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1. INFORMATION NOTE

This doctoral dissertation consists of a monothematic cycle of three original scientific papers
published in a peer-reviewed international medical journal. The periodical in which the above-
mentioned articles are included is on the List of Scientific Journals of the Minister of Science
and Education and on the Philadelphia List.

The total number of points of the Minister of Science and Education obtained by the above-

mentioned publications are 300, and the total Impact Factor (IF) is 17,218 points.

The PhD student is the first author in all papers. She made a significant contribution to the

creation of all works, consisting of:

1. creating scientific hypotheses,

2. conducting in vitro tests,

3. verification and interpretation of the collected data,
4. statistical analysis,

5. elaboration of results,

6. development and presentation of applications,

7. preparation of the publication.

The research project was approved by the Local Ethical Committee for Animal Experiments in
Wroctaw, Resolution No. 029/2021/P1 of May 19, 2021 (attached).
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2.  LIST OF ABBREVIATIONS

BMI - Body Mass Index,

CRS - cytoreductive surgery,

EU - European Union,

HIPEC - Hyperthermic Intraperitoneal Chemotherapy,
MPM - malignant peritoneal mesothelioma,

PCI - Peritoneal Cancer Index,

PIPAC - Pressurized Intra Peritoneal Aerosol Chemotherapy,
PM - peritoneal metastases,

PMP - peritoneal pseudomyxoma.
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3. INTRODUCTION

Despite the dynamic development of oncology, there is still a group of cancers that pose
therapeutic difficulties. It includes malignant tumors of the peritoneum. In many cases, the
methods of treatment used so far do not bring satisfactory results in the form of recovery or
a significant extension of the survival of patients affected by this disease. The prognosis of
patients with this type of cancer is poor. The average survival time of patients with a neoplastic
process involving the peritoneum is about 6 months 2. Moreover, the presence of metastases
within the peritoneum leads to disturbances in the physiological functioning of the abdominal
organs, pain in the abdominal cavity caused by gastrointestinal motility dysfunction, and often

symptoms of subileus or ileus. This significantly affects patients’ quality of life.

These tumors may have primary or metastatic character. The first group includes rare primary
tumors of the peritoneum, i.e., peritoneal mesothelioma, peritoneal pseudomyxoma, primary
peritoneal carcinoma, mesothelial cysts, fibromatosis, or desmoplastic round cell carcinoma.
Cancers that metastasize to the peritoneum include among others, malignant tumors of the
appendix, colon, stomach and ovary. It should be emphasized that in the population of patients
suffering from tumors located within the abdominal cavity, peritoneal metastases occur in
about 5-15% of patients with colorectal cancer®*, about 40% of patients with gastric cancer >°

and as much as about 50% of the population patients with ovarian cancer.

Conventional methods of oncological treatment have limited effectiveness in the case of
peritoneal cancer involvement. Systemic treatment in the form of intravenous chemotherapy
is characterized by low effectiveness due to poor penetration of cytostatics into the neoplastic

peritoneum, while the use of radiotherapy is associated with many side effects.

Nowadays, the involvement of the peritoneal cavity is treated as a local dissemination. The
recommended treatment is cytoreductive surgery (CRS) supplemented with hyperthermic
intraperitoneal chemotherapy (HIPEC)*®. This treatment carries a high risk of peri- and

postoperative complications and can be used only in a strictly selected group of patients.

The temperature used inthe HIPEC procedure does not exceed 43°C, which is related to the high
heat capacity of the liquid introduced into the peritoneal cavity. Heating the chemotherapeutic
solution above this temperature would threaten the life and health of patients with an increase
in the internal body temperature.

