,
new molecular mechanisms for targeting and new treatments have been proposed. However, due
to the uncertainty of influencing factors involved and a lack of a standardized procedure for this
treatment, as well as a need for more clinical data for specific evaluation, more research is needed,
both for preventing and treating. We aim to summarize backgrounds, mechanisms and treatments in
this area and conclude limitations or new aspects for treatments.

Keywords: peritoneal carcinomatosis; molecular mechanisms; treatment

1. Introduction

Peritoneal metastasis refers to the development and spread of several gastrointestinal
and gynecological carcinomas in the peritoneal cavity; related carcinomas include col-
orectal carcinoma, gastric carcinoma, ovarian carcinoma, etc. [1]. There are other primary
peritoneal tumors, which mostly originated from mesothelium, such as serous carcinoma,
malignant mesothelioma and pseudomyxoma peritonei. Nearly all types are similar in
presentation, diagnosis, evaluation and treatment [2,3].

The occurrence of peritoneal metastasis has been indicated to significantly decrease
overall survival in patients with gastrointestinal cancer. Due to the lack of effective systemic
chemotherapy, peritoneal metastasis is mostly considered a terminal condition. A study
from France collected data from 1976 to 2012 for 9148 patients with colorectal adenocar-
cinoma and indicated that the proportions of patients who underwent curative resection
for synchronous and metachronous peritoneal carcinomatosis were 11% and 9%, respec-
tively, and these patients had 3-year overall survival rates of 8% and 5% [4]. Additionally,
patients with peritoneal metastasis are more likely to relapse than those with single tumors,
regardless of what methods were used during treatment [5]; however, active treatment still
prolongs overall survival [6].

In the last century, peritoneal metastasis was treated as a terminal and uncurable con-
dition, but treatment advances, especially cytoreductive surgery (CRS) and hyperthermic
intraperitoneal chemotherapy (HIPEC), have improved the life quality of patients; thus,
the outcomes of peritoneal carcinomatosis have been changed [7]. Currently, several new
methods, such as pressurized intraperitoneal aerosol chemotherapy, new delivery systems
targeting local regions and molecular targeted drugs, have been proposed. A few phase
II and phase III studies have investigated the effects of multimodal approaches and are
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still ongoing. The aim of this review was to acknowledge widely accepted concepts of
peritoneal carcinomatosis, summarize the physiology and pathophysiology of this disease
and assess new treatments for peritoneal carcinomatosis to have a better understanding of
this condition.

2. Physiology and Function of the Peritoneum

The peritoneum, as a serous membrane, consists of a monolayer of mesothelial cells
connected to a basement membrane on a layer of connective tissue. The submesothelial
layer consists of the extracellular matrix, which is composed of multiple types of collagens,
glycoproteins, glycosaminoglycans and proteoglycans. Mesothelial cells are present in a
single layer and generally show a flattened, stretched, squamous or cuboidal appearance.
Different types of mesothelial cells are present at different positions and show various func-
tions. Mesothelial cells with cuboidal shapes are found mostly at the visceral peritoneum;
compared to cells with other shapes, these cells contain rougher endoplasmic reticulum
and Golgi apparatus organelles, microtubules, intracellular vesicles and microfilaments,
indicating their good biosynthetic capacity and active transmembrane transport. Vascular
structures and lymphatic systems are present in the subserous space [8].

The peritoneum allows the exchange of molecules and the production and transporta-
tion of peritoneal fluid, which provides a suitable environment for intra-abdominal organs.
Recently, other functions of the peritoneum have been found, including glycosaminoglycan
and surfactant secretion, inflammation inhibition, leucocyte migration, antigen presen-
tation and tissue repair. Functional peritoneal cells are vital in maintaining peritoneum
homeostasis. Its role in tumor dissemination has also been studied due to the secretion of
growth factors and the presence of specific structures, such as milky spots [9].

Milky spots, which are submesothelial lymphoid structures, are found in the peri-
toneum, especially in the omentum. Milky spots consist of aggregates of mesenchymal
cells surrounding capillary convolutions, mostly macrophages, lymphocytes, type 2 innate
lymphoid cells (ILC2s) and CXCL13+/FDCM1+ stromal cells [10]. In recent studies, milky
spots were found to be linked to tumor metastasis, indicating that more attention should
be given to peritoneal carcinomatosis.

3. Peritoneal Metastasis

Peritoneal metastasis occurs via multiple ways. Usually, gastrointestinal (bowel wall
penetration in cases of colorectal cancer) and gynecological carcinomas could directly
implant cancer cells into the peritoneum, or via lymphatic ways, either due to a full-
thickness invasion of the bowel wall of a primary tumor or blood and lymphatic vessels
damage during a procedure. Other types of cancer, such as lung cancer, could occur
through blood flow [1,11,12].

There are widely accepted steps in peritoneal metastasis. First, single cancer cells
or clumps detach from the primary tumor and spread into the peritoneal cavity. Second,
these cancer cells become susceptible to regular peritoneal transport along predictable
routes. Third, these cells attach to and invade the distant peritoneum. Fourth, the cells
invade the subperitoneal space. The underlying connective tissue provides the necessary
scaffold for tumor proliferation. The final step involves angiogenesis, which sustains tumor
proliferation and enables further growth [11] (Figure 1).

Single cancer cells or clumps detach from the primary tumor, spread into the peritoneal
cavity and attach to the distant peritoneum; then, cancer cells invade the underlying
connective tissue in different ways.

45



J. Clin. Med. 2023, 12, 103
J. Clin. Med. 2023, 12, x FOR PEER REVIEW 3 of 18 
 

 

 

Figure 1. Steps of occurring peritoneal metastasis. 

Single cancer cells or clumps detach from the primary tumor, spread into the perito-

neal cavity and attach to the distant peritoneum; then, cancer cells invade the underlying 

connective tissue in different ways. 

The detachment of tumor cells from the primary tumor could be spontaneous or sec-

ondary due to internal and external factors (mostly due to improper iatrogenic operation) 

[13]. Usually, high interstitial fluid pressure leads tumor cells to detach spontaneously 

due to rapid cell proliferation, high tumor blood vascular permeability, lack of functional 

lymphatic circulation, interstitial fibrosis and contraction of the interstitial matrix medi-

ated by stromal fibroblasts [14]. However, it is interesting that performing laparoscopy 

did not seem to increase the risks occurring with peritoneal metastasis, leaving choices 

which are better for the outcomes of patients [15]. 

Once tumor cells detach from the primary tumor, they are mostly transplanted into 

four regions: the Pouch of Douglas at the rectosigmoid level, the right lower quadrant at 

the lower end of the small bowel mesentery, the left lower quadrant along the superior 

border of the sigmoid mesocolon and colon and the right paracolic gutter lateral to the 

cecum and ascending colon. The interaction of gravity, diaphragmatic excursion, mesen-

teric reflections and peritoneal recesses leads to flowing toward the pelvis and from the 

pelvis, along the right paracolic gutter, toward the subdiaphragmatic space [11]. 

It is worth noting that once tumor cells detach from the primary location, they must 

survive before they successfully metastases. Once cancer cells are in the peritoneal cavity, 

a change of the environment stimulated tumor cells, which favored their survival. Anoikis 

resistance is the most related phenotype that cancer cells develop which grants their abil-

ity to survive in the peritoneal cavity. There are ways tumor cells escape death and de-

velop anoikis resistance, including modifying surface molecules, regulation of activating 

pathways and other mechanisms. For example, several transcription factors and genes are 

activated in gastric cancer cells; nuclear MTH9-VTNNB1, TCF7L2-PLAUR and NOX4-

EGFR/ROS could promote anoikis resistance [16–18]. Another mechanism is that the acti-

vation of Integrins have been found to be participating in metastasis in ovarian cancer; 

integrin α5β3 sustained cell survival and resisted anoikis by activating transcription of 

Bcl-2 [19]. The integrins also protected gastric cancer cells from anoikis as well [20]. Fur-

thermore, upregulating KRAS and MEK-ERK in ovarian cancer cells could stabilize sphe-

roid formation; in this form, it has advantages in promoting survival and metastasis than 

single cells, and tumor-associated macrophages also involved in spheroid formation, by 

promoting binding of cancer cells and activating EGFR signaling pathways [21,22]. In all, 

cancer cells must achieve certain molecular changes so that they can survive once they 

detach from the primary tumor, which explains why a high expression of some molecules, 

for example, CXCR4 in gastric cancer, have a higher rate of peritoneal metastasis occur-

ring [23]. 
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The detachment of tumor cells from the primary tumor could be spontaneous or
secondary due to internal and external factors (mostly due to improper iatrogenic opera-
tion) [13]. Usually, high interstitial fluid pressure leads tumor cells to detach spontaneously
due to rapid cell proliferation, high tumor blood vascular permeability, lack of functional
lymphatic circulation, interstitial fibrosis and contraction of the interstitial matrix mediated
by stromal fibroblasts [14]. However, it is interesting that performing laparoscopy did not
seem to increase the risks occurring with peritoneal metastasis, leaving choices which are
better for the outcomes of patients [15].

Once tumor cells detach from the primary tumor, they are mostly transplanted into
four regions: the Pouch of Douglas at the rectosigmoid level, the right lower quadrant at the
lower end of the small bowel mesentery, the left lower quadrant along the superior border
of the sigmoid mesocolon and colon and the right paracolic gutter lateral to the cecum and
ascending colon. The interaction of gravity, diaphragmatic excursion, mesenteric reflections
and peritoneal recesses leads to flowing toward the pelvis and from the pelvis, along the
right paracolic gutter, toward the subdiaphragmatic space [11].

It is worth noting that once tumor cells detach from the primary location, they must
survive before they successfully metastases. Once cancer cells are in the peritoneal cavity,
a change of the environment stimulated tumor cells, which favored their survival. Anoikis
resistance is the most related phenotype that cancer cells develop which grants their ability
to survive in the peritoneal cavity. There are ways tumor cells escape death and develop
anoikis resistance, including modifying surface molecules, regulation of activating pathways
and other mechanisms. For example, several transcription factors and genes are activated in
gastric cancer cells; nuclear MTH9-VTNNB1, TCF7L2-PLAUR and NOX4-EGFR/ROS could
promote anoikis resistance [16–18]. Another mechanism is that the activation of Integrins
have been found to be participating in metastasis in ovarian cancer; integrin α5β3 sustained
cell survival and resisted anoikis by activating transcription of Bcl-2 [19]. The integrins also
protected gastric cancer cells from anoikis as well [20]. Furthermore, upregulating KRAS
and MEK-ERK in ovarian cancer cells could stabilize spheroid formation; in this form, it has
advantages in promoting survival and metastasis than single cells, and tumor-associated
macrophages also involved in spheroid formation, by promoting binding of cancer cells and
activating EGFR signaling pathways [21,22]. In all, cancer cells must achieve certain molecular
changes so that they can survive once they detach from the primary tumor, which explains
why a high expression of some molecules, for example, CXCR4 in gastric cancer, have a higher
rate of peritoneal metastasis occurring [23].

Peritoneal cells are essential in occurring metastasis by interacting with cancer cells in
multiple ways: direct physical contact, soluble cytokines in microenvironment regulation by
paracrine activities or reaction with a matrix, such as ECM components. There are mainly
several mechanisms in peritoneal metastasis. Several types of cancer cells could induce
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apoptosis of peritoneal mesothelial cells, causing a breach onto the peritoneum, which
will be mentioned below. Usually, an inflammatory environment would cause peritoneal
cells to produce cytokines and adhesion molecules, resulting in peritoneal metastasis.
TGF-beta secreted by gastric cancer cells was studied to induce changes of mesothelial cell
morphology, leading to peritoneal fibrosis, or changing into fibroblast phenotype, ending
in peritoneal metastasis [24–26].

Senescent peritoneal mesothelial cells are found to promote peritoneal metastasis.
SASP, senescence-associated secretory phenotype, refers to several highly secreted cytokines
(e.g., IL-1, IL-6, IL-13, IL-15), chemokines (e.g., CXCL1, CXCL8, CXCL12, ENA-78), growth
factors (e.g., EGF, FGF, HGF, TGF-β, VEGF, angiogenin, epiregulin), extracellular matrix
(ECM) proteins and remodeling enzymes (e.g., MMP-1, -3, -10), soluble receptors and
ligands (e.g., ICAM-1, EGF-R, Fas) and other elements that promote cancer proliferation
and metastases [27].

Malignant ascites is a lipid-rich microenvironment, mostly from differentiated preadip-
ocytes stimulated by cancer cells. These cells mature and release free fatty acids, therefore
enhancing cancer cell proliferation and EMT. Cancer cells in ascites also tend to produce
more enzymes from fatty acid metabolism, with enhanced fatty acid oxidation, promoting
peritoneal metastasis [28,29].

Adhesion and invasion into the peritoneum involve multiple molecular mechanisms
facilitating cancer cell metastasis (Figure 2). These cells could directly adhere to the
peritoneum and invade the submesothelial tissue, or cells could travel through milky
spots. Although the immune function of milky spots is important for the defense against
microorganisms, they are involved in a pathway for peritoneal carcinomatosis [30]. Milky
spots usually provide a microenvironment suitable for cancer cells to implant and grow.
Several studies have investigated how gastric cancer cells are implanted and transferred
through milky spots: they provide a hypoxic microenvironment for gastric cancer cells to
implant and grow, and HIF-1α in the microenvironment plays a significant role during
progression. Hypoxia could also induce the EMT of gastric cancer cells [31]. Macrophages
in milky spots produce MDC/CCL22 and its receptor CCR4, which are highly expressed in
the omentum and the diaphragm underlining, contributing to gastric cancer cell survival
and growth [32].
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Figure 2. Molecular mechanisms of adhesive interactions mediating peritoneal carcinomato-
sis. ICAM-1 = intercellular adhesion molecule-1. VCAM-1= vascular cell adhesion molecule-1.
L1CAM = L1 cell adhesion molecule. NECL = Nectin-like (NECL) family. CD44 = hyalonurate
receptor. SDF-1α = stromal cell-derived factor 1α. CXCR4 = CXC receptor 4. CXCR2 = CXC receptor
2. CXCL12 = CXC ligand 12.
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3.1. Adhesion to the Peritoneum

Once tumor cells detach from the primary tumor, they float in the peritoneal fluid
and travel until they contact the peritoneum. Adhesion of free cancer cells to the peri-
toneal surface relies on several adhesion molecular mechanisms, such as several integrins,
proteoglycans and the immunoglobulin superfamily.

3.1.1. Immunoglobulin Superfamily

The immunoglobulin superfamily is a group of cell adhesion molecules, including
ICAM-1, VCAM-1 and L1CAM. Intercellular adhesion molecule-1 (ICAM-1) is a surface
molecule expressed by mesothelial cells, cancer cells and endothelial cells [33]. It was
found that it could enhance tumor cell adhesion mediated by IL-6 or TNF-α [33]. However,
Hiroaki et al. indicated that ICAM-1 could reduce lymph node metastasis, which left the
specific effect of ICAM-1 in peritoneal metastasis unknown [34].

Vascular cell adhesion molecule-1 (VCAM-1) is a known, highly expressed membrane
protein on mesothelial cells and has been found to play a role in adhesion to the peritoneum
in ovarian cancer [35]. A current study found that VCAM-1 was related to clinicopatho-
logical factors in colorectal cancer, such as lymph node metastasis and clinical stage [36],
suggesting that it might play a role in multiple types of cancer.

L1 cell adhesion molecule (L1CAM), an important molecule and marker found in
ovarian cancer for poor prognosis, has been found to be related to adhesion and invasion,
and an antibody against L1CAM could significantly suppress this progression [37]. It
is also involved in the metastatic process in gastric cancer, predicting metastasis-related
clinicopathological features and unfavorable outcomes, and could be a feasible predictor of
oncological outcome [38].

Studies have found that nectin-2, an adhesion molecule participating in cell prolifera-
tion, differentiation and migration of epithelial, endothelial, immune and nervous cells,
is associated with tumor growth, adhesion and angiogenesis in ovarian cancer [39]. It
was found to be significantly upregulated in patients who had lymph node metastasis or
residual tumors >1 cm after surgery, as well as in samples of tumor tissues and lesions on
the peritoneum, which suggest its role in metastasis of ovarian cancer [40].

3.1.2. Proteoglycans

CD44, a cell-surface proteoglycan, participates in behaviors such as cell interaction,
adhesion and migration. It is overexpressed in gastrointestinal and gynecological can-
cers [41]. Specifically, several studies found that CD44 partly mediates adhesion, such as
that exhibited by cancer cells attaching to peritoneal mesothelial cells [42]. CD44-mediated
adhesion could also partly explain metastasis in the inflammatory microenvironment after
surgery, in which several cytokines, such as TGF-β1, IL-1b and TNF-α, are generated,
resulting in upregulated CD44 expression [43].

3.1.3. Integrins

Integrins are a superfamily of cell adhesion receptors consisting of 24 members, each
of which is composed of α and β subunits, and recently, integrins participating in cancer
metastasis have been investigated [44]. Studies have found that integrin α2β1 participates
in the peritoneal metastasis. Furthermore, it is a potential target for the treatment of peri-
toneal metastasis [45]. Integrin α3β1 was also found to be involved in the adherence of
gastric cancer cells to the peritoneum [46]. Integrin α4β1 partly mediated peritoneal metas-
tasis of ovarian cancer; furthermore, antibodies against it could increase ovarian cancer
response to carboplatin, while treating with antibodies alone showed no response [47]. This
phenomenon shows potential in clinical use.

Due to the hypoxic microenvironment, SIRT1 is degraded via the autophagic lysosomal
pathway, causing increased acetylation of HIF-1α and secretion of VEGFA. Under these
conditions, VEGFA derived from peritoneal mesothelial cells acts on VEGFR1 in gastric
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cancer cells, increasing integrin α5 and fibronectin expression, causing further adhesion to
the peritoneum [48].

3.1.4. CXC Subfamily

SDF-1α is a chemokine of the CXC subfamily on mesothelial cells. Its upregulation
was indicated to possibly be due to bioactive cytokines secreted from tumor cells and was
found to be associated with enhanced intraperitoneal dissemination of epithelial ovarian
carcinoma cells. Another possible mechanism is that CXCR2 secreted by CT-26 colon cancer
cells could induce cell proliferation and migration by combining with CXCL2 on ECM
components, blocking this process inhibited cell proliferation and migration [49].

3.1.5. Other Molecules

Wnt5a is a noncanonical Wnt ligand that is highly expressed in ascites in female patients
with ovarian cancer and promotes ovarian tumor cell adhesion, migration and invasion. The
downstream effector is the Src family kinase Fgr, which is a potential target for the treatment
of ovarian cancer [50]. Other molecules are being investigated for possible treatment.

Currently, there are various molecules in research connecting adhesion to peritoneum,
and several of them showed the possibilities of predicting outcomes or providing treatment
opinions. Whether those mechanisms could be used in vivo, and their effect, is still in need
of investigation.

3.2. Invasion into the Peritoneum

After adhesion, tumor cells need to invade the submesothelial tissue to achieve colo-
nization; this process could be adhering to the ECM through the gap between mesothelial
cells or directly induce mesothelial cell apoptosis. Carbon dioxide pneumoperitoneum
temporarily enlarges intercellular clefts and exposes the ECM, allowing tumor cells to
access the ECM more easily by using RGD peptides or pseudo-RGD peptides [51]. Tumor
cells could also directly influence the function of mesothelial cells. Heath et al. found that
SW480 colorectal cancer cells could induce FAS-dependent apoptosis of cultured human
mesothelial cells and that tumor–mesothelial adhesion was essential for inducing apoptosis.
This study suggested that this phenomenon plays a role in peritoneal carcinomatosis [52].

Several studies have shown that matrix metalloproteinases (MMPs) contribute to the
invasion of the submesothelial tissue by causing degradation of the ECM and contraction of
mesothelial cells. MMPs are a family of zinc-dependent endopeptidases that are involved
in the degradation of various proteins in the extracellular matrix (ECM). Their functions
in cancer invasion and metastasis have been found gradually. MMP-7 is likely to be
associated with adhesion, as the downregulation of MMP-7 could suppress invasion
without influencing proliferation; it also takes part in serosal involvement, lymph node
metastasis, poor differentiation of cancer and peritoneal dissemination, indicating its role in
peritoneal adhesion [53]. Another matrix metalloproteinase is MMP-9. In vitro studies have
shown that peritoneal mesothelial cells can also secrete MMP-9 under TNF-α stimulation in
gastric cancer cells, which enhances cancer cell invasion [54]. MMP2/9 were found strongly
upregulated in colon tumor tissues, and inhibition of them could reduce colonization [55].

4. Diagnosis and Evaluation of Peritoneal Metastasis

The diagnosis of peritoneal carcinomatosis relies on imaging, biopsy and laparoscopy.
CT and PET/CT are the most used methods for the detection of peritoneal metastasis;
an enhanced CT scan could provide valuable information for metastasis detection [56],
especially for pseudomyxoma peritonei [57]. PET/CT with radioisotopes is more sensitive
for diagnosis than CT, according to Koh et al. [58]; however, other research found CT to
be more sensitive than PET/CT for diagnosis [59]. PET is traditionally more sensitive to
tumors with hypermetabolic uptake, but not minor nodules [58,60]. Diffusion-weighted
(DW) MRI was another method and seemed to be the same as CT in sensitivity or PET/CT
in diagnosis [61,62]. In addition, PET/CT appeared favorable in sensitivity as well, but
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showed weak ability in excluding diagnosis of peritoneal metastasis [63,64]. Imaging meth-
ods can assist in assessing peritoneal metastasis, thus evaluating if cytoreduction is possible.
Compared with imaging, the most precise method of diagnosis is peritoneal visualization
and biopsy, for example, exploratory laparotomy, but this approach is invasive [65]. It is
worth noting that, recently, a fluorescent probe called gGlu-HMRG had been used to detect
tiny tumors on the peritoneal wall, showing potential in both diagnosis and assistance
for fluorescence-guided surgery for peritoneal carcinomatosis [66]. Currently, despite the
limitations of CT, it is a still powerful and cost-effective tool for general metastasis detection,
making it the first choice for detection and diagnosis; PET/CT and MRI could be used in
an alternative way and in specific situations.

A way of evaluating peritoneal metastasis is using the peritoneal cancer index (PCI). PCI
includes the surgical peritoneal cancer index (sPCI) and pathologic peritoneal index (pPCI),
the former of which requires evaluating peritoneal metastasis during surgery. Surgeons
record the number and size of lesions in each of the 13 peritoneal regions and add them to
obtain the sPCI. The pPCI is scored through the pathologic evaluation of specimens. sPCI
and pPCI do not always seem consistent, for the former is mostly subjective, though sPCI
could provide valuable information for the evaluation of patients [67]. Though pPCI is more
objective, specimens would shrink during the process, causing misjudgment of tumor size.
Furthermore, there were no standard procedures for the evaluation of specimens from CRS,
thus, further research needs to be conducted [68]. CT-PCI used a CT scan for the evaluation of
the disease burden and prognosis, helping for these aspects, regardless of its accuracy [60,69].

It is also interesting to evaluate whether there were differences between primary
tumors and metastasis tumors in molecular and gene expression to further understand
the mechanisms of metastasis and to provide targeted treatment. Several studies found
high consistency in colorectal cancer in both dMMR, MSI status and biomarkers [70,71];
however, there were other studies that found different expression in colorectal cancer
between primary tumor and metastases, a significant enrichment for CMS4 in peritoneal
metastasis, providing a possible treatment combined with CRS-HIPEC to reduce metastasis
tumors [72]. Furthermore, different expressions or mutations were detected in gastric
cancer based on a multi-omic profiling, suggesting a molecular-targeting therapy separate
from therapy on primary tumors.

The differences of biomarkers between colorectal cancer and its metastases have
been compared [73,74], including KRAS/BRAF mutation and MSI status, indicating the
importance of testing mutations in peritoneal metastasis and treating methods. However,
there is still in lack of research and data in the area, which suggests a further evaluation of
personalized treatment.

5. Treatment to Peritoneal Metastasis

Peritoneal metastasis was traditionally considered a terminal condition and thus
lacked effective treatment. However, several methods and ideas have been proposed and
used in the clinic with exciting progress (Figure 3).

In surgery for primary tumors, traditional ways to reduce the incidence of peritoneal
metastasis are to follow a no-touch isolation technique (NTIT)—complete removal of ad-
jacent invaded structures and surgical margins deep in the healthy tissue—and other
standard surgery procedures, which reduce the feasibility of surgery-induced local metas-
tasis and blood metastasis [75]. However, recent clinical trials questioned the superiority of
the NTIT [76], indicating that further treatments are needed.

Intraperitoneal chemotherapy has been widely applied, compared to systemic chemother-
apy for peritoneal carcinomatosis, because not all reagents of systemically applied chemother-
apy could be fully delivered to the peritoneum, possibly due to the peritoneum-plasma
barrier. This barrier leads to peritoneal clearance being much slower than systemic clearance;
thus, a high intraperitoneal chemotherapy dose would result in moderate systemic drug
exposure [77].
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HIPEC, known as hyperthermic intraperitoneal chemotherapy, uses specific chemical
reagents and a high temperature to kill tumor cells. It has mainly been evaluated in peri-
toneal carcinomatosis in colorectal, mucinous appendicular adenocarcinoma and ovarian
cancer [78–83]. The main advantage of HIPEC is the maintenance of a high regional reagent
concentration, and blood drainage of the peritoneal surface occurs via the portal vein to the
liver. Increasing the concentration in the liver would suppress liver metastasis as well. An-
other advantage is that 41–43 ◦C hyperthermia could directly kill tumor cells by inhibiting
RNA synthesis and mitotic arrest and increasing the number of lysosomes and the activity
of lysosomal enzymes. Heat also increases the cytotoxicity of certain chemotherapeutic
drugs and enhances tissue penetration [84]. HIPEC is usually administered in the operating
room immediately after CRS, due to limited drug penetration in tumor tissues, and is
mainly used to kill microscopic residual disease after CRS.

However, due to the direct administration of drugs into the peritoneum, choices of
these drugs must meet certain criteria. Typically, these reagents should be effective against
malignant cells and low local toxicity after administration. Additionally, these reagents
should be cycle-nonspecific and induce heat-synergized effects [84]. Specific reagent effects,
toxicity to malignant cells and penetration into tumor tissues during systemic chemotherapy
should be considered to determine which method is more effective. Reagents that require
transformation into an active form in the liver should be excluded. In addition, the most
important feature is that reagents should be slowly absorbed from the peritoneal cavity
and rapidly cleared via hepatic and/or renal mechanisms so that a high concentration of
drug can be maintained with low systemic toxicity [85].

Several studies have compared factors influencing the outcomes of CRS-HIPEC
(Table 1). Though most studies used different strategies, the results suggested that a
patient’s survival was prolonged after a complete procedure. Factors involved in HIPEC in-
clude choices of drugs, applied dose, duration, carrier solution, perfusate volume, perfusate
concentration and use of an open vs. closed technique [85]. Interestingly, repeated CRS-
HIPECs seemed to be beneficial for patients occurring metastasis limited to peritoneum,
suggesting that it might be suitable for specific patients to prolong survival [86]. However,
HIPEC had risks of causing changes to genetic patterns between tumors and normal tissues
and an upregulation of heat shock-related genes, to be specific, which would be an adverse
effect, and an idea of combining other treatments [87].
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Table 1. Different studies of HIPEC in different diseases.

Ref. Disease Type Group Survival Death and
Complication Recurrence

Glehen [78] colorectal
cancer

retrospective
multicenter

study
506

overall median survival:
19.2 months complete CRS vs.

not complete CRS:
32.4 months vs. 8.4 months

(p < 0.001)

complication rate:
22.9% death rate: 4%

371 recurrence
(73.3% with 158

(41.9%)
peritoneal
recurrence

Glehen [79] colorectal
cancer

retrospective
study 53

median overall survival:
12.8 months CCR-0 vs. CCR-1
vs. CCR-2: 32.9 vs. 12.5 vs. 8.1

(p < 0.001)

complication rate:
23% death rate: 4% –

Kecmanovic [80] colorectal
cancer

retrospective
study 18 median overall survival:

15 months complication: 8
3 live with

cancer progress,
3 died of it

Rosa [81] colorectal
cancer

retrospective
study 67

median overall survival:
41 months 3-year overall

survival: 43%

complication rate:
35.8% –

François
Quénet [82]

colorectal
cancer

PRODIGE 7 a
multicenter,
randomized,
open-label,

phase 3 trial

133 (CRS
plus HIPEC)
vs. 132(CRS)

median overall survival:
41.7 months (CRS plus HIPEC)

vs. 41.2 months (CRS)
–

Driel [83] ovarian
cancer

a multicenter,
open-label,

phase 3 trial

123
(Surgery) vs.
122 (Surgery
plus HIPEC)

median overall survival:
33.9 months (Surgery) vs.

45.7 months. (Surgery plus
HIPEC) 3-year overall: 48%
(Surgery) vs. 62% (Surgery

plus HIPEC)

Complication: 122
(Surgery) vs. 118

(Surgery plus HIPEC)
death: 62% (Surgery)
vs. 50% (Surgery plus

HIPEC)

recurrence or
death: 89%

(Surgery) vs.
81% (Surgery
plus HIPEC)

CRS: cytoreductive surgery; CCR-0: complete resection; CCR-1: diameter of residual nodules 5 mm or less; CCR-2:
diameter of residual nodules more than 5 mm; HIPEC: hyperthermic intraperitoneal chemotherapy.

Overall, most studies recommended that CRS-HIPEC could improve outcomes, with
the restriction that low disease extent (limited peritoneal metastasis) and complete CRS
indicated better outcomes, indicating its limitation in clinical use [88]. However, there is
still a lack of researchers comparing different strategies and different factors of HIPEC,
leading to uncertainty for specific treatment efficiency. Therefore, further research and new
methods should be proposed and the advantages of different strategies for a limited number
of procedures for different stages of peritoneal carcinomatosis, due to disadvantages,
complications and limitations for CRS-HIPEC, should be compared, and personalized
treatments should be provided in the future.

A new method called pressurized intraperitoneal aerosol chemotherapy (PIPAC)
has been studied and brought to clinical use. Compared with systemic chemotherapy
and chemical solutions administered to the peritoneal cavity, PIPAC could optimize the
uniformity of chemical concentrations in the peritoneal cavity, enhance drug penetration
by increasing intraperitoneal hydrostatic pressure against interstitial fluid pressure, limit
blood outflow and adjust the environment of the peritoneal cavity, such as temperature and
pH, to achieve better tissue targeting [89]. A cohort study investigated PIPAC combined
with systemic chemotherapy to treat diffuse malignant peritoneal mesothelioma (DMPM).
In this study, 26 patients with unresectable disease were treated with PIPAC, and 20 of them
had not previously received CRS. An improvement of symptoms was reported for 32% of
the patients, and control of ascites was reported in 46%. Fourteen of fifteen patients were
treated with CRS plus HIPEC and achieved complete resection. The median overall survival
period was 12 months, and the median progression-free survival (PFS) was significantly
better among the patients who underwent resection than among those who did not (33.5
vs. 7.4 months, p < 0.001). This study demonstrated that for patients with unresectable
DMPM, PIPAC could be used as neoadjuvant chemotherapy and increase the possibility for
further CRS [90]. Alyami et al. found that unresectable peritoneal metastasis treated with
repeated PIPAC could allow secondary treatment: CRS- HIPEC [91]. There are multiple
studies which have evaluated the safety and feasibility of PIPAC combined with chemical
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drugs, but oncological outcomes required more evaluation [92,93]. Compared with CRS
and HIPEC, PIPAC is more suitable for peritoneal metastases of various origins that cannot
be treated by resection. After repeating PIPAC, some cases of unresectable disease could be
treated via secondary resection.

There are new methods, such as electrostatic precipitation pressurized intraperitoneal
aerosol chemotherapy (ePIPAC), which use electrostatic precipitation of aerosols to achieve
stronger penetration and more even distribution [94]. Studies have tested safety and
tolerance in treated patients, but efficiency was debatable [95,96]. Another new method,
hyperthermic pressurized intraperitoneal aerosol chemotherapy (hPIPAC), which involves
the application of cisplatin at temperatures of 38.8–40.2 ◦C [97], has been proposed and
tested recently. Both require further experiments to evaluate feasibility and long-term
therapeutic effect.

High-intensity ultrasound (HIUS) has been studied to treat several solid tumors,
and the purpose of HIUS was to further enhance tissue penetration, which has been
reported [98]. The damage HIUS could cause has also been assessed, and it could yield
measurable microscopic changes on the peritoneal surface with minimal damage [99];
however, as a new theory, specifics regarding its usage, safety and combination with other
methods, such as CRS plus HIPEC, PIPAC or new biocompatible materials, should be
further assessed.

Neoadjuvant intraperitoneal and systemic chemotherapy (NIPS) is a new method aim-
ing to increase possibilities to access CRS, especially for those whose tumor features are
not suitable for CRS. A meta-analysis was performed on 8 retrospective studies, including
373 patients with peritoneal metastasis from gastric cancer, 109 of whom continued NIPS
treatment because of macroscopic peritoneal metastasis and 265 of whom received surgery for
no macroscopic peritoneal metastasis. NIPS combined with surgery significantly improved
survival compared to those without surgery, and NIPS could increase the possibility of achiev-
ing R0 resection [100]. Other studies supported the idea that NIPS could be used for advanced
gastric cancer with peritoneal metastasis [101]. Due to a lack of further clinical data, more
clinical trials and research should be conducted to confirm and evaluate this hypothesis.

Drugs targeting adhesion molecules and immunotherapies have shown potential in
preventing peritoneal metastasis. Zang et al. found that LPPR4 (which plays a role in
promoting peritoneal metastasis of gastric cancer through Sp1/integrin α/FAK signaling)
could be a new therapeutic target [102]. The binding of CXCL12 to CXCR4 and CXCR7 on
tumor cells leads to antiapoptotic signaling through Bcl-2 and Survivin upregulation; it also
promotes EMT through the Rho-ROCK pathway and leads to alterations in cell adhesion
molecules. AMD3100 (Plerixafor or Mozobil) is a small molecule CXCR4 antagonist used
in clinical trials for gastrointestinal tumors [103] and shows potential prospect. Methods
activating immune effects of anti–tumors were investigated due to the high expression of
PD-L1 during the process of peritoneal metastasis [104]. CMP-001, a virus-like particle
composed of the Qβ bacteriophage capsid protein, encapsulating a CpG-A oligodeoxynu-
cleotide, could activate lasmacytoid dendritic cells and interferon alpha release [105], which
might contribute to an anti-tumor response by the development of T-cells [106]. Similarly,
oncolytic virotherapy was also classified as another type of immunotherapy; this therapy
used viruses as oncolytic vector platforms for the delivery of different treatment agents,
such as therapeutic genes, prodrug convertases, toxins, sodium iodide symporter for radio-
therapy and immunomodulators [107,108]. JX-594 (pexastimogene devacirepvec, Pexa-vec)
is an oncolytic vaccinia virus armed with GM-CSF; a murine version of it shows potential
as an anti-tumor by activating dendritic cells and CD8 T cells to enhance their infiltration
into peritoneal tumor nodules. Furthermore, it could combine with immune checkpoint
inhibitors to induce enhanced immunity to kill metastases [109].

Localized chemotherapy could decrease the toxicity of chemical drugs systemically and
maintain a higher concentration in specific areas. In addition to HIPEC and PIPAC, new delivery
systems are being studied. Biocompatible carrier systems, such as hydrogels, cells and peptides,
have been used for localized drug delivery for the treatment of peritoneal metastasis.
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Hydrogels are 3D networks of crosslinked hydrophilic polymer chains that can be
formed by different materials and show various abilities. Hydrogels designed for different
situations could be sensitive to pH, temperature and physical stimuli, such as light or UV,
which means they could protect contents from extreme environments and deliver them in
certain areas [110]. Several delivery systems based on hydrogels have shown feasibility in
treating peritoneal metastasis (Table 2) [111–114].

Table 2. New delivery systems using hydrogels as a carrier for the treatment of peritoneal carcino-
matosis from different origins.

Hydrogels Drugs In Vitro In Vivo Highlight

linoleic acid-coupled
Pluronic F-127

(Plu-CLA) [111]
Docetaxel Gastric cancer cells

TMK1
peritoneal metastasis
from gastric cancer

docetaxel–Plu-CLA synergistically
inhibits peritoneal metastasis and
prolongs survival in a peritoneal

gastric cancer model.
Albumin Hydrogel

Hybridized with
Paclitaxel-Loaded Red
Blood Cell Membrane

Nanoparticles [112]

Paclitaxel Gastric cancer cells peritoneal metastasis
from gastric cancer

the hydrogel possesses good tumor
growth suppression properties after a

single injection.

PTX/PECT (gel) [113] PTX Colorectal cancer
cells CT-26

peritoneal metastasis
from colorectal cancer

sustained drug concentration at
peritoneal levels in combination with

drug in the form of nanoparticle
contributes to the enhanced

anti-tumor efficacy.

HA nanogels [114] Cisplatin –
peritoneal metastasis
from gastric cancer

(MKN45P cells)

led to a significantly decreased
number of peritoneal nodules,

especially those smaller than 1.0 mm.

Another delivery system utilizes cells as carriers. Ling et al. used engineered
doxorubicin-loaded M1 macrophages (M1-Dox), which overexpress CCR2 and CCR4,
to target cancer cells; M1-Dox transferred drug cargoes into tumor cells via a tunneling
nanotube pathway. The results showed that delivering drugs (Dox) from cell to cell was
more efficient than lysosomal delivery in terms of effective concentration and drug loading.
Furthermore, these cells were not only effective in treating primary tumors, but also had a
great advantage in treating metastasis [115]. Functional amyloids produced in bacteria as
nanoscale inclusion bodies are a new pathway for treatment. Céspedes et al. used Pseu-
domonas exotoxin (PE24)-formed bacterial inclusion bodies functionalized with CXCR4
and found that colorectal cancer mouse models treated with these proteins showed signifi-
cant arrest of tumor growth without toxicity [116]. Albumin, with multiple cellular receptor
and ligand binding sites, which are able to bind and transport numerous endogenous
and exogenous compounds, could also act as a carrier for chemotherapy drugs targeting
peritoneal metastasis, providing a more biocompatible approach for drug delivery [117].

6. Conclusions

Overall, peritoneal metastasis is usually considered a terminal condition in patients
and could be derived from several gastrointestinal and gynecological carcinomas. Although
an increasing number of molecules have been found to be involved in peritoneal metastasis,
the mechanisms of peritoneal metastasis are still complicated, and effective ways to treat
them synchronously are lacking. Thus, the specific mechanisms of early tumor cell transfer
at the gene and molecular levels should be studied. Recent research on the treatment of
peritoneal metastasis has mainly focused on CRS, HIPEC, PIPAC and surgery combined
with chemotherapy to local regions. Further studies are needed regarding new methods
for enhancing tumor penetration, increasing local drug concentrations, decreasing toxicity
and regarding better solutions for patients with advanced peritoneal metastases.
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CT is currently the first choice for diagnosis and, combined with MRI or PET/CT,
could be more accurate. New materials and methods, such as fluorescence probes, should
be proposed for the detection of early minor metastasis so that timely treatment could be
taken to prevent further progress.

The tumor microenvironment and interaction between tumor cells and other cells of
the peritoneum could be potential targets for treatment. Traditional treatment strategies us-
ing chemical drugs need to be improved and new methods need to be created or combined
with traditional methods. Furthermore, personalized treatment and health care for patients
should also be considered.
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Abstract: Diffuse malignant peritoneal mesothelioma (PM) is a rare neoplasm, traditionally associated
with a poor prognosis. There are other varieties of PM that are even less frequent and of uncertain
malignancy. Cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy (HIPEC)
has achieved prolonged survival in selected patients. The aim of this study is to analyze the patients
with PM assessed in our center. Clinicopathological characteristics, diagnostic procedures and
survival results from patients with PM appraised at our unit, according to the applied treatment,
were analyzed. Seventeen patients were assessed between 2007 and 2019. Three cases had multicystic
PM that were treated with complete CRS + HIPEC; all patients are alive and free of disease after
a long follow-up. Three other cases had biphasic PM; a curative treatment could be performed in
none of them, and their survival was minimal (<6 moths). Lastly, 11 cases with epithelioid PM were
treated. Two cases were considered unresectable at laparoscopy (PCI 39); one of them had a long
survival (67 months) with three iterative laparoscopic palliatives HIPECs for refractory ascites. The
other nine cases were treated with curative CRS + HIPEC, with a median PCI of 14 (range 4–25),
and a median overall survival (OS) of 58 months, with a 5-year OS of 47.4%. In conclusion, CRS +
HIPEC, when possible, appears to be the optimal treatment for patients with PM. Knowledge of
this therapeutic option is crucial, both to offer it to patients and to avoid delays in their referral to
appropriate centers for treatment.

Keywords: peritoneal mesothelioma; epithelioid subtype; cytoreductive surgery; HIPEC

1. Introduction

Diffuse malignant peritoneal mesothelioma (DMPM) is an aggressive neoplasm aris-
ing from mesothelial cells of the peritoneal serosa, and may affect the peritoneal surface
more or less extensively. The incidence of DMPM is very low (0.2–3 cases/million inhab-
itants/year) [1], much lower than that of pleural mesothelioma [2], and less related to
asbestos exposure than the pleural variety [1]. The most common histological subtype is
epithelioid (75% of cases), followed by sarcomatoid (13%) and biphasic (6%) [3]. Traditional
treatment of DMPM is systemic chemotherapy (CT) with palliative surgery on demand,
resulting in a fatal prognosis. The median overall survival (OS) with contemporary sys-
temic CT (pemetrexed + platinum) [4] is about 12 months, with response rates around
30%. The implementation of cytoreductive surgery (CRS) with hypertermic intraperitoneal
chemotherapy (HIPEC), especially in the last two decades, has been a therapeutic mile-
stone, reaching survival rates of 53 months (range 34–92 months) with a 5-year OS of
47% [5]. Nowadays, it is considered the treatment of choice for all those patients in whom
complete cytoreduction seems possible. Careful patient selection and center experience are
essential to optimize both postoperative and long-term survival outcomes [6,7]. HIPEC has
also been successfully used as a palliative treatment for refractory ascites in patients with
unresectable disease [8,9].
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There are two other varieties of diffuse peritoneal mesothelioma (PM) that are con-
sidered borderline (well-differentiated papillary and multicystic), as they can relapse after
surgery and exceptionally progress to DMPM [10,11]. In these varieties, CRS + HIPEC is
considered a better alternative than isolated CRS [7].

Due to the low incidence of the disease, there are very few centers with large series
of PM treated with CRS + HIPEC [12,13]. In Spain, we have only found a small series
(7 patients) published in 2007 [14]. However, two essential multi-center studies [5,15],
a meta-analysis [16] and multiple reviews have been published, among which it should be
highlighted the recent PSOGI/EURACAN guideline [7].

The aim of this study is to analyze the outcome of patients with PM assessed at our
high volume Peritoneal Surface Malignancies Unit (in which we perform around 100 annual
CRS + HIPEC procedures for different indications, including PM).

2. Materials and Methods

Patients with PM referred to our Peritoneal Surface Malignancy Unit for diagnostic
and/or therapeutic evaluation were analyzed. Treatment options were evaluated in the
Multidisciplinary Tumor Board (MTB), taking into account the performance status, the
histological variety and the extent of the disease in imaging test or by laparoscopy, including
the indication of preoperative CT (pemetrexed-platinum) in potentially resectable cases
with malignant varieties.

Patients for whom surgery was considered to be beneficial were operated with initial
curative intention, although the final decision on cytoreduction was made during the
intervention, after a precise assessment of the extent of the disease. CRS was performed with
a variety of selective peritonectomies and visceral resections, and it was at least attempted
that residual disease remain millimetric in those cases in which complete cytoreduction
was not possible. In patients in whom significant cytoreduction was achieved (CCS 0-1),
HIPEC with Cisplatin 100 mg/m2 + Doxorubicin 15 mg/m2 was carried out for 90 min.
In two of these patients, during the early years of our program, EPIC (early postoperative
intraperitoneal chemotherapy) was also used during the first 3–5th postoperative days
(with paclitaxel 20 mg/m2 in 1000 cc of peritofundin). Finally, in cases where the disease
was considered unresectable, palliative HIPEC was carried out (laparoscopically when
possible) in those with malignant ascites.

Major postoperative complications were recorded (Dindo–Clavien classification [17]).
Patients were reevaluated again by the MTB after discharge, and a final decision was made
on the need of postoperative CT and the follow-up protocol. In case of recurrence, patients
were treated according to a new decision of the MTB, even with surgery (including the
possibility of additional CRS + HIPEC) when the appropriate criteria were met.

Informed consent was obtained from all individuals included in this study. The
research has been approved by the authors’ institutional review board.

Statistical study: Qualitative variables are described with their distribution frequencies.
Quantitative variables are described with their medians and ranges. The Kaplan–Meier
method was used for survival analysis. All statistical analyses were performed using
SPSS 25.0.

3. Results

From 2007 to 2019, 17 patients with PM were assessed in our Peritoneal Surface
Malignancies Unit. Data were analyzed in February 2020. The clinical characteristics are
summarized in Table 1. Only five patients were initially evaluated in our own center, while
the rest came from other centers in Madrid (n = 7) or other regions of Spain (n = 5).

62



J. Clin. Med. 2023, 12, 2288

Table 1. Descriptive statistics.

Multicystic Biphasic Epithelioid

N◦ of patients 3 3 11
Origin: our center/other centers 1/2 2/1 2/9
Age (median) 51 64 57
Sex (female/male) 3/0 1/2 5/6
Asbestos exposure 0 0 1
Previous abdominal surgeries 1 0 1
Unresectable 0 3 2

Three of the cases were women with multicystic PM, all initially asymptomatic and
discovered incidentally at gynecological examinations. In one of them, two previous
incomplete cytoreductions had been performed in another center. All three were treated
with complete CRS (CCS 0) + HIPEC, with a median PCI (Peritoneal Cancer Index) of
18 (range 8–21). None had serious complications (only one had a minor complication
consisting of low-grade fever with no clear focus), and the median hospital stay was 7 days
(range 7–13). After a median follow-up of 59 months (range 33–127), all remain alive and
free of disease.

Three other cases correspond to biphasic DMPM. One 83-year-old patient was di-
agnosed at an urgent and palliative surgery for bowel obstruction, with post-operative
death after 5 days. The other two patients presented with progressive abdominal dis-
tension and constitutional syndrome. One of them was admitted to our center for study
and a laparoscopy was performed, declaring the tumor unresectable (PCI 30). The last
patient was diagnosed (by laparoscopy) and received CT (pemetrexed + cisplatin) in other
hospital; in our center, a second restaging laparoscopy was performed and an attempt of
CRS + HIPEC was made, but it was considered finally unresectable (PCI 39), performing
a palliative HIPEC for malignant ascites. Both patients received palliative CT but had
minimal survival (6 months).

Finally, 11 cases with epithelioid DMPM have been treated. All debuted with variable
patterns of distension and/or abdominal pain and/or constitutional syndrome, except for
one asymptomatic case diagnosed after the removal of an umbilical nodule (suspected
umbilical hernia).

In two finally unresectable cases (both women), the diagnosis of extensive disease was
made at an initial laparoscopy, followed by neoadjuvant CT (NACT), both being definitely
unresectable (PCI 39) after a second restaging laparoscopy. In one of them, palliative HIPEC
was applied (in the 2nd laparoscopy) for the treatment of ascites. This patient (in whom
laparoscopic HIPEC was subsequently repeated twice for refractory ascites) had a long
survival (67 months). The other patient was lost after 4 months of follow-up (she came
from outside Madrid).

In the other nine cases of epithelioid DMPM, CRS + HIPEC was performed with
curative intent (CCS 0 in 7, CCS 1 in 2). In 7/9, a previous staging laparoscopy had been
performed and five of them received NACT for extensive disease. In addition, the remaining
two patients who did not undergo staging laparoscopy had also received NACT previously
in other hospitals (a total of seven patients with NACT) and they were referred to our center
after confirming response (in one) or stable disease (in the other), being then operated
without previous laparoscopy, both with low PCI (6 and 4) at surgery. Median surgical PCI
in the nine patients was 14 (range 4–25) with the following distribution: PCI < 10 in 3 cases,
PCI 10–20 in three cases, and PCI > 20 in three cases. The peritoneal/visceral resection
procedures are detailed in Table 2.
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Table 2. Resections performed in epithelioid PM cases with complete cytoreduction (n = 9).

Procedures Number

Major omentectomy 9
Appendectomy 7
Right diaphragm peritonectomy 6
Left diaphragm peritonectomy 4
Morrison peritonectomy 4
Hepatoduodenal ligament 4
Lateral parietal peritonectomy 4
Pelvic peritonectomy 4
Cholecystectomy 4
Splenectomy 3
Anterior parietal peritonectomy 3
Right hemicolectomy 3
Total hysterectomy 1
Bilateral salpingo−oophorectomy 1
Anterior resection of rectum 1
Superior recess of the omental bursa 1
Hepatic capsulectomy (partial) 1
Small bowel resection 1
Electrofulgurations * 5

* mesenteric or left diaphragm.

The median duration of the nine CRS + HIPEC procedures was 360 min (range
300–510). Two patients also received EPIC. One patient died on the 11th postoperative
day after extensive (PCI 25) and complete cytoreduction (CCS 0) with politransfusion,
due to multiorgan failure secondary to systemic inflammatory response syndrome and
sepsis, without surgical complications. Only one other patient had serious complications
(grade III Dindo-Clavien) with organ-space SSI and reoperation for intestinal leak and
evisceration. The rate of severe complications was 22.2% (2/9), including the exitus.
Another four patients had minor complications (acute urinary retention, ileus, urinary tract
infection, seroma), with a total of complications of any grade of 66.6% (6/9). The median
hospital stay was 11 days (range 6–30).

Adjuvant CT was administered in four of the seven patients who had received NACT,
all after extensive cytoreductions (PCI > 13). Two patients who received NACT but had
low surgical PCI (6 and 4) did not receive adjuvant CT. Only one patient with high PCI
(16), who had received NACT, did not receive postoperative CT due to poor postoperative
performance status.

Of the eight patients in whom CRS was possible with curative intent and who sur-
vived the intervention (excluding the postoperative exitus), five have relapsed (four in
the peritoneum and one axillary lymph node recurrence). Surgical rescue was attempted
in all five, but 3/4 peritoneal recurrences were considered unresectable at re-laparotomy
(in one patient on two occasions); the planned HIPEC was also ruled out in two of them
(twice in one of these patients) and two palliative HIPECs were performed in the third
(with ascites and imprecise PCI for encapsulating peritoneal sclerosis), who is still alive
despite persistent disease 110 months after the first surgery (very prolonged OS). In the
other two relapses (one peritoneal and the other axillary lymphatic), complete resection
was achieved without subsequent recurrence (with CRS + HIPEC in the first and bilateral
axillary lymphadenectomy in the latter, although this one has died in the follow-up due to
another cause) (Figure 1).
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Figure 1. Flowchart of programmed, performed, palliative/curative and aborted HIPECs in epithe-
lioid DMPM. “DMPM”: diffuse malignant peritoneal mesothelioma; “CRS”: cytoreductive surgery;
“p-p−HIPEC”: planned-palliative HIPEC; “u-p−HIPEC”: unplanned-palliative HIPEC; “LAP”:
laparoscopic; “PO Exitus”: postoperative exitus.

Perioperative data of all CRS + HIPEC performed with curative intention, three in
multicystic PM and ten in epithelioid DMPM (9 at initial presentation and 1 at relapse) are
summarized in Table 3.

Table 3. Perioperative data of all curative CRS + HIPEC for peritoneal mesothelioma.

Multicystic (n = 3) Epithelioid (n = 10) Total (n = 13)

Staging laparoscopy 0 7 *
Neoadj treatment NA 7 *
surgical PCI, median (range) 18 (8–21) 14 (4–25) 15 (4–25)
Duration (min), median (range) 350 (240–350) 360 (300–510) 360 (240–510)
Transfusion 0 1 1
Complic grade ≥ III 0 2 2 (15.3%)
Complic any grade 1 6 7 (53.8%)
Reoperation 0 1 1
Mortality 0 1 1 (7.6%)
Length of stay (days), median (range) 7 (7–13) 11 (6–30) 10 (6–30)
Adjuvant treatment NA 4 *

“NA”: not applicable. * Not recorded since, in multicystic PM, there is no indication for systemic chemotherapy.

With a median follow-up of 49 months, the median OS in the nine patients with epithe-
lioid DMPM in whom CRS with curative intent was possible (including the postoperative
exitus) is 58 months, with a 5-year OS of 47.4%. The median disease-free survival (DFS) is
17 months, with a 4-year DFS of 38% (Figure 2).
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Figure 2. Overall survival (a) and disease−free survival (b) in the nine epithelioid peritoneal
mesotheliomas with complete CRS + HIPEC.

In total, we programmed 22 HIPECs in 14 patients, four of which had initial planned-
palliative intention (one first, one second and two third HIPECs). Finally, of the 18 at-
tempts of CRS + HIPEC with curative intent (13 in first attempt, 4 in second attempt and
1 in third attempt) only 13 were curative (12/13 in first attempt, 1/4 in second attempt
and 0/1 in 3rd attempt). Therefore, CRS was aborted in 5/18 (27.7%) attempts of CRS +
HIPEC with curative intent, and the number of palliative HIPECs increased from 4 to 6
(as an unplanned-palliative HIPEC was performed in 2 of these 5 aborted-CRS cases). In
summary, we finally performed a total of 19 HIPECs (6 palliative and 13 with curative
intent). The six palliative HIPECs have been performed in three patients, and three of them
have been carried out by laparoscopy (all in the same patient).

A total of 18 of the 22 scheduled HIPECs were planned in 10 epithelioid DMPM
(Figure 1), 4 of which had initial planned-palliative intention (one first, one second and
two third HIPECs). Finally, of the 14 attempts of CRS + HIPEC with curative intent (9 in
first attempt, 4 in second attempt and 1 in third attempt), only 10 were curative (9/9 in
first attempt, 1/4 in second attempt and 0/1 in 3rd attempt). Therefore, CRS was aborted
in 4/14 (28.5%) attempts of CRS + HIPEC with curative intent in epithelioid DMPM, and
the number of palliative HIPECs in epithelioid DMPM increased from 4 to 5 (as it was
performed a 2nd unplanned-palliative HIPEC in 1 of the 3 aborted-CRS cases with finally
unresectable peritoneal relapse).

4. Discussion

Due to the low incidence of PM, it is of utmost importance to concentrate patients in
centers with expertise in the treatment of peritoneal diseases, in which the learning curve
(both in the selection of patients and in the highly complex surgical procedures) no longer
has a negative impact on the outcomes. Of the seventeen patients with PM assessed at our
center, only five were initially evaluated in our own hospital, while the rest were referred
from other centers.

Precise patient selection for CRS + HIPEC is crucial in DMPM to avoid unnecessary
laparotomies and save surgical resources. Thus, it is highly recommended to use laparo-
scopic staging whenever possible [18], even though there still is a risk of underestimating
the real extension of the disease [19]. In our patients, staging laparoscopy was performed
on 2/3 patients with biphasic PM (not on the one diagnosed in urgent surgery for bowel
obstruction), and on 9/11 patients with epithelioid PM. In some patients (one biphasic
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and two epithelioid), even two laparoscopies were carried out, one diagnostic of the un-
resectable mesothelioma and another one after neoadjuvant chemotherapy (NACT) to
reevaluate a chance of cytoreduction.

Initial laparoscopies allowed the exclusion of three patients for CRS (in one of them
palliative laparoscopic HIPEC was performed), and of the first 13 surgeries scheduled
with a curative intent, only one was suspended (a biphasic PM in which there seemed to
be a possibility of cytoreduction at laparoscopy after NACT, but a palliative HIPEC was
finally performed). However, of the five curative-intent surgeries scheduled for relapses
(4 in second and 1 in third attempts), four CRS had to be discarded due to intraopera-
tive irresectability (one with palliative HIPEC). In these cases, the role of laparoscopic
assessment is very limited (or impossible) due to previous extensive open surgery, and
there is no alternative but to estimate the possibility of cytoreduction based on imaging
tests. Overall, 5 of the 18 attempts of CRS + HIPEC with a curative intent were aborted
(38.4%), a result that is consistent with the rate of incomplete CRS reported in the literature
(33%, range 7–57%) [16].

CRS + HIPEC procedures in specialized centers are associated with a mortality rate
of 0.9–5.8% and serious perioperative morbidity of 12–52% [20]. In our PM series, there
was one post-operative exitus among the 13 CRS + HIPEC procedures. This mortality
is high (1/13 = 7.6%), but no conclusions can be drawn from such a small series. In our
overall series of CRS + HIPEC for any indication (including colon, gastric, ovarian cancer,
peritoneal pseudomyxoma, PM and non-conventional indications), currently exceeding
900 cases, postoperative mortality is 3%, similar to that of most expert centers. However,
serious morbidity (Dindo-Clavien III–V, including the postoperative exitus) of this series is
low, only present in 2 of the 13 procedures (15.3%) (Table 3).

Different cytotoxic drugs have been used for HIPEC in PM, mainly cisplatin and
mitomycin C, administered alone or in combination with doxorubicin or other drugs. It
seems that the best result is obtained with combined schemes [21], based on platinum at
least when CRS is complete [15].

The use of NACT in DMPM is under debate, and there are even authors who con-
sider it harmful when a complete CRS can be achieved [22,23]. It is usually administered
when there are doubts about resectability. In our series, 7/9 patients with epithelioid
DMPM treated with complete CRS + HIPEC had received NACT with pemetrexed-cisplatin.
The recent international recommendations of PSOGI/EURACAN specify three scenarios:
(1) resectable patients, (2) clearly unresectable patients, and (3) borderline resectable pa-
tients [7]. Primary CRS + HIPEC is considered the treatment of choice when the disease is
resectable. In patients with unresectable or borderline disease, there is the option of neoad-
juvant CT (even bidirectional with intraperitoneal pemetrexed + intravenous cisplatin),
having reported surgical rescues in up to 50% of cases [24]. In this regard (conversion to
resectability), great expectations have recently been raised with the use of PIPAC (pressur-
ized intraperitoneal aerosol chemotherapy) in different indications [25], and a specific trial
in DMPM has even been designed [26].

The use of adjuvant CT after CRS + HIPEC is considered beneficial, especially in the
presence of any adverse prognostic factor (CCS ≥ 1, sarcomatoid or biphasic subtypes,
lymph node metastases, high PCI or Ki-67 > 9%) [7]. Nevertheless, adjuvant CT can be
avoided in patients with favorable prognosis. In our series, five of the nine patients with
epithelioid PM treated with complete CRS + HIPEC did not receive postoperative CT.
However, this includes two cases that would have been candidates but did not receive it
for other reasons: the postoperative exitus and another patient with poor postoperative
performance status.

Only a few multi-institutional registries have managed to gather a large number of
patients with PM treated with CRS + HIPEC. The best known are those published by Yan
et al. in 2009 [5] (405 patients with a median OS of 53 months and 5-year OS of 47%)
and Alexander et al. in 2013 (211 patients from three US institutions with a median OS
of 38.4 months and 5-year OS of 41%). A meta-analysis by Helm et al. in 2015 includes
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1047 patients from 20 studies with a 5-year OS of 42% [16]. Our results in the nine patients
with epithelioid PM in whom CRS + HIPEC has been possible with curative intent (median
OS 58 months, 5-year OS 47.4%) are therefore in the high range of the reference series. Our
DFS (median 17 months, 4-year 38%), although also remarkable, underestimates the real
benefit since it is calculated up to the date of the first relapse; however, a complete cytore-
duction was achieved in two of the recurrences (with no subsequent relapse). Therefore,
the patients free of disease at the time of data analysis are not 3 out of 9, but 5 out of 9;
however, this number is not reflected in the DFS concept.

The sarcomatoid subtype has such a poor prognosis that it is actually considered
a contraindication for CRS + HIPEC [7]. The prognosis of biphasic PM is worse than the
epithelioid subtype; however, it is possible to increase the survival rate with complete
CRS + HIPEC in properly selected patients [27]. Our study clearly demonstrates the worst
prognosis of biphasic tumors, with unresectable disease and survival of less than 6 months
in the three cases.

Palliative HIPEC can be used in DMPM for the treatment of malignant ascites [8,9]. In
our study, six palliative HIPECs were performed (three of them laparoscopic) in three patients,
with prolonged survival in two of them (both epithelioid). PIPAC, combined with systemic CT,
has been used in peritoneal carcinomatosis of various origins mainly with palliative intention,
leading to clinical response rates of 67–75% in DMPM [28]. However, it has never been
compared with laparoscopic palliative HIPEC, which is ostensibly cheaper and surprisingly
forgotten in favor of PIPAC.

Multicystic PM has a much better prognosis, is more common in women (83%), and
usually has an incidental diagnosis, as reflected in our series. Traditional treatment is
surgical resection, although long-term follow-up is necessary due to the high probability of
recurrence (50%) and the exceptional possibility of malignant transformation [11]. CRS +
HIPEC in experienced centers is considered the treatment of choice nowadays [7], and the
three patients in our series (treated with CRS + HIPEC without postoperative mortality
or serious complications) all remain alive and free of disease after a very long follow-up
(59 months).

5. Conclusions

Our data confirm that treatment of PM with CRS + HIPEC, in correctly selected
patients, seems to be the optimal treatment. It is important to know this therapeutic
option, both to offer it to patients, and to avoid delays in referral to appropriate centers
for treatment. CRS + HIPEC is considered a better alternative than isolated CRS also in
borderline varieties of diffuse PM (well differentiated papillary and multicystic). Candidate
selection should include laparoscopic staging whenever possible in DMPM. Perioperative
systemic chemotherapy is indicated in certain cases, and therapeutic decisions should be
made in a Multidisciplinary Tumor Board in expert centers in the treatment of peritoneal
surface malignancies. Patients with unresectable disease may benefit from the use of
palliative (preferably laparoscopic) HIPEC for the treatment of malignant ascites.
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Abstract: Introduction: Treatment of Peritoneal Surface Malignancies (PSM) with cytoreductive
surgery (CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) has achieved results never
seen before in these patients, which classically have a poor prognosis. The possibility of conducting
clinical trials in these diseases is complicated, since some of them are rare, so the analysis of large
databases provides very valuable scientific information. The aim of this study is to analyze the global
results of the National Registry of the Spanish Group of Peritoneal Oncologic Surgery (REGECOP),
whose objective is to register all patients scheduled for HIPEC nationwide. Methods: This is a
retrospective analysis of the data recorded in the REGECOP from 36 Spanish hospitals from 2001 to
2021. There were 4159 surgical interventions in 3980 patients. Results: 66% are women and 34% are
men with a median age of 59 years (range 17–86). 41.5% of the patients were treated for Peritoneal
Metastases (PM) of colorectal cancer (CRC); 32.4% were women with ovarian cancer (OC) with PM;
12.8% were treated for pseudomyxoma peritonei (PMP); 6.2% had PM from gastric cancer (GC);
4.9% had PM of non-conventional origin; and, finally, 2.1% of cases were patients diagnosed with
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peritoneal mesothelioma. The median Peritoneal Cancer Index (PCI) was 9 (0–39), and complete
cytoreduction was achieved in 81.7% of the procedures. Severe morbidity (Dindo–Clavien grade
III–IV) was observed in 17.7% of surgeries, with 2.1% mortality. Median hospital stay was 11 days
(0–259). Median overall survival (OS) was 41 months for CRC patients, 55 months for women with
OC, was not reached in PMP patients, was 14 months for GC patients, and 66 months in mesothelioma
patients. Conclusions: large databases provide extremely useful data. CRS with HIPEC in referral
centers is a safe treatment with encouraging oncologic results in PSM.

Keywords: peritoneal carcinomatosis; HIPEC; cytoreductive surgery; Peritoneal Surface Malignan-
cies

1. Introduction

Peritoneal Surface Malignancies (PSM) are a heterogeneous group of primary tumors like
primary peritoneal carcinoma or peritoneal mesothelioma, and peritoneal metastases (PM) from
other abdominopelvic tumors by cell dissemination, such as from colon, stomach, or ovarian
cancer, or pseudomyxoma peritonei secondary to appendiceal mucinous neoplasia [1,2].

Classically, PSM were considered as terminal diseases and therefore were paired with
supportive care and palliative treatments. Since the end of the twentieth century, and
especially since the beginning of the twenty-first century, progress has been made in the
knowledge of the peritoneum and its diseases, and today PSM are considered as local
dissemination that can be treated, in selected cases, with radical intent [3].

The combination of modern systemic chemotherapy with cytoreductive surgery (CRS)
and hyperthermic intraperitoneal chemotherapy (HIPEC) is achieving very encouraging
results and is already considered the standard treatment in some indications, such as
peritoneal pseudomyxoma (PMP) or peritoneal mesothelioma [4,5]; in other indications,
such as PM from colorectal, ovarian, or gastric cancers, there is more discussion regarding
CRS with HIPEC, but the published studies show promising results [6–10].

The scientific evidence on this treatment is growing. However, there are few multi-
center randomized clinical trials, because carrying them out is very difficult, since some of
these diseases are very rare and make the recruitment of patients very difficult. For this
reason, national prospective registries of large patient series are of great importance in
clarifying the potential benefit of these procedures and their real risks.

The Spanish Group of Peritoneal Oncologic Surgery (GECOP) was born in 2007 and
gathers all the centers where CRS and HIPEC procedures are performed in Spain. It is
currently made up by 39 centers. One of the objectives of the GECOP since its foundation
was the creation of a prospective registry of patients treated through CRS and HIPEC.
However, it was not until 2020 that this goal became a total reality and the National Registry
of the Spanish Group of Peritoneal Oncologic Surgery (REGECOP) began to be fully
operational. The objective of this article is to analyze the overall results of the REGECOP.

2. Patients and Methods

This is a retrospective, multicenter study from a prospective national database of
patients with PSM of different origins scheduled for treatment with CRS and HIPEC from
2001 to 2021. Both patients with PSM and patients at high risk of developing PM and who
had undergone second-look surgery with prophylactic HIPEC were included. An intention-
to-treat analysis was carried out. The study was approved by the ethics committee in each
participating center.

All participating centers are members of the GECOP and are specialized in the treat-
ment of peritoneal oncological disease. Depending on the number of procedures performed,
the centers were divided into 2 groups: high-volume centers if they have performed more
than 100 procedures or low-volume centers if they have performed less than 100. The
high-volume centers are described in Table 1. A total of 36 centers participated in the study.
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Table 1. Centers with more than 100 procedures (high-volume centers).

Hospital Region Number of Procedures

H. Universitario de Fuenlabrada Madrid 735
H. Virgen de la Arrixaca Murcia 369
H. Virgen del Rocío Sevilla 271
H. Río Hortega Valladolid 210
H. Torrecárdenas Almería 202
H. Infanta Cristina Badajoz 147
H. General de Elche Alicante 136
H. Príncipe de Asturias Madrid 135
H. La Fe Valencia 129
MD Anderson Madrid 119
H. Regional de Málaga Málaga 115
H. Insular Gran Canaria 102

The extension of peritoneal disease is established according to the Peritoneal Cancer
Index (PCI) [11], and the radicality of CRS is assessed by the Completeness of Cytore-
duction Score (CCS) [12]. CRS is considered a high-complexity surgery when more than
4 visceral resections or peritonectomies have been performed. Data about HIPEC itself is
also collected, such as type of perfusion technique (open close, or close with CO2 recircula-
tion), drug used, or administration time.

Postoperative morbidity is classified according to Dindo–Clavien classification [13],
and complications grade III or IV are considered as severe morbidity. Hospital stay is
defined as the days between date of surgery and date of discharge.

During surveillance, recurrences and deaths are registered. Reverse Kaplan–Meier
was used to calculate median follow-up. Disease-free survival (DFS) is defined as the time
between the date of surgery and the date of first relapse or death. Overall survival (OS) is
defined as the time from the date of surgery to death.

The statistical analysis was performed using IBM SPSS software, version 22.0. Out-
come analysis was performed using the Chi square test, t test, Mann–Whitney U test, and
contingency tables. Kaplan–Meier curves were used for survival analysis, the log rank test
to identify difference between curves, and Cox multiple regression analysis to investigate
possible prognostic factors; p ≤ 0.05 is considered significant.

3. Results

The 36 centers have registered 4159 procedures in 3980 patients. Repeated CRS with
HIPEC was performed in 155 patients: 136 were operated on twice, 15 received CRS
and HIPEC three times, 3 patients were operated on four times, and 1 patient five times.
Major preoperative, surgical, and postoperative characteristics of the 4159 procedures are
summarized in Table 2. A comparison was made between high- and low-volume centers,
which is shown in Table 3.

Table 2. Preoperative, surgical, and postoperative characteristics.

Variable Procedures (n = 4159)

Sex (%)

Female 65.8

Male 34.2

Median age (years (range)) 59 (18–86)

Primary tumor (%)

Colorectal cancer 41.4

Ovarian cancer 31.9

Pseudomyxoma peritonei 13.3
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Table 2. Cont.

Variable Procedures (n = 4159)

Gastric cancer 6

Peritoneal mesothelioma 2.6

Non-conventional indications 4.8

Neoadjuvant SCT (%) 63.2

Laparoscopic surgery (%) 2.7

Median surgical PCI (range) 9 (0–39)

High-complexity surgery (%) 41.4

CCS (%)

CCS-0 81.7

CCS-1 7.5

CCS-2 2.2

CCS-3 8.6

HIPEC technique (%)

Open or coliseum 69.2

Close 3.5

Close with CO2 recirculation 27.3

HIPEC drug (%)

MMC 34.3

Oxaliplatin 24.5

Paclitaxel 18

Cisplatin 10.8

Cisplatin + Doxorubicin 8.4

Cisplatin + MMC 2.5

Others 1.6

Postoperative complications (%)

No complication 49.9

Minor (I–II) 30.3

Severe complications (III–IV) 17.7

Grade V 2.1

Surgical reintervention (%) 11.9

Median hospital stay (days (range)) 11 (0–259)
SCT, systemic chemotherapy; PCI, Peritoneal Cancer Index; CCS, Completeness of Cytoreduction Score; MMC,
mitomycin C.

Table 3. Comparison of high- and low-volume centers.

Variable High-Volume Center Low-Volume Center p

Median surgical PCI (range) 9 (0–39) 8 (0–39) 0.001
CCS (%)

CCS-0 or CCS-1 89.4 88.9 0.36
CCS-2 or CCS-3 10.6 11.1

Postoperative complications (%)
No complication 52.8 44.8

Minor (I–II) 27.5 35.3 0.0001
Severe complications (III–IV) 17.7 17.5
Grade V 2 2.4

Median disease-free survival (months) 16 15 0.49
Median overall survival (months) 47 49 0.48

PCI, Peritoneal Cancer Index; CCS, Completeness of Cytoreduction Score.
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3.1. Colorectal Cancer

Colorectal Cancer is the most frequent indication in this registry, with 1716 procedures
in 1647 patients. Median age of the patients is 60 years (18–86), with 46.1% women and
53.9% men. Peritoneal relapses (metachronous PM) of a previously operated colorectal
cancer constitute 50.8% of the procedures. Preoperative systemic chemotherapy (SCT) was
administered in 58.1% of patients. The median surgical PCI is 6 (0–39); 65% of patients
have a PCI lower than 10 and 10.8% have a PCI of 20 or higher. Complete cytoreduction
(CCS-0) was achieved in 85.5% of surgeries, with a rate of high-complexity surgeries of
32.9%. The most-used drug in HIPEC was mitomycin C (MMC) in 55.2% of cases, followed
by oxaliplatin with 41.4%; since June 2018, the use of oxaliplatin dropped significantly,
going from being the majority with 56.1% of HIPEC to being used only in 17.2% of cases
since then (p < 0.05). Severe morbidity occurred in 18.8% of cases, surgical reintervention
was necessary in 14.5%, and mortality was 2.5%. The use of oxaliplatin was associated
with significant increased severe morbidity (26.2%) compared to the use of MMC (14.4%),
accompanied by a higher risk of mortality (4% versus 1.3%, p < 0.05). Median hospital stay
is 12 days (1–195). With a median follow-up of 37 months, median DFS is 13 months (3-year
DFS of 23.9% and 5-year DFS of 17.5%) and median OS is 41 months (3-year OS of 55.7%
and 5-year OS of 35.6%) (Figure 1). According to the PCI, median OS is 53 months for a
PCI of 0-10, 34 months for a PCI of 11–15, 21 months for a PCI of 16–20, and 10 months for
a PCI higher than 20 (p = 0.0001) (Figure 2).

Figure 1. Overall survival of patients treated with cytoreductive surgery and HIPEC according to
tumoral origin.
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Figure 2. Overall Survival in colorectal cancer according to Peritoneal Cancer Index (PCI).

3.2. Ovarian Cancer

One thousand three hundred twenty-four CRS and HIPEC procedures were performed
in 1285 patients with ovarian cancer and PM. The median age is 59 years (20–85). The
majority of procedures are primary cytoreductions (68.1%), with 31.9% being secondary
cytoreductions (relapses surgery). Upfront surgery (CRS without neoadjuvant SCT) was
carried out in 10% of primary cytoreductions; 90% of primary cytoreductions were interval
surgeries (CRS after neoadjuvant SCT). The median PCI is 11 (0–39); 23.7% of cases have a
PCI higher than 20. Complete cytoreduction (CCS-0) was achieved in 82.4% of cases and
CCS-1 in 9.4%, with a rate of high-complexity surgeries of 54.6%. The most-used HIPEC
drug was paclitaxel (52.9%), followed by cisplatin (38.9%). Severe complications were
observed in 15.6% of patients, and 9.1% of patients were reoperated on in the postoperative
period; postoperative mortality was 1.3%. The median hospital stay is 10 days (1–160).
The median follow-up is 34 months. The median DFS is 16 months (3-year DFS of 31.1%
and 5-year DFS of 24.1%). The median OS is 55 months (3-year OS of 66.7% and 5-year
OS of 47.4%) (Figure 1). Median OS in patients with a PCI of 0-20 was 66 months, and it
was 29 months in those with a PCI higher than 20 (p = 0.0001). Complete cytoreduction
(CCS-0 and CCS-1) is a good prognostic factor of OS, with a median OS of 62 months versus
12 months with incomplete CRS (CCS-2 or CCS-3) (p = 0.0001).

3.3. Pseudomyxoma Peritonei (PMP)

Five hundred and fifty CRS and HIPEC procedures were carried out in 508 patients
diagnosed with PMP. Median age of the patients is 60 years (18–85), with 58.9% women.
The median PCI is 14 (0–39), significantly higher than the other indications (median PCI of
8, p < 0.05); furthermore, 39% of patients have extensive disease, with a PCI greater than 20.
Complete cytoreduction (CCS-0) was achieved in 76.1% of surgeries, and nearly complete
cytoreduction (CCS-1) in 13.1%. High-complexity surgery was necessary in 47.2% of CRSs.
MMC is the HIPEC drug most commonly used (62.6%), followed by oxaliplatin (30.4%).
Severe morbidity was observed in 19.7% of cases, with a 13.3% reoperation rate in the

76



J. Clin. Med. 2023, 12, 3774

postoperative period; postoperative mortality is 3.6%. The median hospital stay is 12 days
(0–259). The median surveillance is 33 months. The median DFS is 68 months (5-year DFS
of 51.9%), and the median OS was not reached (5-year OS of 74.4%) (Figure 1).

3.4. Gastric Cancer

Two hundred and fifty procedures of CRS and HIPEC were performed in 246 patients
with gastric cancer. The median age of the patients is 56 years (21–84), with 46.2% women
and 53.8% men. Neoadjuvant SCT was administered in 89% of patients. The median PCI is
6 (0–39), and 76% of patients have a PCI lower than 12. Complete cytoreduction (CCS-0)
was achieved in 77.3% of surgeries, with a high-complexity surgery rate of 41.2%. The
HIPEC drug most commonly used was cisplatin alone or in combination with other drugs
(61.6%). Severe morbidity was observed in 19% of cases, with 1.7% mortality; the surgical
reintervention rate is 10.1%. The median hospital stay is 12 days (1–228). The median
follow-up is 40 months. The median DFS is 7 months (3-year DFS of 15.1% and 5-year
DFS of 12.3%). The median OS is 14 months (3-year OS of 24.2% and 5-year OS of 18.7%)
(Figure 1); the median OS reaches 20 months for a PCI of 0-6 with a 5-year OS of 28%,
while for a PCI higher than 6, the median OS falls to 9 months with a 5-year OS of 2.6%
(p = 0.0001) (Figure 3).

Figure 3. Overall survival in gastric cancer according to Peritoneal Cancer Index (PCI).

3.5. Peritoneal Mesothelioma

One hundred and seven procedures were performed in 90 patients diagnosed with
peritoneal mesothelioma. Patients’ median age is 54 years (18–83), with 59.8% women.
The median PCI is significantly higher than other indications (20 versus 8, p < 0.05),
with a PCI ≥ 20 in 51.4% of cases. Complete or nearly complete cytoreduction (CCS-0
or CCS-1) was achieved in 74.2% of CRSs. High-complexity surgery was necessary in
59.6% of CRSs. Cisplatin (alone or in combination) is the HIPEC drug most used (85.3%).
Severe complications occurred in 16.8% of cases, with an 11.1% surgical reintervention
rate; postoperative mortality is 2.8%. The median hospital stay is 11.5 days (1–142). The
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median follow-up is 23 months. The median DFS is 11 months (3-year DFS of 27.2%), and
the median OS is 66 months (3-year OS of 62.7%) (Figure 1).

3.6. Non-Conventional Indications

One hundred and ninety-nine CRS and HIPEC procedures were carried out in 194 patients.
The origins were very diverse, with the most frequent being endometrial and small bowel
cancer, non-mucinous appendix neoplasms, or sarcomas. The median age is 56 years
(18–81), with 68.8% women. The median PCI is 9 (0–39). Complete cytoreduction (CCS-0)
was reached in 81.6% of CRSs, with a high-complexity surgery rate of 42.3%. Severe
morbidity was registered in 14.9% of cases, and the mortality rate was 0.5%. Median
hospital stay is 10 days (1–67). The OS results are shown in Figure 1: the median DFS is
12 months (5-year DFS of 20.9%), and the median OS is 36 months (5-year OS of 39.2%).

4. Discussion

The management of PSM has changed in recent years, from being terminal diseases
with a poor prognosis to diseases with curative treatment possibilities in selected cases.
CRS associated with HIPEC have achieved encouraging results in different tumoral origins.
However, the medical community remains skeptical and critical of this treatment due
to the few published randomized clinical trials to date, although several clinical trials
have been published and multiple studies are ongoing [6–9,14–18]. Currently CRS with
HIPEC is considered the standard treatment only for PMP and peritoneal mesothelioma,
curiously two pathologies where there are no published clinical trials because they are rare
diseases [19,20]. While scientific evidence continues to grow, national prospective registries
with large numbers of patients can contribute to clarify the benefit of these procedures and
their efficacy by analyzing morbidity and mortality.

This study shows the results of a large database of Spanish centers. It is one of the
studies with the largest number of patients that have been published to date. The main
indications are colorectal cancer and ovarian cancer (more than 70%), because these are
the most prevalent diseases. Despite the fact that surgical technique is demanding, with a
high-complexity surgery rate greater than 40% to achieve a high percentage of complete
cytoreductions (81.7%), serious morbidity is quite acceptable, with 17.7%, and 2.1% mor-
tality. Although morbidity is lower in high-volume centers (Table 3), this improvement is
at the expense of mild complications, as severe morbidity in low-volume centers is also
acceptable. These results are remarkable compared to published studies. In a recent study,
Ramos et al. described 20% of severe complications in 1321 consecutive CRS + HIPEC
procedures [21]. In 2022, Filis et al. published a meta-analysis in ovarian cancer; they
observed 143 adverse events in 308 patients (46.4%) treated with CRS and HIPEC [22]. The
PRODIGE 7 trial, published in 2021, registered severe morbidity in 42% of patients in the
CRS plus HIPEC group [6].

Colorectal cancer is the most common origin of PM. In the beginning of the 21st
century, Verwaal et al. published the first clinical trial of PM of colorectal cancer origin [23];
they randomized 105 patients to receive standard treatment with SCT or aggressive cytore-
duction and HIPEC. The median OS in the HIPEC group was significantly higher than the
standard group (22.3 months versus 12.6, p = 0.032). These results meant a big change, and
CRS with HIPEC began to be considered as a treatment option in selected patients. In 2008,
the same authors published an update of the trial with more years of follow-up, which
confirmed the results obtained in the first study [15]. However, many medical oncologists
considered the Verwaal trial quickly outdated since the SCT used in it became obsolete
coinciding with the time of the first publication, son, in any case, it would be necessary to
make a comparison with the newer drugs (oxaliplatin, irinotecan, cetuximab, and beva-
cizumab). To answer these questions, the PRODIGE 7 study was carried out; Quenet et al.
randomized 265 patients in two groups (CRS alone versus CRS + HIPEC), and the median
OS was similar in both groups (41.7 months in the CRS group and 41.2 in the CRS + HIPEC
group) [6]. The results of PRODIGE 7 shows that selected patients with PM of colorectal

78



J. Clin. Med. 2023, 12, 3774

cancer origin must be operated on, because CRS achieves a median OS longer than 3 years,
better than what is achieved with SCT, but the addition of oxaliplatin HIPEC is not shown to
increase survival; the role of HIPEC is in question, and future studies are necessary to know
its value. HIPEC can prevent peritoneal recurrence in locally advanced colorectal cancer,
according to a recent trial [24], but its efficacy for the treatment of peritoneal metastases
will be evaluated in ongoing studies [7]. The results of the REGECOP demonstrate the
efficacy of CRS and HIPEC, with a median OS of 41 months and a 5-year OS of 35.6%; even
if patients have a PCI of 10 or lower, the median OS reaches 53 months. Since the results of
the PRODIGE 7 study were shown in 2018 in an ASCO meeting, there has been a change
in the trend in the REGECOP groups, with using MMC more frequently with the use of
oxaliplatin being almost anecdotal at present. On the other hand, our study shows greater
severe complications with the use of oxaliplatin. For these reasons, the GECOP group is
currently conducting a clinical trial using HIPEC with MMC [7], and currently the HIPEC
scheme with oxaliplatin should only be used within clinical trials in view of the results.

Patients with ovarian cancer frequently develop PM, and the use of HIPEC has been
controversial. This study shows a median OS of 55 months with a 5-year OS of 47.4%. The
most important prognostic factors are the PCI and the quality of cytoreduction according
to the CCS; the median OS for a PCI of 0–20 is 66 months (29 months in PCI 21–39),
and the median OS is 62 months for CCS-0 or CCS-1 versus 12 months in CCS-2 or
CCS-3. The CRS is a standard of care in ovarian cancer, but the use of HIPEC is discussed.
Spiliotis et al., in 2015, published a clinical trial for recurrent ovarian cancer; the addition
of HIPEC improved OS (3-year OS of 75% versus 18%) in 120 randomized patients [14], but
this trial was widely criticized for its methodology. In 2018, Van Driel et al. randomized 245
patients with stage III ovarian cancer, after induction of SCT, to receive interval CRS with or
without HIPEC; HIPEC improved median OS (48 versus 34 months) with comparable severe
morbidity in both groups [8]. These results are comparable to the trial of Cascales-Campos
et al. published in 2022, with an improvement in median OS from 45 months in the non-
HIPEC group to 52 months in the HIPEC group without morbidity differences [18]. Despite
all the scientific evidence, the gynecologic oncology community remains reluctant to use
HIPEC. According to the evidence of these trials and a recent meta-analysis published [22],
in primary ovarian cancer the interval CRS with HIPEC is a safe option that improves DFS
and OS.

Pseudomyxoma peritonei (PMP) is a rare peritoneal disease originated from a muci-
nous neoplasm of the appendix. PMP incidence is estimated at around one to three cases
per million each year. CRS with HIPEC is the standard treatment with good results. Our
study shows the best survival results in PMP despite the fact that the volume of peritoneal
disease was high (median PCI of 14), with a DFS of 68 months (5-year DFS of 51.9%) and
the median OS not reached (5-year OS of 74.4%). These results are similar to different
published studies. In 2021, Kusamura et al. published the results of 1924 patients from the
Peritoneal Surface Oncologic Group International (PSOGI) registry; patients treated with
CRS and HIPEC had a 5-year OS of 57.8%, better than the patients treated with CRS alone
(5-year OS 46.2%) [25]. In 2021, an international consensus was published where bases
on the diagnosis and treatment of PMP were founded, establishing CRS and HIPEC as its
standard treatment [19].

Gastric cancer with PM has a poor prognosis, with a median OS of 6 months and a
5-year OS of 0% [26]. However, treatment with CRS and HIPEC in selected cases obtains
encouraging results. In 2011, a randomized clinical trial was published with 68 patients
randomized to CRS and HIPEC or CRS alone; patients treated with HIPEC had significantly
better survival (median OS of 11 months versus 6.5 months) [9]. This is the only clinical
trial published to date, but there are numerous high-quality studies heading in the same
direction. Bonnot et al. published the CYTO-CHIP study in 2019, a propensity score
study that compared 180 patients treated with CRS and HIPEC with 97 patients treated
with surgery alone; median OS was higher in the HIPEC group (18.8 months versus 12.1),
without differences in morbidity or mortality [10]. Furthermore, several meta-analyses
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showed similar results, with a robust benefit of treatment with CRS and HIPEC [27–30].
The results of the REGECOP show a median OS of 14 months (5-year OS of 18.7%); if
the PCI is lower than 7, the median OS is 20 months (5-year OS 28%). Patient selection is
essential to obtain the best results, and experts currently recommend a PCI limit of 12 or
even 7 to perform an aggressive treatment with CRS and HIPEC [26,31,32].

Peritoneal mesothelioma is the other established indication for CRS and HIPEC in
addition to PMP [20]. In 2013, Baratti et al. published a series of 108 patients with peritoneal
mesothelioma treated with CRS and HIPEC with a median OS of 63.2 months [33]. Helm
et al. published an important meta-analysis including 1407 patients, and they observed
a 5-year OS of 42% [34]. The median OS for peritoneal mesothelioma in our study is
66 months, similar to published studies.

CRS and HIPEC have been used in other non-conventional indications. These have
included a miscellany of diverse origins, such as endometrial cancer, small bowel cancer, or
sarcomas. This heterogeneity of pathologies makes it impossible to make an analysis of
survival, but it is possible to draw conclusions about the safety of the procedure according
to morbidity. In the present study, severe morbidity was observed in 4.9% of cases, and
the mortality rate was 0.5%. Retrospective studies have been published evaluating the use
of CRS and HIPEC as treatment for PM of non-conventional origins. In 2022, Rajha et al.
showed the results of 76 patients with PM arising from infrequent tumor entities, with
a median OS of 68 months [35]. CRS with HIPEC can be a treatment option for selected
patients with PM of different origins.

Despite the obvious limitations of a non-randomized, non-experimental, and solely
observational study, this is a study with a large number of patients that provides great
information. While waiting for the results of important clinical trials in progress, large
national series, such as the present REGECOP study, can be very useful. With the results
obtained in this study, we can affirm that CRS with HIPEC is a safe treatment for pa-
tients with PSM, which achieves very good outcomes if it is performed in experienced
centers. In the coming years, the scientific evidence will increase as different ongoing trials
are published [7,17]. Meanwhile, it is very important that these patients are evaluated
and treated in expert centers and following the recommendations of different guidelines
and consensus [19,20,36–38].

5. Conclusions

The REGECOP study confirms that treatment with CRS + HIPEC is a safe option for
selected patients with PSM. The survival results are remarkable and similar to previously
published studies. It is one of the series with the largest number of patients published to
date, so our results add highly valid and real information about patients treated in Spain.
CRS with HIPEC is the treatment that provides the greatest survival today for patients with
PSM. All patients diagnosed with PSM should be referred to experienced centers.
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Abstract: Background: Simultaneous liver resection and peritoneal cytoreduction with hyperthermic
intraperitoneal chemotherapy (HIPEC) remains controversial today. The aim of the study was to
analyze the postoperative outcomes and survival of patients with advanced metastatic colon cancer
(peritoneal and/or liver metastases). Methods: Retrospective observational study from a prospective
maintained data base. Patients who underwent a simultaneous peritoneal cytoreduction and liver
resection plus HIPEC were studied. Postoperative outcomes and overall and disease free survival
were analyzed. Univariate and multivariate analyses were performed. Results: From January 2010
to October 2022, 22 patients operated with peritoneal and liver metastasis (LR+) were compared with
87 patients operated with peritoneal metastasis alone (LR−). LR+ group presented higher serious
morbidity (36.4 vs. 14.9%; p: 0.034). Postoperative mortality did not reach statistical difference.
Median overall and disease free survival was similar. Peritoneal carcinomatosis index was the
only predictive factor of survival. Conclusions: Simultaneous peritoneal and liver resection is
associated with increased postoperative morbidity and hospital stay, but with similar postoperative
mortality and OS and disease free survival. These results reflect the evolution of these patients,
considered inoperable until recently, and justify the trend to incorporate this surgical strategy within
a multimodal therapeutic plan in highly selected patients.

Keywords: HIPEC; colon cancer; liver metastases; peritoneal carcinomatosis; combined resection

1. Introduction

In the last two decades, the appearance of new cytostatics and biological agents, to-
gether with the improvement of perioperative care and surgical technique, has changed the
prognosis of metastatic colon cancer. Surgical resection of liver metastases, applied in more
than 30% of patients, has achieved 5-year survival rates around 40% [1,2] and something
similar has occurred with the surgical resection of isolated pulmonary metastases [2,3].
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Peritoneal metastases are the metastatic form with the worst prognosis, being the second
cause of death in colon cancer, probably due to the lower penetration of cytostatics in the
peritoneal nodules [4]. However, some studies have reported fairly similar survival results
between patients with liver metastases and those with peritoneal metastases [5,6].

It is estimated that approximately 8% of patients with colon cancer develop hepatic
and peritoneal metastases simultaneously [1,7]. Simultaneous resection of the primary
tumor together with liver metastases is now routinely performed [8], but until 1999, the
concomitant presence of liver and peritoneal metastases was considered a contraindication
for surgical treatment and these patients were considered unresectable and amenable only
to palliative adjuvant chemotherapy, with an overall survival of 12 months [4,7]. Elias
et al. and a consensus statement showed that the presence of three liver metastases with a
low peritoneal tumor burden (PCI < 12) did not suppose an absolute contraindication for
simultaneous treatment with CRC + HIPEC [9–11]. Since then, several studies and meta-
analyses have published acceptable morbidity and mortality results, with a median survival
of around 25–48 months in selected patients treated with simultaneous surgical treatment
of both lesions and the administration of HIPEC and adjuvant chemotherapy [1,10–21].
Despite these publications, simultaneous resection of liver and peritoneal metastases
remains controversial due to its increased morbidity, mortality, and delayed administration
of adjuvant chemotherapy, and for these reasons it has not been established as the standard
of care [1,2,9–11,13,15,18,19].

The aim of this study was to evaluate the impact of simultaneous liver resection and
peritoneal cytoreductive surgery with HIPEC on perioperative and survival outcomes. The
hypothesis was that this surgical concomitant approach would be associated with higher
morbidity and/or mortality than patients with CCR-HIPEC alone.

2. Material and Methodology
2.1. Study Design and Patient Selection

This is a retrospective analysis of all consecutive patients with concurrent peritoneal
and liver metastasis due to colon cancer, treated with peritoneal cytoreduction with HIPEC,
in a tertiary referral hospital from January 2008 to October 2021. Two groups of patients
were formed. The control group (LR−) consisted of patients who underwent cytoreduction
and HIPEC alone, while the experimental group (LR+) consisted of patients who underwent
peritoneal cytoreduction with simultaneous resection of liver metastases plus HIPEC. This
study was approved by the Multidisciplinary Committee of Peritoneal Surface Oncologic
Malignancies and the Investigation Commission of the Universitari Son Espases Hospital.

Inclusion criteria were an Eastern Cooperative Oncology Group (ECOG) score of 0–2,
an American Society of Anesthesiologists (ASA) score of 0–3, peritoneal and liver resectable
disease, the absence of extra-abdominal metastasis, patients younger than 75 years of age,
adequate renal, bone marrow and liver function, and specific written informed consent.

Exclusion criteria were extra-abdominal or unresectable disease, poor performance
status (ECOG 3–5 or ASA > 3), progressive disease after neoadjuvant chemotherapy,
presence of another neoplasia, and patients having CRS and HIPEC for a Second-Look
protocol. Patients with appendiceal or rectal origin were excluded from the analysis. Other
exclusion criteria were a PCI higher than 17 points, patients not amenable to complete
cytoreduction and lost follow-up.

Data collected. Patient demographics, medical history, and clinical data were collected
and analyzed (PCI, number of organs resected, length of operation, grade of cytoreduction,
stoma formation, and type of cytostatic and duration of HIPEC). Additionally, perioperative
outcomes were included in the analysis (90 days morbidity according to Clavien–Dindo
classification, mortality, and transfusion rate), as well as length of intensive care and
hospital stay and need for reoperation. In the study, patients who experienced a relapse
after undergoing the first CRS-HIPEC procedure and underwent a second CRS-HIPEC
procedure were re-enrolled. The calculation of overall survival and disease-free survival
(DFS) was performed differently for each procedure. For the first procedure, overall
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survival was calculated from the date of diagnosis to one day prior to the date of the second
surgery and the patient was censored. DFS was calculated from the date of the first surgery
to the date of the first recurrence. For the second procedure, overall survival was calculated
from the date of the second surgery to the date of death, and DFS was calculated from the
date of the second surgery to the date of the second recurrence.

Preoperative Planning. All patients were evaluated by a multidisciplinary committee
on peritoneal surface malignancies and liver tumors, made up of surgeons, oncologists,
radiologists and nuclear medicine physicians. Radiological evaluation was made with
thoracic an abdomen-pelvis CT scan with intravenous contrast and with a positron emis-
sion tomography (PET) when indicated by the committee. Patients with liver metastasis
were evaluated with hepatic nuclear magnetic resonance. When a high PCI was suspected,
laparoscopy was performed to assess the possibility of complete peritoneal cytoreduc-
tion in order to avoid unnecessary laparotomies [22]. Neoadjuvant chemotherapy was
administered according to the oncologist decision. Preoperative prophylactic intravenous
antibiotics (cefotaxime 2 g and metronidazole 500 mg) were infused 30 min before incision
and maintained over a 48-h period. Anesthetic strategy was based on general anesthesia,
epidural analgesia, invasive monitoring, and goal-directed fluid balance [23].

2.2. Follow-Up

A joint follow-up was carried out by oncology and surgery units, with controls one
month and three months after the intervention and subsequently every 6 months with
clinical examination, CT scan and tumor markers. Postoperative chemotherapy was ad-
ministered according to the oncologic team.

2.3. Operative Technique

A xifopubic incision was routinely made with the patient in the Lloyd Davies po-
sition. In patients with liver resection a transversal right flank incision was made as
necessary. In all patients with liver metastasis, an intraoperative liver ultrasound was
performed. Intraoperatively, volume of peritoneal disease was quantified by the peritoneal
carcinomatosis index (PCI) [24] and potential complete cytoreduction was assessed. Liver
resections were performed first, followed by peritoneal cytoreduction. Only infiltrated
peritoneum by tumor was excised. The decision for resection was established if complete
peritoneal cytoreduction and hepatic resection could be achieved. All surgical procedures
were performed by experienced surgeons and were standardized to minimize variability.
Cytoreductive surgery (CRS) was performed in accordance with techniques described
by Bao and Bartlett to achieve CC-0 (no residual macroscopic disease) or CC-1 (residual
tumor nodule < 2.5 mm) resection [25]. HIPEC was only performed in cases of optimal
peritoneal resection (CC-0 and CC-1) and complete liver resection. A standard institutional
protocol for HIPEC was initiated after complete CRS, with the open technique (Coliseum)
and target intraperitoneal tissue temperature of 42 ◦C. We used oxaliplatin in colorectal
cancer until 2018, then changed to mitomycin C (20 mg/m2 for 60 min and 10 mg/m2

for 30 min diluted in 3 L/m2 of a 1.5% glucose solution at 42 ◦C). All safety measures on
cytostatic management and control of possible spillages based on the recommendations
of this type of procedures were applied [26,27]. Postoperative morbidity was classified
according to the Clavien–Dindo grading system [28]. For the purpose of analysis, grades
3–4 were considered major complications. Postoperative morbidity and mortality were
registered within 90 days of surgery.

2.4. Endpoints

Primary endpoints were postoperative mortality and severe morbidity (Clavien–Dindo
grades 3–4) at 90 days. Secondary endpoints were disease free survival (DFS) and overall
survival (OS). DFS was defined as the time from CRS-HIPEC to relapse or death. OS was
defined as the time from CRS-HIPEC to the time of death due to any cause.
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2.5. Statistical Analysis

Data are presented as the mean and standard deviation (with a 95% confidence
interval), median and interquartile range, or as a percentage (%). To analyze the risks on
clinical results, simple and multivariate regression techniques have been applied with the
aim of eliminating possible confounding factors and estimating the adjusted effects. For
immediate dichotomous results, logistic regressions have been applied and, for numerical
ones, linear regressions. Clinical results dependent on follow-up time have been analyzed
using COX regression. For immediate dichotomous results, logistic regressions have been
applied and, for numerical ones, linear regressions. A value of p < 0.05 has been considered
as an indicator of a significant difference. The statistical analysis has been developed by the
Methodological and Statistical Support Platform of the Balearic Islands Health Research
Institute. The statistical software used to analyze the data was IBM-SPSS v.26.

2.6. Financial Support

This research was coordinated by ProA Capital, Halekulani S.L., MJR. It was co-
financed by the European Development Regional Fund, ‘A way to achieve Europe’, as well
as P2022/BMD-7321 (Community of Madrid, Spain).

3. Results
3.1. Demographics and Perioperative Characteristics

Between January 2010 and October 2022, 142 consecutive patients diagnosed with
peritoneal carcinomatosis due to colon cancer underwent cytoreductive surgery and HIPEC.
Of these, 33 patients were excluded for different reasons (Figure 1).
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Twenty-two patients were included in the liver resection group (LR+: experimental
group) and 87 patients were assigned to non-liver resection group (LR−: control group).
The demographics of the study population are presented in Table 1. The LR+ group re-
ceived preoperative systemic chemotherapy more frequently (40.2% vs. 54%), but without
significant differences (p = 0.226). Variables related to surgical complexity such as PCI,
operating time, organs removed, number of anastomoses, and the need for transfusion did
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not present significant differences. In both groups, the degree of surgical cytoreduction
achieved was similar. Table 2 presents the intraoperative and histological characteristics
of the liver metastases that were surgically treated. Among patients with liver metas-
tases, the median number and size was 2 cm and 1.7, respectively, and most of them were
intraparenchymal. Regarding the surgical technique, splenectomy, lateral resection of duo-
denum, adrenalectomy and nephrectomy were performed more frequently in LR+ (Table 3).

Table 1. Demographics and Perioperative characteristics.

Perioperative Data LR (−)
N: 87

LR (+)
N: 22 p

Age 61.4 (54.9) 66.6 (60.5–71.3) 0.030

Female 42 (48.3%) 10 (45.5%)
0.812

Men 45 (51.7% 12 (54.5%)

ASA-I 8 (9.2%) 3 (13.6%)
NAASA-II 55 (63.2%) 12 (54.5%)

ASA-III 24 (26.4%) 7 (31.8%)

ECOG

NA
0 52 (59.8%) 18 (81.8%)
1 32 (36.8%) 4 (18.2%)
2 2 (2.3%) 0
3 1 (1.1%) 0

Charlson 6 (6–7) 7 (6–8) 0.035

Preoperative
Chemotherapy 35 (40.2%) 12 (54%) 0.226

KRAS mutation 35 (40.2%) 13 (59.1%) 0.111

Surgical PCI 8 (3–14) 9 (6–14) 0.380

Operative Time (minutes) 467 (390–567) 512 (456–638) 0.117

No. resected organs 4 (2–4) 4 (3–5) 0.171

No. of anastomosis 1 (1–3) 1 (1–3) 0.735

CCR-0 83 (95.4%) 21 (95.4%)
0.581CCR-1 4 (4.6%) 1 (4.6%)

Transfusion rate
Blood packs/patient

37 (42.5%)
1.4 (0–10)

11 (50%)
2.7 (0–12) 0.528

Stoma formation 4 (4.6%) 0 0.581

Table 2. Liver metastases characteristics.

Liver Metastases n: 22

Location
Subcapsular 5 (22.7%)
Intraparenchymal 15 (68.2%)
Both 2 (9.1%)

Number of metastases
1 9 (40.9%)
2 11 (50%)
3 2 (9.1%)

Size (cm) 2

Type of liver resection
Segmentectomy 9 (40.9%)
Atypical resection 13 (59.1%)
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Table 3. Types of organ resection.

Types of Resected Organ LR (−)
No (%)

LR (+)
No (%) p

Peritoneum 79 (21.9) 17 (19.9) 0.34

Omentectomy 62 (17.4) 10 (11.6) 0.06

Diaphragm resection 8 (2.2) 4 (4.6) 0.20

Gastric resection 4 (1.1) 0 0.31

Cholecystectomy 38 (10.7) 13 (15.1) 0.15

Splenectomy 16 (4.5) 0 0.03

Duodenum (lateral resection) 0 3 (3.5) 0.0004

Pancreatectomy (corporo-caudal) 3 (0.8) 0 0.38

Adrenalectomy 0 1 (1.2) 0.004

Small bowel 33 (9.3) 8 (9.3) 1

Right/Transverse colectomy 30 (8.5) 7 (8.1) 0.91

Left/Sigmoid/Rectal resection 36 (10.1) 10 (11.6) 0.63

Subtotal colectomy 5 (1.4) 0 0.26

Nephrectomy 0 3 (3.5) 0.0004

Ureter resection 6 (1.7) 2 (2.3) 0.68

Cystectomy 2 (1.1) 1 (1.2) 0.54

Hysterectomy/Ovarian resection 23 (6.5) 4 (4.6) 0.48

Aortic Lymphadenectomy 10 (2.8) 3 (3.5) 0.82

3.2. Morbidity and Mortality

The overall rate of complications was higher in the LR+ group (p: 0.024). The LR+
group also had more severe complications (Clavien–Dindo grades III–IV) (54.5% vs. 19.5%;
p: 0.017). The distribution by type of complications was mostly similar, however, the LR+
group presented a higher incidence of abdominal abscesses (36.4% vs. 14.9%; p: 0.034).
Although the incidence of postoperative pneumonia was similar, respiratory distress was
significantly higher in the LR+ group (36.4% vs. 4.6%; p< 0.001). The second more frequent
complication was intraabdominal abscesses; it is worth noting that of these infections, five
of the eight (62.5%) corresponded to abscesses in the hepatectomy bed. There were no
differences in the reoperation rate (Table 4). Univariate analysis showed age, transfusion,
and surgical time as predictors of severe complications. However, resection of liver metas-
tases and perioperative transfusion were the only predictor factors in multivariate analysis
(Table 5). Three deaths were recorded in the overall series (2.7%), all of them belonging
to the LR− group. The causes of death were respiratory failure secondary to bilateral
nosocomial pneumonia with respiratory distress in two patients and one haemophagocytic
syndrome with massive hemoperitoneum, most likely associated to intraperitoneal oxali-
platin. As happened with intensive care stay, hospital stay was significantly longer in the
LR+ group (16 vs. 11 days; p: 0.035). A multivariate analysis of predisposing factors for
postoperative mortality could not be performed due to the small number of patients.
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Table 4. Morbidity and Mortality.

Postoperative Complications LR (−)
N: 87

LR (+)
N: 22

Overall Morbidity (90 days) 22 (25.3%) 11 (50%) 0.024

Clavien–Dindo (90 days)
Grade 0 14 (17.7%) 5 (13.5%)
Grade 1 15 (19%) 2 (5.4%)

0.059Grade 2 33 (41.8%) 15 (40.5%)
Grade 3 6 (7.6%) 5 (13.5%)

0.017Grade 4 9 (11.4%) 10 (27%)

Reinterventions 5 (5.7%) 2 (9.1%) 0.567
-Evisceration 2 0
-Colonic fistulae 1 0
-Abdominal abscess 1 0
-Anastomotic dehiscence 1 1
-Ileus 0 1

Overall Mortality (90 days) 3 (2.7%)

Mortality 90 (days) 3 (3.4%) 0 (0) 1.000

Causes of death
-Bilateral Pneumonia and distress 2 0
-Hemophagocytic syndrome 1 0

ICU length of stay (median) 2 (2–3) 3 (2–4) 0.039

Hospital length of stay (median) 11 (9–16) 16 (10–35) 0.035

Abdominal abscess 13 (14.9%) 8 (36.4%) 0.034

Superficial SSI 10 (11.5%) 4 (8.2%) 0.475

Small bowel fistula 3 (3.4%) 1 (4.5%) 1.000

Anastomotic leak 2 (2.3%) 1 (4.5%) 0.495

Hemoperitoneum 2 (2.3%) 1 (4.5%) 0.495

Chylous ascites 0 1 (4.5%) 0.202

Hemothorax 1 (1.1%) 0 1.000

Thrombocytopenia 19 (21.8%) 9 (40.9%) 0.067

Ileus 11 (12.6%) 6 (27.3%) 0.106

Leukopenia 8 (9.2%) 1 (4.5%) 0.683

Pneumoniae 8 (9.2%) 3 (13.6%) 0.691

Pleural effusion with drainage 4 (4.6%) 2 (9.1%) 0.599

Pneumonia and respiratory distress 4 (4.6%) 8 (36.4%) 0.001

Central line sepsis 3 (3.4%) 0 1.000

Urinary infection 3 (3.4%) 1 (4.5%) 1.000

Stroke 2 (2.3%) 1 (4.5%) 0.495

Ulcerative gastritis 2 (2.3%) 0 1.000

Acute pancreatitis 1 (1.1%) 0 1.000

Table 5. Predictive factors for Severe Complications (III–IV Clavien–Dindo).

Variables OR Crude p OR Adjusted p

Liver metastases 4.29 (1.61–11.46) 0.004 4.36 (1.41–13.50) 0.011
Transfusion 3.25 (1.36–7.74) 0.008 3.36 (1.23–9.21) 0.019
Age 1.13 (0.57–2.23) 0.658 0.99 (0.98–1.01) 0.438
ASA 1.13 (0.57–2.23) 0.722 1.14 (0.53–2.44) 0.722
ECOG 0.51 (0.22–1.20) 0.124 0.72 (0.29–1.82) 0.494
PCI 1.02 (0.96–1.09) 0.533 0.99 (0.90–1.08) 0.747
Neoadjuvant chemotherapy 1.35 (0.58–3.11) 0.484 1.14 (0.44–2.96) 0.785
Operative time 1.00 (1.00–1.01) 0.112 1.00 (1.00–1.01) 0.644
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3.3. Survival and Recurrence

Throughout the study period, a total of 82 patients (75.2%) presented some type of
recurrence, with no differences between the two groups. The LR+ group presented a
significantly higher liver recurrence (27.8 vs. 10.9%; p: 0.049). Median overall survival and
DFS of the entire group was 32.4 ± 2.226 and 10.4 ± 0.966 months, respectively. Both groups
had no significant differences in overall and DFS survival. The LR+ group registered a
higher overall survival (43.8 vs. 30.8 months) (Table 6). Survival at one, three and five years
was also similar in the two groups. Only the PCI was shown to be a predictor of overall
survival (Figures 2 and 3).
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Table 6. Survival.

Survival LR (−)
N: 87

LR (+)
N: 22 p

Median Overall Survival 30.8 ± 2.223 43.8 ± 13.373

0.905
1 year 92% 90%
3 years 37.7% 43.8%
5 years 21.1% 14.3%

Median Disease Free Survival 10.5 ± 1.257 11.7 ± 1.297

0.938
1 year 40% 38%
3 years 22% 14%
5 years 16% 14%

Predictors factors of DFS were PCI and neoadjuvant chemotherapy (Table 7). The
recurrence was similar in both groups (64 patients, 73.6% in LR− group and 18 patients,
81.8% in LR+ group) (p: 0.43). All recurrence sites were similar in both groups, except for
liver recurrence, which was significantly higher in the LR+ group (five patients, 27.8% in
LR+ group and seven patients, 10.9% in LR+ group) (p: 0.049).

Table 7. Predictive factors of survival.

Survival Predictive Factors Univariate Analysis Multivariate Analysis

Survival Variables HR p HR
Cox Regression p

Overall Survival

-PCI 1.15 (1.10–1.20) 0.000 1.139 (1.089–1.192) 0.001
-Neoadjuvant Chemo 1.93 (1.16–3.21) 0.012
-CC score 7.67 (2.25–26.18) 0.001
-Operative time 0.48 (0.10–2.34) 0.002
-Severe complications (III–IV) * 1.32 (1.05–1.65) 0.016
-Transfusion 1.78 (1.07–2.96) 0.0927

Disease Free
Survival

-PCI 1.09 (1.05–1.13) 0.000 1.087 (1.047–1.128) 0.001
-Neoadjuvant Chemo 1.82 (1.18–2.82) 0.007 1.738 (1.092–2.765) 0.020
-No. of liver metastases 25.51 (3.11–209.4) 0.003
-Operative time 1.00 (1.00–1.00) 0.029
-Severe complications (III–IV) * 25.51 (1.04–1.50) 0.016
-Native KRAS 9.70 (1.01–93.23) 0.049

* III–IV Clavien–Dindo complications.

4. Discussion

Peritoneal and liver metastases are the two most frequent causes of death in colorectal
cancer [10]. In addition, peritoneal dissemination is the one with the worst prognosis with
a 30% lower survival, probably due to a lower response to systemic chemotherapy [4,29], or
as recently described, by the possibility of representing a mesenchymal molecular subtype
(CMS4) with a strong TGF-activation, immune suppression and stromal invasion [30].
Furthermore, it is estimated that approximately 8% of patients with colon cancer develop
hepatic and peritoneal metastases simultaneously [1,7] and until recently, these patients
were considered unresectable and only amenable to palliative adjuvant chemotherapy
with an overall survival of 12 months [4,7]. Indeed, the De Cuba meta-analysis reflected
that as much as 25% of scheduled patients for liver surgery were discarded due to the
finding of peritoneal metastases [31]. Elias et al. and a consensus statement has shown that
patients with up to three liver metastases and a low peritoneal tumor burden (PCI < 12)
did not suppose an absolute contraindication for a simultaneous treatment with CRC-
HIPEC [9,10,32,33]. Following these criteria and after obtaining a complete tumor resection,
a median OS of 25–45 months and an acceptable morbidity and mortality rates could
be achieved [1,16,32,34]. In a previous report, we updated our results and showed a
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median OS of 44 months in patients with simultaneous peritoneal and liver metastases
resection [17].

4.1. Morbidity and Mortality

Although several studies have reported acceptable results in selected patients treated
with simultaneous resection, its general application still remains controversial due to
the increased morbidity, mortality, and delayed administration of adjuvant chemother-
apy [1,2,9–19,22,33,34]. One added difficulty for this simultaneous approach is the different
intraoperative management (restriction of intravenous fluids required during liver resec-
tion versus an increased volume perfusion administered during peritoneal cytoreduction
and HIPEC) [1]. In this sense, actual goal-guided fluid therapy has helped to treat this
problem [23]. The results of this study showed that patients in the LR+ group presented
more postoperative complications and longer ICU and hospital stays, despite having a
PCI less than 12 and ≤3 liver metastases, which fulfils the criteria proposed by Elias and
other authors [9–11]. Severe Clavien–Dindo complications were 19.5% vs. 40.5% in LR−
and LR+, respectively (p: 0.017), and these results are consistent with those found in the
literature, which reflects the greater complexity of these interventions, with longer oper-
ative time and higher PCI ranging from 15 to 50% [9,11,16,20,21,31,35,36]. In fact, liver
metastases and perioperative transfusion were predictors of serious complications in the
multivariate analysis (Table 5). Maggiori et al. [34] demonstrated greater postoperative
morbidity only in patients with a PCI > 12 who underwent major hepatectomy, considering
this association as a limitation factor for the simultaneous approach. Interestingly, this same
author and Navez et al. [14] did not related such morbidity to the liver resection. Other
authors like Saxena et al. [37] and El-Nakeep et al. [35], did not find significant differences
in severe morbidity. The most frequent serious complication in our study was nosocomial
pneumonia (23 patients). Eight patients developed respiratory distress and two of them
died for this reason. These results force us to insist on activating preventive measures
with preoperative and postoperative respiratory physiotherapy, as well as promoting early
extubation and mobilization [38]. Intraabdominal abscesses were also significantly more
frequent in the LR+ group and this finding may be explained by the fact that in as many
as 62.5% of the cases, the infected collection was in the hepatectomy bed. This has been
also described by other authors [1]. Unlike severe morbidity, ninety-days mortality has
experienced a significant decrease, with figures around 4%, due to better patient selection
and postoperative management [1,2,11,39] Our results are in that range and did not show
significant differences between the two groups.

4.2. Survival and Recurrence

Recently, OS has been increased with the administration of oxaliplatin and irinotecan
and the addition of targeted therapies (e.g., bevacizumab and cetuximab) in patients with
metastatic colon cancer [40]. However, the survival analysis has biases that are difficult to
avoid in patients who are candidates for simultaneous liver and peritoneal cytoreduction
surgery because there are no randomized studies that compare the survival obtained with
chemotherapy alone [31,34,41]. Although the PRODIGE 7 trial raised questions regard-
ing the efficacy of HIPEC with oxaliplatine [42] in peritoneal metastases, such long-term
outcomes (median survival of 42 months and 5-year survival of 40%) have never been
published before [42,43]. Our results in the LR+ group (OS and DFS of 43 and 11.7 months,
respectively,) are in accordance with those described in previous publications, which
range from 15 to 47 months in OS and 8.5 to 25 in DFS, in selected patients (PCI < 12,
≤3 liver metastasis and complete cytoreduction) with concurrent liver and peritoneal
metastasis [2,10,11,16,44]. PCI and CC Score are considered the most important prognostic
factors in patients with CP [11,45] and a threshold of 17 PCI points has been described as
limit for resectability in peritoneal carcinomatosis of colorectal origin [46]. Although the
univariate analysis showed differences in the overall survival for the CC score, duration of
surgery, serious complications and transfusion, PCI was the only predictive factor for OS

93



J. Clin. Med. 2023, 12, 3860

(HR: 1.139 (1.089–1.192) p < 0.001). However, PCI and neoadjuvant chemotherapy were also
predictive factors for DFS (HR: 1.087 (1.047–1.128) p <0.001) and (HR: 1.738 (1.092–2.765)
p: 0.020). For now, we do not have a clear explanation for this last result. One hypothesis
could be that those patients who receive neoadjuvant chemotherapy had a higher tumor
burden. Despite the radical nature of the surgery, 75% of the patients had a recurrence dur-
ing the follow-up period. The recurrence rate was similar in both groups, but as described
by other authors, the LR+ group had a significant higher liver recurrence (p: 0.049) [11,44].

Limitations of this study are the retrospectively nature, the relatively small sample
size of the LR+ group and the strict criteria for patient selection. Another limitation is the
use of different intraperitoneal cytostatics, but this heterogeneity reflects the evolution of
HIPEC treatment over time.

In conclusion, simultaneous peritoneal and liver resection is associated with increased
postoperative morbidity and hospital stay, but with similar postoperative mortality and OS
and disease-free survival. These results reflect the evolution of these patients considered
inoperable until recently and justify the trend to incorporate this surgical strategy within a
multimodal therapeutic plan in highly selected patient.
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Abstract: Pseudomyxoma peritonei (PMP) is a rare malignant growth characterized by the pro-
duction of mucin and the potential for peritoneal relapse. This study aimed to investigate the
immunohistochemical and biological characteristics of mucin in patients with cellular and acellular
PMP. We prospectively analyzed mucin specimens obtained from our patient cohort and described
the composition and type of mucin present in each sample. A metagenomic analysis of the samples
was performed to investigate the bacterial composition of the PMP microbiome. Secreted mucins
2 and 5AC and membrane-associated mucin-1 were the primary components of mucin in both
cellular and acellular tumor specimens. The metagenomic study revealed a predominance of the
phylum Proteobacteria and the genus Pseudomonas. Notably, Pseudomonas plecoglossicida, a species not
previously reported in the human microbiome, was found to be the most abundant organism in the
mucin of pseudomyxoma peritonei. Our findings suggest that the presence of MUC-2 and mucin
colonization by Pseudomonas are characteristic features of both cellular and acellular disease. These
results may have significant implications for the diagnosis and treatment of this rare entity.

Keywords: pseudomyxoma peritonei; mucin; MUC-2; microbiome; pseudomonas

1. Introduction

Pseudomyxoma peritonei (PMP) is a rare syndrome characterized by the buildup
of mucin in the peritoneal cavity, often resulting from ruptured appendiceal mucinous
neoplasms. While ovarian involvement is common in this condition, it is usually metastatic
in nature [1]. Ovarian cystic teratoma is the only tumor of ovarian origin identified as a
likely cause of PMP. Although less common, gastrointestinal mucinous adenocarcinomas
and urachal cancer have also been identified as potential origins of PMP [2].

According to the Peritoneal Surface Oncology Group International (PSOGI) classifica-
tion, acellular mucin is characterized by an absence of tumor epithelial cells. In contrast,
PMP containing neoplastic epithelial cells in the mucin can be classified into three types
based on histopathologic features and the volume of tumor cells [3]:

• Low-grade mucinous carcinoma peritonei: characterized by low-grade cytology, few
mitoses, and scant mucinous tumor epithelium (<20% of tumor volume).

• High-grade mucinous carcinoma peritonei is characterized by the presence of at least
one of the following features: high-grade cytology, infiltration of adjacent tissues,
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invasion of vascular lymphatic vessels or surrounding nerves, cribriform growth, or
extensive mucinous tumor epithelium (>20% of tumor volume).

• High-grade mucinous carcinoma peritonei with signet ring cells: characterized by the
presence of neoplastic signet ring cells (signet ring cells ≥ 10%).

Furthermore, the Ki-67 proliferation index has recently been proposed as a tool for
stratifying high-grade PMP and predicting prognosis [4].

While the classification and prognosis of patients with PMP depends on the aforemen-
tioned histopathologic features, mucin itself has unique characteristics that warrant further
study. Despite the current treatment option of cytoreductive surgery and hyperthermic in-
traperitoneal chemotherapy (HIPEC) [3,5], tumor recurrence and progression are frequent,
with high mortality rates [5]. Therefore, identifying new therapeutic targets is crucial.

Our research aims to investigate the proteomic and biological characteristics of muci-
nous material in PMP as well as its metagenomic features (i.e., microbiome). We believe that
a fuller understanding of mucin may provide insight into the development and progression
of the disease, potentially leading to new treatment options for patients.

2. Materials and Methods

Patients: We obtained mucin samples from patients diagnosed with PMP who under-
went surgery at Fundación Jiménez Díaz University Hospital from April 2016 to July 2020.
All patients received information on the study and provided written consent to partici-
pate. The study protocol was approved by the Ethics Committee for Clinical Research
of Fundación Jiménez Díaz University Hospital (PIC 75/2016_FJD). The animal study
protocol was approved by the Committee on Animal Ethics and Welfare of the Fundación
Jiménez Díaz University Hospital Research Institute (PIC 63/2016_FJD). We proposed a
pilot study comprising a sample of nine patients who underwent surgical cytoreduction
combined with HIPEC. In eight cases, the origin of the PMP was a low-grade appendiceal
mucinous neoplasm (LAMN), while in one case a mucinous adenocarcinoma of the colon
was the source. Following the postoperative histopathologic study, five of the PMP cases
were diagnosed as acellular pseudomyxoma, and four were diagnosed as low-grade peri-
toneal mucinous carcinoma. In most of the patients included in our study, PMP originated
from a perforated LAMN. Patients who underwent successful complete cytoreduction
have remained alive without relapse. However, there was one patient who had incom-
plete cytoreduction. Unfortunately, this patient relapsed 6 months after the incomplete
cytoreduction and eventually died within 17 months (Table 1).

Table 1. Clinical and histological features.

Age Sex Primary
Tumor Perforated PMP

Classification
Preoperative

Chemotherapy
Cytoreduction

Score
Current
Status

Overall
Survival
(Months)

59 ♂ LAMN Yes Metachronous
LMCP (LMCP-1) No CC0 AWR 84

44 ♀ LAMN Yes Synchronous AM
(AM-1) No CC0 AWR 79

45 ♂ LAMN Yes Metachronous AM
(AM-2) No CC0 AWR 75

75 ♀ LAMN Yes Metachronous AM
(AM-3) No CC0 AWR 72

73 ♀ MCA No Metachronous
LMCP (LMCP-2) No CC0 AWR 54

80 ♀ LAMN No Synchronous
LMCP (LMCP-3) No CC1 DWR 17

Low-grade appendiceal mucinous neoplasm (LAMN). Mucinous colonic adenocarcinoma (MCA). Low-grade
mucinous carcinoma peritonei (LMCP). Acellular mucin (AM). CC0: completed cytoreduction. CC1: residual
tumor nodules < 0.25 cm. Alive without recurrence (AWR). Dead with recurrence (DWR).
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Subsequently, all histopathologic analyses were repeated to detect neoplastic cells in
mucin samples. Six consecutive patients were included in the final sample: three with
acellular mucin and three with neoplastic cells in the mucin. The multi-step process
followed to characterize mucin is described below.

Mucin degradation: The viscosity of the mucinous component in PMP is related to
such characteristics of mucin as protein concentration or cellularity (higher cellularity and
protein concentration, greater sclerosis) and other external factors related to the microen-
vironment such as hyperosmolarity, pH < 4, or the existence of trefoil factors (soluble
peptides secreted by goblet cells of the digestive tract that promote mucin viscosity) [6].
Mucolytics such as bromelain and N-acetylcysteine can be used to digest both soft and
hard mucin (Figure 1) [7,8]. Soft mucin is easily degradable, while hard mucin exhibits
greater sclerosis and an increased resistance to degradation [7].
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Figure 1. (a) Hard mucin; (b) soft mucin.

Soft mucin was digested with a solution consisting of 0.3 mg/mL bromelain and
2% N-acetylcysteine and left to incubate for 90–120 min at 37 ◦C. Hard mucin required a
longer incubation time to degrade (≤240 min).

Proteomic analysis: Following mucin digestion with bromelain and N-acetylcysteine,
proteins were extracted using RIPA lysis buffer (Tris-HCl (50 nM), NaCl (150 mM), EDTA
(1 mM), Nonidet P-40 (1%), DOC (0.5%), and SDS (80.1%)). The proteins were then quan-
tified by Coomassie Brilliant blue R-250, running the gel at 100 V for 1.15 h. Finally,
20 µL per well was loaded into a precast gel (Mini-Protean TGx 4–15%, Bio-Rad, Her-
cules, CA, USA) using 4× Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) and
5% β-mercaptoethanol as loading buffer, according to manufacturer recommendations.
Subsequently, each membrane was incubated overnight with specific antibodies against the
different mucins: MUC-1 (Proteintech/Fisher Scientific, Madrid, Spain), MUC-2 (ABCore
Ramona-San Diego County, CA, USA), MUC-3 (Santa Cruz Biotechnology, Heidelberg,
Germany), MUC-5AC (Cloud-Clone Corp/Biogen Científica, Madrid, Spain), MUC-13
(Santa Cruz Biotechnology, Heidelberg, Germany), and MUC-16 (Santa Cruz, Biotech-
nology, Heidelberg, Germany) at 4 ◦C and washed 4× with TTBS under gentle agitation
for 15 min; goat anti-mouse secondary antibody (Southern Biotech/Bionova, Madrid,
Spain) was added (MUC 2, 3, 13, and 16) as well as goat anti-rabbit (Southern Biotech)
(MUC 1, 5AC), incubating for 1 h at room temperature under agitation. The membranes
were washed with TTBS for 15 min and analyzed in an iBright system (Thermo Fisher,
Madrid, Spain).

Microbiome analysis: The prokaryotic 16S ribosomal RNA (rRNA) gene is frequently
used in metagenomic surveys of microbial populations due to its conserved and variable
regions, which facilitate sequencing and phylogenetic classification. The microbiota in
human and mouse biospecimens can be effectively studied through targeted amplification
of bacterial 16S rRNA genes [9]. To identify the bacteria present in cellular and acellu-
lar mucin specimens, we performed 16S gene sequencing on the DNA extracted from
these samples. Subsequently, we inoculated the mucin samples into both immunocom-
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petent and immunocompromised mice to study the behavior of the microbiome in these
experimental models.

Generation of 16S amplicons and amplicon sequencing was performed using the
Illumina Miseq platform in the Genomics Unit of the Madrid Scientific Park. An initial
PCR was performed with the Q5® Hot Start High-Fidelity DNA Polymerase enzyme
(New England Biolabs, Barcelona, Spain) using 300 pg of DNA. The primers used am-
plified the V3-V4 region of 16S and add extra sequences on which the second PCR was
performed: 5′-ACACTGACGACATGGTTCTACA CCTACGGGNGGCWGCAG-3′ and
5′-TACGGTAGCAGAGACTTGGTCTGACTACHVGG GTATCTAAT CC-3′. Cycling of the
first PCR was performed as follows: 1 × 98 ◦C 30 s; 23 × (98 ◦C 10 s, 50 ◦C 20 s, 72 ◦C 20 s);
and 1 × 72 ◦C 2 min.

We performed a second PCR on the amplification products of the first PCR using
the Q5® Hot Start High-Fidelity DNA Polymerase enzyme, with the following primers
(5′-AATGATACGGCGACCACCGA GATCTACACTGACGACATGGTTCTACA-3′ and 5′-
CAAGCAGAAGACGGCATACGAGAT-[10 nucleotides] -TACGGTAGCAGAGACTTGGTCT-3′)
from Fluidigm (Illumina Sequencers, Madrid, Spain). Cycling of this PCR was as follows:
1 × 98 ◦C 30 s; 14 × (98 ◦C 10 s, 60 ◦C 20 s, 72 ◦C 20 s); and 1 × 72 ◦C 2 min.

The final products were quantified by Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA) to prepare an equimolecular pool that was subsequently purified by selecting
the band of interest in an agarose gel with SYBR Gold (Thermo Fisher). After, the pool of
amplicons was quantified by qPCR using the Kapa SYBR FAST qPCR kit for Light Cycler
480 master mix and a reference library belonging to the Genomics Unit of the Madrid
Scientific Park.

Finally, the pool of amplicons was sequenced with the Illumina Miseq platform
following the manufacturer’s instructions, in a paired-end (2 × 300 bp) sequencing run
using MiSeq reagent kit v3-600 cycles (Illumina, Eindhoven, The Netherlands).

3. Results

Proteomic analysis revealed the presence of secretory mucins MUC-2 and MUC-5AC,
as well as the membrane mucin MUC-1, in all samples analyzed, predominantly MUC-2
(Table 2). We further detected the MUC-1 protein in mucin for the first time (MUC-1
overexpression was previously described only in tumor tissue). No other mucin types were
identified, and there were no significant differences in the composition or distribution of
mucin types between acellular and cellular samples (Figure 2).

Table 2. Proteomic analysis.

Patients Samples Mucin-1
(µg/µL)

Mucin-2
(µg/µL)

Mucin-5AC
(µg/µL)

LMCP-1 Cellular mucin 46 82 40
LMCP-2 Cellular mucin 33 77 31
LMCP-3 Cellular mucin 35 70 42

AM-1 Acellular mucin 44 68 40
AM-2 Acellular mucin 44 68 40
AM-3 Acellular mucin 43 75 40

Low-grade mucinous carcinoma peritonei (LMCP). Acellular mucin (AM).

To examine the microbiota in mucin samples, we conducted 16S sequencing and
identified different bacterial taxa. The most frequently detected phylum was genomic
DNA from Proteobacteria in both acellular (82.86%) and cellular (82.52%) mucin, followed
by Actinobacteria (8.17% and 8.52%, respectively). The most common bacterial order was
Pseudomonadales, comprising 44.99% of the microbiome in acellular mucin and 44.55% in
cellular mucin. The predominant genus was Pseudomonas, accounting for about 45% of the
germs detected in both mucin groups (Figure 3).
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Interestingly, the microbiota of patients with PMP and acellular mucin was almost
identical to that of patients with cellular mucin. This suggests that germ colonization of
accumulated mucus in PMP, primarily from Pseudomonas, is a specific feature of mucin
independent of the patient and tumor histopathology. To confirm this hypothesis, we
inoculated mucin samples into immunocompetent (C57) and immunosuppressed (NSG)
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mice and found that the microbiota was maintained regardless of host species and immune
status (Figure 4).

J. Clin. Med. 2023, 12, x FOR PEER REVIEW 6 of 11 
 

 

 
Figure 3. Microbiome analysis. 

Interestingly, the microbiota of patients with PMP and acellular mucin was almost 
identical to that of patients with cellular mucin. This suggests that germ colonization of 
accumulated mucus in PMP, primarily from Pseudomonas, is a specific feature of mucin 
independent of the patient and tumor histopathology. To confirm this hypothesis, we 
inoculated mucin samples into immunocompetent (C57) and immunosuppressed (NSG) 
mice and found that the microbiota was maintained regardless of host species and im-
mune status (Figure 4). 

Pseudomonas plecoglossicida was the most frequently identified bacterial species 
among all the samples analyzed, representing 11–21% of the total bacterial population. 

 

J. Clin. Med. 2023, 12, x FOR PEER REVIEW 7 of 11 
 

 

 

Figure 4. Microbiota of samples collected from patients with PMP and mucin xenoimplants in mu-
rine models. 

4. Discussion 
The overexpression of genes encoding different proteins of the mucin family has 

been described in the primary and metastatic tumor tissues of PMP. These proteins in-
clude mucin-2 (MUC-2), mucin-5AC (MUC-5AC), mucin-5B (MUC-5B), mucin-4 
(MUC-4), and mucin-1 (MUC-1) [7,10–17]. The MUC-2, MUC-5AC, and MUC-5B proteins 
are secreted gel-forming mucins, while the MUC-1 and MUC-4 proteins are mem-
brane-associated mucins [18]. While there is extensive research on the overexpression of 
mucin in tumor tissues, investigations focusing on mucin itself are considerably more 
limited (See Table 3 for an overview). 

Table 3. Main research focused on characterizing mucin types in tumor tissue or mucin samples. 

 SAMPLES MUC-2 MUC-5AC MUC-5B MUC-1 MUC-6 MUC-4 

O’Connell (2002) [7] Appendix, ovarian, and peri-
toneal tissues (25) ✓ ✓     

Mohamed (2004) [8] Peritoneal tissue (11) ✓   ✓   

Nonaka (2006) [9] Peritoneal tissue (42) ✓ ✓     

Mall (2007) [10] Mucin (cellular) ✓ ✓ ✓   ✓ 
Ferreira (2008) [11] Ovarian tissue (28) ✓   ✓   

Baratti (2009) [12] Peritoneal tissue (85) ✓ ✓     

Guo (2011) [13] Appendix, ovarian, and peri-
toneal tissues (35) ✓      

Chang (2012) [14] Appendix tissue (22) ✓ ✓     

Pillai (2017) [5] Mucin (16) ✓ ✓ ✓    
✓: confirmed finding. 

No reports to date have described the protein composition of acellular mucin in 
PMP. Our results show that the mucus in acellular mucin has a makeup that resembles 
the mucin of other types of PMP. 

Secreted MUC-2 and MUC-5AC are the main components of mucus in PMP. 
MUC-5AC is expressed in the goblet cells of the gastrointestinal and respiratory epithe-
lium as well as ovarian epithelial cells, whereas MUC-2 expression is specific to goblet 
cells of the intestinal epithelium [10]. MUC-2 is the only protein that has been consist-
ently described in studies involving PMP, both those performed directly on the protein 

Figure 4. Microbiota of samples collected from patients with PMP and mucin xenoimplants in
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Pseudomonas plecoglossicida was the most frequently identified bacterial species among
all the samples analyzed, representing 11–21% of the total bacterial population.

4. Discussion

The overexpression of genes encoding different proteins of the mucin family has been
described in the primary and metastatic tumor tissues of PMP. These proteins include
mucin-2 (MUC-2), mucin-5AC (MUC-5AC), mucin-5B (MUC-5B), mucin-4 (MUC-4), and
mucin-1 (MUC-1) [7,10–17]. The MUC-2, MUC-5AC, and MUC-5B proteins are secreted
gel-forming mucins, while the MUC-1 and MUC-4 proteins are membrane-associated
mucins [18]. While there is extensive research on the overexpression of mucin in tumor
tissues, investigations focusing on mucin itself are considerably more limited (See Table 3
for an overview).

No reports to date have described the protein composition of acellular mucin in PMP.
Our results show that the mucus in acellular mucin has a makeup that resembles the mucin
of other types of PMP.

Secreted MUC-2 and MUC-5AC are the main components of mucus in PMP. MUC-5AC
is expressed in the goblet cells of the gastrointestinal and respiratory epithelium as well as
ovarian epithelial cells, whereas MUC-2 expression is specific to goblet cells of the intestinal
epithelium [10]. MUC-2 is the only protein that has been consistently described in studies
involving PMP, both those performed directly on the protein composition of mucin as well
as research using tumor tissues. This pattern of mucin expression explains the appendicular
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origin of most cases of PMP. MUC-2 is characterized by extensive glycosylation and has
been associated with mucus sclerosis and even with patient prognosis in PMP [6].

Table 3. Main research focused on characterizing mucin types in tumor tissue or mucin samples.

SAMPLES MUC-2 MUC-5AC MUC-5B MUC-1 MUC-6 MUC-4

O’Connell (2002) [7] Appendix, ovarian, and
peritoneal tissues (25) X X

Mohamed (2004) [8] Peritoneal tissue (11) X X
Nonaka (2006) [9] Peritoneal tissue (42) X X
Mall (2007) [10] Mucin (cellular) X X X X

Ferreira (2008) [11] Ovarian tissue (28) X X
Baratti (2009) [12] Peritoneal tissue (85) X X

Guo (2011) [13] Appendix, ovarian, and
peritoneal tissues (35) X

Chang (2012) [14] Appendix tissue (22) X X
Pillai (2017) [5] Mucin (16) X X X

X: confirmed finding.

With respect to the microbiome of patients with PMP, it must be noted that the
peritoneal cavity is an aseptic anatomical region. Therefore, the bacterial contamination
of mucin should originate from the intestine, secondary to the perforation of appendic-
ular mucinous neoplasms [19]. Three identifiable enterotypes have been described in
the microbiome of the human gastrointestinal tract, which are defined according to the
most prevalent bacterial genera: Bacteroides (Enterotype 1), Prevotella (Enterotype 2), and
Ruminococcus (Enterotype 3) [20]. In our study, the predominant bacterial genus in the
mucin was Pseudomonas. Therefore, we can affirm that it is not a native constituent of the
digestive tract microbiome.

Gilbreath et al. [21] were the first to describe the microbiota associated with PMP and
to suggest its potential impact on the pathogenesis of this disease. Different methods have
been used to study the microbiota of PMP, such as cultures, in situ hybridization, and 16S
sequencing. The dominant phylum described is Proteobacteria, with a predominance of the
Pseudomonas genus [19], which coincides with our results.

No previous studies have specifically characterized the microbiota of acellular mucin.
The results of the present analysis reveal that it has a microbiota that closely resembles
that of other types of PMP. Although the presence of a microbiome having these features is
not characteristic of the gastrointestinal tract, it is frequently found in the mucin within
the respiratory epithelium of patients with cystic fibrosis disease. Therefore, the existence
of abundant mucin and a predominance of Pseudomonas in the microbiome are common
to PMP and cystic fibrosis. Another shared finding between these two conditions is
MUC-2 overexpression, despite the fact that MUC-2 expression is specific to goblet cells
of the intestinal epithelium and is not present in the respiratory epithelium under normal
conditions [22]. An association between mucus hyperproduction and infection by the genus
Pseudomonas has been described, as well as a direct relationship between the overexpression
of MUC-2 and MUC-5AC and the lipopolysaccharides of this bacterial family [23,24].

Previous studies by our group demonstrated that inoculating acellular mucin in an
experimental murine model could be used to reproduce acellular PMP [25]. With these
findings in mind, we set out to explore the mechanism by which tumor-cell-free mucin can
reproduce and grow. Based on the results of the present research, and taking into account
the results of Dohrman A et al. [23] and Ben Mohamed F et al. [24], we can hypothesize
that mucin overproduction may be related to colonization by bacteria belonging to the
Pseudomonas family. To advance our understanding of PMP and improve patient outcomes,
future research should investigate the relationship between the mucin microbiome and the
aggressiveness and prognosis of the disease.

Findings from this and other research indicate that the microbiota may be a new
therapeutic target. Preliminary results from studies that added antibiotics to the standard
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treatment approach for PMP (i.e., cytoreduction and HIPEC) were inconclusive, although
a phase II clinical trial (NCT 02387203) is currently underway to analyze the long-term
results of antibiotic administration in patients with PMP [19,26].

Limitations of the study: the primary limitations of this research are the small sample
size and the exclusive use of 16S rRNA sequencing for analyzing the microbiome of
mucin samples.

No previous publications have described Pseudomonas plecoglossicida as the most
abundant Pseudomonas species in the mucin of PMP. This bacterium has been identi-
fied as the cause of hemorrhagic ascites in ayu fish [27], although it has never been
found in the human microbiome. We can only speculate whether the occurrence of
Pseudomonas plecoglossicida is associated with diet or some other cause. It was first iden-
tified in diseased ayus (Plecoglossus altivelis) [28] and has since been identified in large
yellow croakers (Larimichthys crocea), groupers (Epinephelus coioides), and barramundi
(Lates calcarifer) [29–32]. These occurrences have been documented solely in fish infec-
tions within Asian studies, and there have been no reported cases of their presence in
humans. However, it is important to note that this bacterium belongs to the group of Pseu-
domonas Putidas, which are associated with human pathologies, although the transmission
mechanism has not been clearly defined [33].

5. Conclusions

Sufficient evidence points to a direct relationship between the dominant microbiome
of the pseudomyxoma and the production of mucus in PMP.
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Abstract: Many different options of neoadjuvant treatments for advanced colon cancer are emerg-
ing. An accurate preoperative staging is crucial to select the most appropriate treatment option.
A retrospective study was carried out on a national series of operated patients with T4 tumors.
Considering the anatomo-pathological analysis of the surgical specimen as the gold standard, a
diagnostic accuracy study was carried out on the variables T and N staging and the presence of
peritoneal metastases (M1c). The parameters calculated were sensitivity, specificity, positive and
negative predictive values, and positive and negative likelihood ratios, as well as the overall accuracy.
A total of 50 centers participated in the study in which 1950 patients were analyzed. The sensitivity
of CT for correct staging of T4 colon tumors was 57%. Regarding N staging, the overall accuracy was
63%, with a sensitivity of 64% and a specificity of 62%; however, the positive and negative likelihood
ratios were 1.7 and 0.58, respectively. For the diagnosis of peritoneal metastases, the accuracy was
94.8%, with a sensitivity of 40% and specificity of 98%; in the case of peritoneal metastases, the
positive and negative likelihood ratios were 24.4 and 0.61, respectively. The diagnostic accuracy of
CT in the setting of advanced colon cancer still has some shortcomings for accurate diagnosis of stage
T4, correct classification of lymph nodes, and preoperative detection of peritoneal metastases.
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1. Introduction

Up to 20–30% of colon cancer is diagnosed at locally advanced stages. Although
the definition of this group of tumors is not unanimous, it generally comprises tumors
classified as T3 with invasion of muscularis propria ≥ 5 mm, T4 with serosal involvement
or direct invasion of adjacent structures, and tumors with regional nodal extension [1].
Certain patterns of peritoneal involvement have also been considered in this group of
tumors due to similarities in prognosis [2]. Although it is obvious, it has to be taken into
account that patients with peritoneal metastases is quite a wider group, and comparisons
between both tumor groups should be performed with extreme caution. According to
the National Comprehensive Cancer Network, 17% of diagnosed metastatic colon cancer
patients present synchronous peritoneal metastases at diagnosis, of which 2% present
metastases restricted to this location. Both locally advanced tumors and the presence of
synchronous peritoneal metastases are associated with a worse prognosis with a negative
impact on survival [3–5].

Due to the improvements in prognosis that are being achieved with some therapeutic
strategies in certain clinical contexts, utilizing the correct staging is becoming increasingly
important. Some examples of this may be the performance of extended D3 lymphadenec-
tomy in certain colon cancers, especially on the right side, the possibility of administering
neoadjuvant chemotherapy in locally advanced cases or even performing surgery with cy-
toreduction, and hyperthermic intraperitoneal chemotherapy in those cases of tumors with
the presence of peritoneal metastases at diagnosis or with characteristics that confer a high
risk of local or peritoneal recurrence, such as T4 tumors [6–11]. All these treatment options
are not yet standard procedures, and therefore, studies are still needed to support their use,
especially because they are aggressive treatments with a non-negligible morbi-mortality,
which makes the proper selection of patients essential.

However, despite the evolution of therapeutics, the field of diagnostic evaluation
in these cases has not undergone the same development. Several recent studies have
shown that staging by abdominal CT can be misleading in a percentage of these locally
advanced tumors, with a non-negligible risk of errors in preoperative staging, both over-
and under-staging, with consequent errors in proper treatment planning [12,13]. The most
challenging situations for reaching a correct diagnosis, i.e., some of the scenarios for which
the selection of the most appropriate strategy is of utmost importance, can be considered
to be the suspicion of a T4 tumor and the presence or absence of affected lymph nodes
or peritoneal metastases [14–16]. Taking into account the existing difficulties for a correct
diagnosis in reference institutions and in clinical studies, the aim of the present study was
to analyze the diagnostic reliability of CT for locally advanced colon tumors in a routine
clinical practice setting. This analysis could provide valuable information to better select
candidate patients for certain aggressive therapeutic strategies in real-life contexts.

2. Materials and Methods

Local Clinical Research Ethics Committee (CREC) from Hospital de la Princesa
(Madrid) approved this study (04/21-4398).

This study is a secondary analysis of an original study registered in ClinicalTrials.gov,
number NCT05300789, in which the oncological outcome was investigated in a selected
subgroup of pT4 colon cancer patients [17].

Patient consent was waived due to its retrospective and observational nature.

2.1. Design, Patients, and Variables

An observational retrospective multicenter trial was designed. A total of 50 different
hospitals were enrolled in the project. This study was sponsored by the Spanish Surgi-
cal Society (Asociación Española de Cirujanos), both by the Colorectal and Peritoneal
Surgery sections.
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All consecutive patients operated on between 2015 and 2017 for colon cancer with
curative intent, both elective and emergency operations, with pathological confirmation of
pT4 stage adenocarcinoma, were included. Colon cancer was considered as the presence of
tumors located in the large bowel at 15 cm above the anal verge. The exclusion criteria were
as follows: patients younger than 18 years old, inability to achieve a whole tumor resection
or palliative surgery (R2), patients without preoperative CT scan, pathological diagnosis of
colon cancer other than adenocarcinoma (such as GIST, leiomyosarcomas, neuroendocrine
tumors, or others), and patients with missing information.

Peritoneal metastases were defined a priori in the study protocol as follows: suspicion
of any tumoral disease at the peritoneum, either single or multifocal, in the CT scan, and
pathologically confirmed peritoneal metastasis as the gold standard for comparison.

Data were recorded by two senior staff members in each participant center. Demo-
graphic, preoperative, and operative data as well as pathological analysis based on 8th
Edition of TNM classification [18] were recorded.

2.2. Evaluation of Radiological Studies

Exact details of the equipment, study protocols, and report were entirely at the dis-
cretion of the participating institutions based on best clinical practice [3]. In all but four
hospitals, specific teams were appointed to evaluate abdominal radiological complemen-
tary tests, including CT scans, for the present study. Every determination acquired during
planned CT scans for the staging of colon cancer patients was analyzed and informed
within these specific units. Regarding determinations acquired during emergency situa-
tions, all of them were reported in this setting, but afterwards, in every institution, all the
determinations were routinely re-evaluated by the abdominal imaging team in order to
confirm or reinterpret the previously provided information.

2.3. Statistical Method

Qualitative variables are presented as numbers with their frequency distribution.
Quantitative variables are represented as their mean and standard deviation (SD) or median
and interquartile range (IQR) in case of asymmetry. The null hypothesis was rejected when
the α or I error was <0.05. In order to assess the CT scan accuracy for the diagnosis
of T4 colon malignancies, lymph node status, and peritoneal metastases, the calculated
parameters were as follows: sensitivity (S), specificity (Sp), positive and negative predictive
values (PPV and NPV, respectively), positive and negative likelihood ratios (PLR and NLR,
respectively), and overall accuracy. All parameters are provided with a 95% confidence
interval (CI).

The results are reported in accordance with the STARD (Standards for Reporting of
Diagnostic Accuracy studies) Statement [19].

All calculations were performed using Stata 13.1 (StataCorp, College Station, TX, USA).

3. Results
3.1. Patients’ Description and Radiological Findings

A total of 50 different hospitals participated in the study with a total sample record of
2546 patients with pT4 colon cancer. After the inclusion and exclusion criteria were applied,
a final population of 1950 patients were analyzed (Figure 1).

Mean age was 70 years (SD 12 years), and 57% were male patients. Table 1 summarizes
demographic, preoperative, and operative variables, and the most relevant postoperative
outcomes. The most frequent initial clinical presentations from which colon cancer was
diagnosed were obstructive symptoms in 484 cases (29.5%), followed by bleeding in 396
(24.2%), gastrointestinal transit disturbance in 207 (12.6%), and constitutional syndrome in
235 (14.3%).
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with T3, 114 (5.8%) with T2, and 85 (4.4%) with T0–T1 tumors. Nodal involvement was 
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Table 1. Patients´ demographics and preoperative tumor characteristics.

n %

Age (Years) * 70.2 (SD 12.3)

Male 1115 57.2

ASA

I 85 4.4
II 907 46.9
III 846 43.8
IV 95 4.9

BMI
<30 1217 77.2
≥30 359 22.8

Asymptomatic 311 16

Symptomatology

Altered bowel transit 207 12.6
Obstruction 484 29.5

Constitutional
syndrome 235 14.3

Bleeding 396 24.2
Others 317 19.3

Location
Right colon 851 43.6
Left colon 1099 56.4

cT

T0–T1 85 4.4
T2 114 5.8
T3 641 32.9
T4 1110 56.9

cN
N0 889 45.6
N1 724 37.1
N2 337 17.3

cM1 78 4
ASA: American Society of Anesthesiologist; BMI: body mass index. cT: clinical diagnosis for T stage. cN: clinical
diagnosis for N stage. cM1: clinical diagnosis for M1 stage. * Data are expressed as mean and standard deviation.

All patients underwent preoperative abdominal CT. From the total number of patients,
1110 (56.9%) patients were classified to have T4 tumors, followed by 641 (32.9%) with T3,
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114 (5.8%) with T2, and 85 (4.4%) with T0–T1 tumors. Nodal involvement was described in
1061 (54.4%) patients (37.1% N1 and 17.3% N2). Synchronous peritoneal metastases were
diagnosed in 78 (4%) cases. Regarding tumor location, 1099 (56.4%) tumors were found in
the left colon, with the remainder on the right side.

3.2. Operative Surgical Data and Pathological Assessment

The most common approach was laparotomy, performed in 1196 (61.3%) cases. The
most frequent procedure was right hemicolectomy, performed in 802 (41.3%) patients,
followed by sigmoidectomy in 581 (29.9%), and left hemicolectomy in 235 (12.1%). Emer-
gency surgery was performed in 465 patients (23.9%) patients of the sample, among them
obstruction was the most frequent cause (in 204 patients). A total of 605 (32.4%) patients
required extended resection procedures during the intervention.

The histological variables are shown in Table 2. The predominant histological subtype
was adenocarcinoma in 1728 tumors (88.6%). Most tumors were low grade (1545; 80.2%)
and well (865; 45.5%) or moderately (680; 35.8%) differentiated. The margins were micro-
scopically affected in 221 cases (11.3%). There were 261 (13.4%) cases with a finding of
tumor perforation. Within the whole sample, 1487 (76.3%) tumors were T4a, while the
remaining tumors were T4b. The mean number of lymph nodes retrieved in the surgi-
cal specimens was 21.5 (SD 12.8), with 1652 (84.8%) of the patients having 12 or more
nodes evaluated. There were 1233 (63.2%) patients with positive adenopathy for malig-
nancy. After the results of the anatomopathological study, 1396 (71.8%) patients received
adjuvant chemotherapy.

Table 2. Operative data, pathological assessment, and adjuvant treatment details.

KERRYPNX n %

Type of surgery Elective surgery 1485 76.2
Emergency surgery 465 23.9

Surgical procedure

Right hemicolectomy 802 41.3
Left hemicolectomy 235 12.1

Sigmoidectomy 572 29.5
Hartmann’s surgery 136 7

Others 195 10

Histological type Adenocarcinoma 1728 88.6
Signet ring cell/mucinous carcinoma 222 11.4

Differentiation grade
G1 865 45.5
G2 680 35.8
G3 357 18.8

Affected margins 221 11.3

Perineural invasion 708 36.9

Vascular invasion 822 42.8

Lymphatic invasion 876 45.8

Tumor perforation 261 13.4

T4a category 1487 76.3

N category
N0 717 36.8
N1 700 35.9
N2 533 27.3

M1c 120 6.1

Stage
II 626 32.3
III 944 48.7
IV 369 19

Adjuvant chemotherapy 1396 71.8
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3.3. CT Scan Accuracy

The preoperative diagnosis established with abdominal CT on T and N staging (accord-
ing to lymph node involvement) and the presence of synchronous peritoneal metastases
(M1c), in relation to the final pathological diagnosis, is shown in Table 3. Data regarding
CT diagnostic accuracy are shown in Table 4. The diagnostic sensitivity and the false
negative rate (FNR) were calculated for the “T” staging of these pT4 tumors. The overall
sensitivity was 56.9% (95% CI: 52.9–57.7%), while the sensitivity for the diagnosis of tumors
categorized preoperatively as locally advanced (T3 and T4) was 89.8% (95% CI 88.5–91.1%).

Table 3. CT scan preoperative staging vs. histopathological assessment.

Pathological Assessment

pT4

CT Scan Diagnosis T
category

cT1 85 (4)
cT2 114 (6)
cT3 641 (33)
cT4 1110 (57)

TOTAL 1950 (100)

Pathological Assessment

pN0 pN1/N2

CT Scan Diagnosis N
category

cN0 445 444 889
cN1/N2 272 789 1061

TOTAL 717 1233 1950

Pathological Assessment

pM0 pM1c

CT Scan Diagnosis M1c
category

cM0 1800 72 1872
cM1c 30 48 78

TOTAL 1830 120 1950

The values obtained for the diagnostic ability of CT for pathologic lymph nodes (N+)
were a sensitivity of 64% (95% CI 61.3–66.6%) and a specificity of 62.1% (95% CI 58.5–65.5%),
with an overall accuracy of 63.3%. The positive likelihood ratio for the diagnosis of N+ was
1.7 (95% CI 1.5–1.9), while the negative likelihood ratio was 0.58 (95% CI 0.53–0.64).

For the diagnosis of peritoneal metastases, the sensitivity and specificity were 40%
(95% CI 31.7–48.9%) and 98.4% (95% CI 97.7–98.8%), respectively, with an overall accuracy
of 94.8%. The positive likelihood ratio for the diagnosis of synchronous peritoneal disease,
M1c, was 24.4 (95% CI 17.68–30.5), while the negative likelihood ratio was 0.61 (95% CI
0.53–0.70).

The data about the CT scan accuracy, for stage T4, nodal stage, and peritoneal metas-
tases, are summarized in Table 4.

Table 4. CT scan accuracy for pT4 tumors, N status, and M1c staging.

T4 Category

Value (%) 95% CI

Sensitivity 57 55–59

FNR 43 41–45
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Table 4. Cont.

N Category

Value (%) 95% CI

Accuracy 63 61–65

Sensitivity 64.0 61.3–66.6

Specificity 62.1 58.5–65.5

PPV 74.4 71.7–76.9

NPV 50.1 46.8–53.3

PLR 1.7 1.5–1.9

NLR 0.58 0.53–0.64

M1c Category

Value (%) 95% CI

Accuracy 94.8 93.7–95.7

Sensitivity 40 31.7–48.9

Specificity 98.4 97.7–98.8

PPV 61.5 50.4–71.6

NPV 96.2 95.2–96.9

PLR 24.4 16–37

NLR 0.61 0.53–0.70
95% CI: 95% confidence interval; FNR: false negative rate; PPV: positive predictive value; NPV: negative predictive
value; PLR: positive likelihood ratio; NLR: negative likelihood ratio.

4. Discussion

In this study, based on a selected cohort of patients with pT4 colon tumors, the most
advanced local stage possible, conventional abdominal CT has shown limited diagnostic
accuracy, both in the characterization of the T4 stage and in the determination of affected
lymph nodes (N+), and also in the diagnosis of synchronous peritoneal metastases.

In an era in which we are moving towards practically individualized medicine and
in which patients are intended to be more and more involved in decisions about their
treatment, obtaining the best diagnostic accuracy is a fundamental objective, especially
because often there is no single standard treatment and the treatment offers and options
are constantly increasing.

In the field of advanced colon cancer, certain strategies have flourished, aiming to
administer preoperative oncological treatments that were classically administered post-
operatively [11]. Although this approach is attractive, it should be noted that it may be
associated with a significant risk of over-treatment. Some authors have estimated the risk
of over-staging as 1 in every 12 diagnosed patients (95% CI, 9–16) [12]. This should be
taken into consideration, not only because of the specific risks of these treatments and their
toxicity, but also because of the potential oncological impact on the host, preoperatively
altering the dynamics and biology of the tumor.

Although results are positive when locally advanced tumors in the broadest sense
of their characterization (T3 tumors with >5 mm wall involvement and T4 tumors) are
considered, the fine differentiation between the different T stages, the diagnostic reliability
of the N category, and, above all, the possibility of an accurate diagnosis of the presence of
synchronous peritoneal metastases as well as their preoperative characterization, are still
unresolved diagnostic challenges.

The findings obtained in the present study have been previously reported by other
studies that analyzed this topic, although with clinical designs different from the one
chosen in our study [20,21].
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Fernandez et al. [22] presented a retrospective study in 2019 that determined the
diagnostic validity of abdominal CT for T and N staging of colon cancer. They included
150 patients who underwent right hemicolectomy with previous abdominal CT and were
divided into two groups (early tumors vs. late tumors). They obtained diagnostic sensi-
tivities of 50% for T1 and T2 tumors and 57% for T3 and T4 tumors. In the case of lymph
node staging, the diagnostic parameters (sensitivity, specificity, PPV, and NPV) were 47%,
71%, 59%, and 61%, respectively. In both “N” and “T” staging, underdiagnosis was close to
50%; therefore, they concluded that only using this test for diagnosis could be insufficient.
Olsen et al. [23] also retrospectively studied the diagnostic performance of CT, including
4832 colon cancer patients from a Danish national registry. The sensitivity for diagnosing
T3-T4 tumors was 73%. The diagnostic parameters for N+ tumors were 57%, 66%, 50%,
and 73% for sensitivity, specificity, PPV, and NPV, respectively. According to these results,
they recommended caution when making therapeutic decisions based on conventional CT.

A meta-analysis published in 2016 by Nerad et al. [15] studied the sensitivity and
specificity of CT for T and N staging; for T staging, they included 13 articles, obtaining
90% and 69%, respectively, while for N staging they included 16 articles, obtaining 71%
and 67%, respectively. A differential analysis was carried out according to whether the
thickness of the slices used in the CT was greater or less than 5 mm. This analysis provided
better results in the second group. In our study, over-staging of tumors ≤ pT3 cannot
be estimated as it only includes pT4 tumors. But in pT4 tumors and under real clinical
practice conditions, preoperative CT underestimates the T4 category (classifying them
as ≤T3) in 43% of cases. As for N, it classifies 36% of pN+ as N0 (false negative—FN).
Conversely, 37.9% of pN0 were classified as N+ (false positive—FP). Therefore, both the
risk of under-staging and over-staging are relevant for the N category.

Finally, we addressed in our study the diagnosis of synchronous peritoneal metastases.
Our results, with a sensitivity of 40%, which means 60% of peritoneal metastases cases
remain undiagnosed (FN), and a specificity of 98.4%, which means 1.6% of cases are mistak-
enly diagnosed to be positive for peritoneal metastases (FP), reflected the existing difficulty
in the radiological diagnosis of peritoneal involvement. These figures are quite relevant,
as under-estimation of peritoneal metastases might have devastating effects, while over-
estimation might not. However, this aspect is the least studied in the literature, with most
studies being heterogeneous (including studies of ovarian and other tumors of the upper
gastrointestinal tract). Regarding colon cancer, there are few articles published including
prospective samples from patients with peritoneal metastases found on abdominal CT who
will undergo exploratory laparoscopy, so they calculate the diagnostic parameters with re-
spect to the PCI (peritoneal cancer index). They have reported that CT scan underestimates
the peritoneal extension of the disease, with the pelvis being the most underdiagnosed
region [24–26].

In our opinion, it is quite noticeable that the likelihood ratio (LR) has not been used
more extensively in the evaluation of CT as a diagnostic tool in this setting. Most common
parameters, such as S, Sp, PPV, and NPV values, may not be good measures as they are
influenced by the prevalence of the disease or the condition that is being rated in the
population. On the contrary, the LR, which represents the ratio of the probability of a
particular test result in patients with the disease and the probability of the same result in
patients without the disease, is considered a powerful measure of the accuracy of diagnostic
tests [25]. Consequently, the interpretation of the LR of a test reflects by how much the
probability of presenting a disease increases or decreases depending on the result of a
particular test. The closer to one the result of the LR calculations is, the lower is the impact
of the diagnostic test employed on the post-test probability of the disease [25]. Based
on these considerations, CT scan findings must be still considered with great caution in
this context. On the one hand, the high PLR (more than 20) reflects a significant level of
correct diagnosis of peritoneal metastases, although on the other hand, a low NLR (0.61)
reflects a significant level of underdiagnosis of the disease under consideration. However,
this is still more a potential intrinsic problem of the technology resolution and diagnostic
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capacity of the CT scan itself, more than that of the interpretation of the obtained images.
The same problem was highlighted regarding N status based on this interpretation of
likelihood ratios.

An accurate preoperative categorization of lymph nodes can be considered a corner-
stone for the implementation of certain strategies and to take certain decisions, although it
has been demonstrated once again that it is quite difficult to achieve, despite the constant
efforts being taken for its improvement.

To alleviate the problems of diagnostic staging with conventional CT, other techniques
have been proposed in recent years for the identification of locally advanced tumors, such
as colonography, also known as virtual colonoscopy, PET-CT, and magnetic resonance
imaging (MRI). Colonography is indicated in cases with poor endoscopic preparation or
high anesthetic risk. According to some studies, this test has a sensitivity of diagnosing
more than 80% of locally advanced T tumors. Some authors consider that the distension
of the colon applied in this test, and its three-dimensional reconstruction, allow a better
evaluation of the deep wall involvement [26]. The other proposed complementary test for
the preoperative study of colon cancer is PET-CT. However, this test is not appropriate to
determine the in-depth involvement of the intestinal wall since radionuclide uptake seems
to be more related to tumor size than to infiltration. It should also be taken into account
that its sensitivity and specificity for diagnosing lymph node involvement is close to 40%
and 90%, respectively; therefore, its routine preoperative use is not recommended [27].
Finally, the use of MRI in diagnostic studies for the staging of rectal cancer has become
routine in recent years. It has also been studied for colon cancer, and it has been found
that this test can be more sensitive than conventional CT in discriminating early vs. locally
advanced tumors [28,29]. Currently, the evidence is still insufficient to recommend MRI for
the therapeutic planning of colon cancer, since the problem of correct lymph node staging
is still present [30], and it is a more expensive test, which requires much more time for its
performance, and the increase in its demand is difficult to sustain in clinical practice.

An outstanding issue to study the diagnostic performance of CT for locally advanced
colon tumors is the absence of a formal definition of this subgroup of tumors according
to the AJCC [31]. Many authors have considered T3 with extramural invasion of >5 mm
and T4 as locally advanced tumors, in accordance with what has been used in studies on
the effect of neoadjuvant chemotherapy for this tumor group [32,33]. Other studies, on the
other hand, consider locally advanced tumors as those classified as T3 and T4, without
differentiating the T3 group according to the depth of extramural involvement [21,34].
In the coming years, tools that use artificial intelligence and radiomics will probably be
integrated with the current diagnostic means. Today, the use of these instruments is far
from its adequate use in clinical practice, but these instruments have the potential to
become diagnostic alternatives that may help solve the diagnostic problem in question in
the future [35,36].

The study has some limitations such as the fact that it is a retrospective study, there is
a lack of information regarding existing protocols for the acquisition and interpretation of
the images, and the absence of a common radiological protocol or the lack of information
regarding the necessity and accuracy of further diagnostic studies such as MRI or PET-CT
in this context, and the aforementioned bias of including only tumors with a histological
diagnosis of T4. Taking into account that colon cancer is quite a common condition, it
is presumable that all the participating institutions in this study were aware of the best
clinical practices and updated guidelines at the time of recording of the data. In addition,
although guidelines exist, there is no unanimity in the interpretation of certain images or
uniform diagnostic criteria in some circumstances, such as lymph node status or peritoneal
metastasis. The present study, developed in a “real-life” setting, is a perfect reflection of
the inconsistencies and weaknesses of this important issue, that is, preoperative advanced
colon cancer staging. In spite of all this, the study’s strengths are the large number of
patients with locally advanced tumors included in this study and that these patients had
not received any neoadjuvant treatment before inclusion in this study; therefore, their
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anatomopathological diagnosis was not altered due to previous therapies. Another novelty
of the study is that it not only addresses T and N staging but also addresses the synchronous
peritoneal involvement. Finally, we would also like to highlight the use of the likelihood
ratio as a parameter of diagnostic utility of CT, as we consider that it is of great diagnostic
value and has been scarcely used in the literature up to now.

5. Conclusions

The diagnostic accuracy of conventional CT as a preoperative assessment tool for
locally advanced colon cancer is still limited for some aspects such as T staging, lymph
nodes status, or the presence of synchronous peritoneal metastases. Research to improve
preoperative staging should continue, and treatment decisions based on conventional CT
should be taken cautiously in view of its risk–benefit analysis.
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Abstract: Cytoreductive surgery (CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC)
have demonstrated their impact on disease-free survival (DFS) and overall survival (OS) of patients
with peritoneal metastases (PM). However, prior literature lacks evidence regarding any follow-up
beyond 5 years. In this study, we analyse long-term OS and DFS (more than 10 years of follow-up) of
patients undergoing CRS + HIPEC in a specialized unit. We conducted a retrospective study that
included only patients who underwent CRS + HIPEC from January 2001 to May 2012. Data collection
was conducted by reviewing medical records and telephone calls to patients or relatives. A total of 86
patients were included. The mean PCI was nine (range 0–39) and complete cytoreduction (CC-0) was
reached in 80% of patients. Postoperative complications Clavien–Dindo III-IV occurred in 27.9% of
patients and the 30-day mortality rate was 2.3%. After 10 years of actual follow-up, OS was 33.7% and
DFS was 31.4%. Considering the historical context in which the standard of care for patients with PM
was palliation, the results obtained show that CRS + HIPEC was a valid option, with morbimortality
comparable to other major abdominal surgeries and encouraging survival results, since, after 10 years
of follow-up, almost one-third of patients are still alive and disease-free.

Keywords: peritoneal metastases; long-term follow-up; overall survival; free-disease survival;
cytorreductive surgery; hyperthermic intraperitoneal chemotherapy; peritoneal carcinomatosis

1. Introduction

During the last two decades, cytoreductive surgery (CRS) and hyperthermic intraperi-
toneal chemotherapy (HIPEC) have changed the prognosis of patients with peritoneal
metastases (PM). Patients with this condition were considered terminal and showed a
median survival rate between 3 and 9 months depending on the primary tumour in-
volved [1–4]. Nevertheless, in 2003, Verwaal et al. [5] published a randomized trial in which
patients with colorectal PM undergoing CRS plus HIPEC showed a median survival rate
of 22.6 months versus 12.6 months in patients following standard systemic chemotherapy
(p = 0.032). These findings were confirmed by Glehen et al. [6] in 2004, who also concluded
that complete cytoreductive surgery was the most important prognostic indicator. Sim-
ilar results were published regarding ovarian cancer [7], gastric cancer [8], small bowel
mucinous adenocarcinoma [9] and pseudomyxoma peritonei [10].

Following this favourable data, many institutions implemented this technique around
the world, including Spain. Our health center, was one of the nine Spanish centers that
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started a specialized unit in 2001 [11]. Currently, after 20 years of experience, some cen-
ters have published their results [12,13], including all patients that have undergone CRS
until now, with a heterogeneous follow-up period ranging from 1 year to 20 years. Only
Kim et al. [14] have published results including a homogeneous follow-up period with
88.3% of patients with ten or more years of follow-up. According to that study, only ovarian
PM patients were included and they obtained a ten-year survival rate of 19.3% in the CRS
group versus 9.1% in the neoadjuvant chemotherapy group (p < 0.001).

The aim of our study is to analyse overall survival and disease-free survival rates after
10 or more years of follow-up in patients with PM that underwent CRS and HIPEC in our
specialized unit.

2. Materials and Methods
2.1. Study Population

All patients treated for peritoneal metastases within a peritoneal surface malignancies
program at the Quironsalud Torrevieja Hospital from January 2001 to May 2012 were
initially considered. Finally, only those who met the selection criteria and had a complete
follow-up were included. A retrospective cohort study was conducted from a prospectively
gathered database. In May 2022 all patients included were contacted by phone to establish
their health status.

2.2. Selection Criteria

Patients with acceptable performance status (ECOG < 2), age between 18–70 years
old, live expectancy > 12 weeks, adequate haematological count (PNN ≥ 1.5 × 109,
platelets ≥ 100 × 109/L) and correct hepatic function (total bilirubin ≤ 1.5, AST (GOT) and
ALT (GPT) ≤ 3, alkaline phosphatase ≤ 3) and absence of retroperitoneal lymph node dis-
ease, extraperitoneal metastases, intestinal occlusion and serious heart/lung/liver/kidney
disease, were included in the study.

Patients with mesenteric retraction in CT images, bladder infiltration, extra abdominal
metastasis or unresectable liver metastases, another malignant tumour, multiple intestinal
obstructions or active infection, were excluded.

2.3. Patient Data

Demographic variables were obtained, including age, sex, carcinomatosis origin and
neoadjuvant chemotherapy. Neoadjuvant therapy was guided by tumour origin, therefore,
colorectal patients followed the FOLFOX scheme (folinic acid + 5-florouracil + oxaliplatin),
gastric patients followed the FLOT scheme (5-florouracil + leucovorin + oxaliplatin +
docetaxel) and ovarian patients received carboplatin + taxol. Surgical variables such as
peritoneal cancer index (PCI), grade of cytoreduction (CCS) and number of reinterventions,
were also gathered. The PCI was categorized as low (1–9), medium (10–19) and high
(≥20). Clavien–Dindo classification [15] was followed to grade the 30-day and in-hospital
postoperative complications and were subclassified as none (I), minor (II) and major (III–V).
Hospital length of stay was also included.

2.4. Procedure

After monitoring the patient and administering a balanced general anaesthetic, a
medial xipho-pubic laparotomy was performed to carefully examine the abdominal cavity.
This allowed us to obtain the tumour load as well as the PCI, following Sugarbaker’s
method in which the abdomen is divided into 13 areas (0–12). We took biopsies from every
area and cytological samples. The resection of the primary tumour was completed accord-
ing to oncological criteria (R0 margins and lymphadenectomy), as well as peritonectomies
and debulking when carcinomatosis was present, if not, we did not perform extensive
systematic peritonectomies. Regarding mesenteric peritoneum metastases, we conducted
acceptable small bowel resections in areas of maximum tumour volume and small implants
were fulgurated with electrocautery. If no macroscopic implants were left, the cytoreduc-
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tion was considered complete (CC-0). If residual implants remained, the cytoreduction
was considered CC-1 when they were <2.5 mm, CC-2 when they were between 2.5 mm
and 2.5 cm, and CC-3 when they were >2.5 cm [16]. The anastomoses were performed
after the HIPEC was applied using Sugarbaker’s open coliseum technique. We connected
four 36-Fr drains to a continuous closed circuit and placed two intraperitoneal thermal
probes to obtain an accurate temperature feedback. An extracorporeal circulation machine
(Performer Rand®, Modena, Italy) delivered the perfusate at a flow of 500 mL/min and the
heat exchanger raised the temperature of the fluid to 48 ◦C. Once we obtained this tem-
perature, we initiated the drug administration, diluted in 3–5 L of 5% dextrose peritoneal
dialysis fluid. The choice of drug depended on the primary tumour, as well as the length of
the perfusion. In colorectal and appendicular tumours, we followed Sugarbaker’s protocol
and administered 12.5 mg/m2 in women and 15 mg/m2 in men of mitomycin C for 90 min;
after Elias et al. [17] study, we changed protocol to 460 mg/m2 of intraperitoneal oxaliplatin
during 30 min, with an intravenous bolus of 600 mg of 5-fluoracil 30 min prior to infusion.
Originally, for ovarian tumours we would administer Taxol for 60 min, but after Elias et al.,
we changed the protocol to oxaliplatin or cisplatin + doxorubicin or Taxol for 90 min. In
gastric tumours and mesothelioma, we employed oxaliplatin for 30 min. The surgeon
distributed the fluid in the cavity periodically during perfusion, and the hemodynamic
response of the patient was carefully monitored. The liquid temperature in the abdominal
cavity fluctuated between 42◦ and 43 ◦C. Subsequently, the liquid was drained and a peri-
toneal lavage was performed. Twenty-four hours later, early postoperative intraperitoneal
chemotherapy (EPIC) was initiated with 650 mg/m2 of 5-FU. The dose was kept for 23 h
in the peritoneum and administered daily for 5 consecutive days. EPIC was administered
until 2008 to all patients as a standard of care during this period.

2.5. Follow-up

All patients were seen at the outpatient clinic by oncologists and surgeons every
3 months for the first 2 years, every 6 months until 5 years after the surgery, and once a year
thereafter. The follow-up consisted of physical examination and measurement of serum
tumour markers on every visit and thoracoabdominal CT scans on alternative visits.

Follow-up after 10 years from the surgery was carried out by reviewing medical
records and by phone. Patients were classified as alive and disease-free, alive but with
disease, dead due to the disease (PM) or dead due to other causes. The date of relapse and
date of death were also gathered. A follow-up was considered complete either through a
successful contact by phone with the patient or relatives or knowledge of the date of death
of the patient.

2.6. Statistical Analysis

The Competing Risk Analysis was used to calculate cumulative incidence of death
(CID) and cumulative incidence of recurrence (CIR). CID encompassed from the date of
the first CRS + HIPEC until the patient’s death by cancer or until the last follow-up. CIR
included from the date of CRS + HIPEC until the first patient’s recurrence or until the last
follow-up. Continuous variables were expressed as mean values (range). Categorical data
were given as frequencies and proportions. All statistical analyses were conducted by IBM
SPSS Statistics (version 27) and R version 4.3.0 (R Core Team, 2023) using package cmprsk
(version 2.2-11—Gray B, 2021) for analysis of competing risk.

3. Results
3.1. Study Population and Surgical Outcomes

During the period between January 2001 and May 2012, many patients were evaluated
in our specialized unit, but only 88 met the selection criteria for CRS + HIPEC. Finally, the
complete follow-up was achieved in 86 patients, who are included in our sample. Of those
86 patients, twenty-three were men (26.7%) and sixty-three women (73.3%), with an overall
mean age of 56 years old. Baseline and surgical characteristics are described in Table 1.
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Table 1. Baseline and surgical characteristics.

n = 86

Age 56 (24–78)
Sex

Men 23 (26.7%)
Women 63 (73.3%)

Neoadjuvant therapy
No 12 (14%)
Yes 74 (86%)

Origin
Ovarian 38 (44.2%)
Colorectal 31 (36%)
Gastric 9 (10.5%)
Appendicular 5 (5.8%)
Mesothelioma 3 (3.5%)

PCI (mean) 9 (0–39)
PCI

0 22 (26.2%)
1–9 33 (39.3%)
10–19 15 (17.9%)
≥20 14 (16.7%)

PCI 0
Ovarian 10 (45%)
Colorectal 7 (31.81%)
Gastric 4 (18.18%)
Mesothelioma 1 (4.55%)

Cytoreduction
Complete (CC-0) 68 (80%)
Optimal (CC-1) 9 (10.6%)
Incomplete (CC-2) 7 (8.2%)
Non-resectable (CC-3) 1 (1.2%)

Type of surgery
Primary tumor 61 (70.9%)
Persistence 2 (2.3%)
Recurrence 15 (17.4%)
Second look 8 (9.3%)

HIPEC
Oxaliplatin 55 (64.7%)
Mytomicin C 14 (16.5%)
Taxol 11 (12.9%)
Carboplatin 2 (2.4%)
Carboplatin + taxol 1 (1.2%)
Cisplatin + Doxorubicin 1 (1.2%)
Oxaliplatin + Doxorubicin 1 (1.2%)

EPIC
No 14 (16.3%)
Yes 72 (83.7%)

Data are presented as mean (range) for continuous measures; number (%) for categorical measures. PCI: Peritoneal
cancer index; HIPEC: hyperthermic intraperitoneal chemotherapy; EPIC: early postoperative intraperitoneal
chemotherapy.

Ovarian cancer was the most common peritoneal metastase origin (44.2%), followed
by colorectal cancer (36%) and gastric cancer (10.5%). Mean PCI was 9, ranging from
0 to 39, and complete cytoreduction (CC-0) was achieved in 80% of patients. As far as
intraperitoneal chemotherapy drugs are concerned, oxaliplatin was the most used (64.7%),
followed by mitomycin C (16.5%) and Taxol (12.9%).

122



J. Clin. Med. 2024, 13, 297

3.2. Postoperative Outcomes

Postoperative complications occurred in 53.5% of patients, with 27.9% of major com-
plications (Clavien–Dindo III–VI). The 30-day mortality rate was 2.3% and the mean
postoperative hospital stay was 17 days. Details are outlined in Table 2.

Table 2. Postoperative outcomes.

n = 86

Clavien–Dindo classification
Grade I 40 (46.5%)
Grade II 20 (23.3%)
Grade IIIa 7 (8.1%)
Grade IIIb 9 (10.5%)
Grade IVa 6 (7%)
Grade IVb 2 (2.3%)
Grade V 2 (2.3%)

Clavien–Dindo categories
No morbidity 40 (46.5%)
Minor morbidity 20 (23.3%)
Major morbidity 26 (27.9%)

In hospital stay 17 (4–63)
30-day mortality 2.3%
Reintervention

No 72 (83.7%)
Yes 13 (15.1%)

Data are presented as number (%) for categorical measures and mean (range) for continuous measures.

3.3. Survival Outcomes

The median follow-up period was 66 months. The disease-free survival (DFS) curve is
shown in Figure 1. The overall median DFS was 19 months with a 12- and 36- months DFS
of 62.8% and 34.6%, respectively.
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Figure 1. Disease-free survival curve. Figure 1. Disease-free survival curve.

The overall survival (OS) curve is shown in Figure 2. The median OS was 29 months,
with a 12- and 36-month OS of 81.8% and 47.7%, respectively. After a 10-year follow-up,
OS was 33.7% and DFS was 31.4%. At the time we conducted the survey (May 2022),
27 patients were alive and disease-free.
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Figure 2. Overall survival curve.

3.3.1. Survival Outcomes According to Tumour Origin

We analysed survival outcomes in the two main tumours of the series, colorectal and
ovarian. Curves are shown in Figures 3 and 4.

Colorectal median DFS was 19 months with a 12- and 36-month DFS of 55.7% and
39.8%, respectively; and median OS was 29 months, with a 12- and 36-month OS of 86.1%
and 48.3%, respectively.

Ovarian median DFS was 15 months with a 12- and 36- month DFS of 65.5% and 31%,
respectively; and median OS was 50 months, with a 12- and 36- month OS of 84.1% and
54.8%, respectively.
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3.3.2. Survival Outcomes According to PCI

Colorectal and ovarian OS according to PCI are shown in Tables 3 and 4, respectively,
and their corresponding OS curves can be seen in Figures 5 and 6.

Table 3. Colorectal overall survival according to PCI.

PCI n Median OS 12 Months OS 36 Months OS 120 Months OS

0 6 127 months 100% 55.6% 55.6%
1–9 12 80 months 91.7% 56.2% 37.5%
10–19 2 16 months 66.7% 33.3% 33.3%
≥20 6 29 months 66.7% 0% 0%

Table 4. Ovarian overall survival according to PCI.

PCI n Median OS 12 Months OS 36 Months OS 120 Months OS

0 10 20 months 90% 48% 16%
1–9 13 50 months 85.1% 61.9% 24.8%
10–19 8 44 months 87.5% 54.7% 18.2%
≥20 5 22 months 60% 30% 30%
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When analysing the OS curves, we combined PCI 0 with PCI 1–9 and PCI 10–19 with
PCI ≥ 20 to obtain more statistical power, since no differences were found in survival when
comparing the four groups separately. Still, we did not reach statistical significance.

3.3.3. Survival Outcomes According to CCS

Colorectal OS according to CCS is shown in Table 5 and its corresponding OS curve in
Figure 7, while ovarian OS according to CCS is shown in Table 6 and its corresponding OS
curve in Figure 8.

Table 5. Colorectal overall survival according to CCS.

CCS n Median OS 12 Months OS 36 Months OS 120 Months OS

CC-0 21 80 months 94.7% 59.2% 47.5%
CC-1 4 29 months 75% 0% 0%
CC-2 5 16 months 60% 30% 30%
CC-3 0 - - - -
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Table 6. Ovarian overall survival according to CCS.

CCS n Median OS 12 Months OS 36 Months OS 120 Months OS

CC-0 32 50 months 84.7% 51.3% 23.1%
CC-1 3 44 months 100% 100% 0%
CC-2 1 8 months * 0% * 0% * 0% *
CC-3 1 120 months * 100% * 100% * 0% *

* Data with one case only.
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When calculating the curves, we combined CCS 0 with CCS 1 and CCS2 with CCS3 to
obtain more statistical power. In colorectal patients, the comparison of the two survival
curves by Log Rank Test showed a statistically significant difference (X2 = 4.411; p = 0.036):
patients with no visible nods (CCS 0 and CCS 1) had better OS curve than patients with
visible nodes (CCS 2 and CCS 3). In ovarian patients, no statistical differences were found
between groups.

4. Discussion

To our knowledge, this is the first study to be published in which long-term survival
in patients with PM undergoing CRS +/− HIPEC is evaluated and all patients included
(100%) have 10 or more years of follow-up. We obtained a global overall survival (OS) rate
of 33.7% and an ovarian OS of 30%. These results are superior to the results published by
Kyang et al. [12] who published an OS rate of 8%, and Kim et al. [14] who published an
ovarian OS of 19.3%; but similar to the OS rate published by Ntatsis et al. [13], which was
39%. However, in these studies, the follow-up periods are heterogeneous, and some patients
included do not have a 10-year follow-up period. Specifically, in Kim et al. [14] study, 14.7%
of patients had less than 10 years of follow up and Kyang et al. [12] and Ntatsis et al. [13]
included patients that underwent surgery until 2018 and 2019, respectively.

When analysing our survival results, it is important to remark that patients included
in our study had a PCI that ranged from 0 to 39. In the early 2000s, we knew that the
successful management of peritoneal metastases relied on several factors such as the pres-
ence of comorbidities, the disease stage, the tumour biology or the completeness of cancer
excision [18]. In 2004, Glehen et al. [4] identified the limited extent of PCI as a positive prog-
nostic independent factor. Ten years later, in 2014, Cascales et al. [19] published an article in
which factors associated with a poor perioperative outcome were analysed and a PCI upper
than 12 (OR = 2.942 95%: 1.892–9.594 p = 0.044) was an independent factor associated with
postoperative morbidity. More recently, in 2022, van Stein et al. [20] concluded that the
extent of peritoneal metastases is an independent predictor for completeness of CRS and
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has independent prognostic value for progression-free survival and overall survival. This
evidence is consistent with our results, since we obtained lower OS rates in patients with
higher PCI and higher CCS, both in colorectal and ovarian patients, even though, we only
reach significance in colorectal patients when comparing CCS, probably due to our small
sample. But this proves the impact of tumour burden, represented by PCI, and an adequate
cytoreductive surgery, represented by CCS. Moreover, our complete cytoreduction rate
(CC-0) of 80% can also explain our OS rate despite our wide PCI range, since incomplete
cytoreduction has a negative influence on survival [20,21].

As far as PCI 0 patients are concerned, we should point out that the vast majority
were ovarian patients treated with neoadjuvant chemotherapy in which CRS + HIPEC
was a consolidation treatment being the last session of chemotherapy; or were high-risk
colorectal patients in which a second-look surgery was scheduled to diagnose PM before
having analytical or radiological evidence of recurrent disease. Patients with a colorectal
tumour with synchronous and localized PM removed, with resected ovarian metastases or
with a perforated tumour during first surgery, were considered high risk. In those patients,
following the data available at that moment from prospective non-randomized studies,
HIPEC with Oxaliplatin for 30 min was administered after a complete exploration of the
abdominal cavity. Now, after the Prophylochip trial’s publication in 2020 [22], we know
that systematic second-look surgery plus oxaliplatin does not improve DFS compared to
standard surveillance, and, as a consequence, now we do not perform second-look surgery
in these patients as a standard of care. The rest of the PCI 0 patients were four locally
advanced gastric tumours with positive cytology during the first surgery in which a second-
look surgery was scheduled after neoadjuvant chemotherapy, and one mesothelioma, which
was referred from another center to perform a second-look surgery.

Even though our experience in CRS and HIPEC has evolved and improved over the
last two decades, the major morbidity rate (27.9%) and mortality rate (2.3%) obtained, were
already consistent with the morbimortality rates published thereafter [23,24], and that
was similar to other major abdominal oncological surgeries such as Whipple’s procedure,
esophagectomy or hepatectomy [25]. Another point to be considered when discussing
morbimortality is the fact that patients included until 2008 underwent early postopera-
tive intraperitoneal chemotherapy (EPIC) after CRS + HIPEC. This procedure required
that patients remained in the intensive care unit on postoperative days 1 to 5, receiving
chemotherapy through abdominal drains [26]. This technique enabled to deliver chemother-
apy at the peritoneal surface to eliminate any residual microscopic tumour cells before the
formation of adhesions. Unfortunately, postoperative complications such as fistula were
more frequent, and long-term OS was worse than in patients receiving only HIPEC [6,27].
Consequently, EPIC could have impacted negatively in our survival rate and morbidity
results, since 83.7% of our patients received EPIC. In fact, we published our results at that
time and we obtained a 5-year OS of 30% with a morbidity of 40% [28].

The main limitation of our study lies in its retrospective nature, although no prospec-
tive long-term studies have been published addressing OS in PM. Another limitation is
the small sample used (less than 100 patients) which was gathered from a single center
and includes different origins of peritoneal metastases. Our main strength is the long-
term follow-up as well as its consistency since all patients included had 10 or more years
of follow-up.

To sum up, considering the historical context in which our specialized unit was
founded, where patients with PM only received palliative care and CRS + HIPEC was being
implemented around the world by a few centers, we conclude that CRS + HIPEC was a
valid option. We obtained a morbimortality rate comparable to other major abdominal
surgeries and promising survival rates, since, after 10 years of real follow-up, almost
one-third of our patients are still alive and disease-free.
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