Scientific research confirms the ability of hyperthermia to induce cell death. It is known that
the cytotoxic effect is enhanced in an oxygen-poor environment where the pH is reduced.
Hyperthermia leading to a decreased pH environment increases the cytotoxic effect. Due to
the presence of pathological vascularity within tumors, these tissues are characterized by
alower thermoregulatory capacity compared to healthy tissues (e.g., lack of possibility to dilate

the vascular bed), which leads to an intensification of the thermal effect within the tumor.
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Hyperthermia also enhances the effects of radio- and chemotherapy - the phenomenon of

additivity of radio- or chemotherapy and hyperthermia °.

Direct cell death caused by hyperthermia is primarily influenced by protein denaturation,
which leads to instability of cell membranes and impaired cytoskeletal function 8. Moreover,
the temperature above 40°C promotes the formation of clots and emboli in the lumen of
abnormal vessels, which may additionally intensify hemorrhagic necrosis within the tumor,
which may potentially influence the inhibition of distant metastases. Some studies suggest that
the beneficial clinical effects of hyperthermia may result from the occlusion of pathological
blood vessels of tumor structures. The beneficial effect of local hyperthermia on the treatment

of metastatic peritoneal neoplastic lesions has been well documented in the literature 3% 353,

A phenomenon coexisting with gaseous hyperthermia is dehydration. Limited dehydration
of the superficial layers of the peritoneum may significantly disturb the conditions in the
peritoneal cavity that are conducive to the spread of cancer. Thus, the dehydration process may
potentially limit or prevent the spread of metastatic changes and be an alternative method of
treating peritoneal cancers.

Due to the limitations described above related to the currently used treatment of peritoneal
cancer, modern medicine is faced with the challenge of searching for new forms of therapy that
would lead to recovery, improvement of the quality of life or a significant extension of patients’
survival. Among the methods used so far in the treatment of the neoplastic process disseminated
to the peritoneum, the most effective method is the cytoreductive procedure combined with
HIPEC > * In the presented dissertation, the possibility of safely producing hyperthermia at
a temperature exceeding 43 °C was investigated, avoiding the side effects of this phenomenon
observed when using solution water. For this purpose, a significant difference in heat capacity
between liquid and gas was used. The heat capacity of the gas, which is much lower than that
of the liquid, allowed to reduce the risk associated with raising the temperature of the patient’s

body, which would pose a threat to the patient’s health and life.

In the research presented in the above dissertation, a heated gas mixture, i.e., atmospheric air,
was used to produce hyperthermia exceeding 43 °C.

The conducted research confirmed the possibility of safely producing hyperthermia exceeding 43°C
using gas as a temperature carrier. The phenomenon observed during this process was dehydration.
The dehydration process involving the superficial layers of the peritoneum may adversely affect
the environment in the peritoneal cavity, which is conducive to the spread of cancer. Thus, gas
hyperthermia combined with the dehydration process may potentially limit or prevent the spread

of metastatic changes and be an alternative method of treating peritoneal cancer.
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3.1. PRIMARY PERITONEAL CANCERS

3.1.1. Peritoneal mesothelioma

Malignant peritoneal mesothelioma (MPM) is an extremely rare cancer. It accounts for 10-15%
of all mesotheliomas 2. Based on the data of the National Cancer Registry in Poland, in 2012,
299 patients were diagnosed with peritoneal mesothelioma, and 222 died from this cancer.
Peritoneal mesothelioma develops from serosa cells. In most cases, it is a malignant tumor.
MPM occurs most often in people over the age of 60, 2 to 5 times more often in men than
in women. Exposure to asbestos may be a predisposing factor for disease. Due to the lack of

specific symptoms, this cancer is often diagnosed at an advanced stage *°.

3.1.2. Pseudoperitoneal myxoma

Peritoneal pseudomyxoma (PMP) is a very rare disease with a frequency of 3-4 cases/per one
million people/a year. It is more common in women than in men. It causes symptoms called ,
jello belly’, which is the result of the accumulation of mucus content produced by the tumour. It
is almost always associated with perforation of the mucinous tumor of the appendix. We then
observe the passage of mucus into the peritoneal cavity and its redistribution. The clinical picture
of this disease includes mucous ascites, neoplastic implants involving the peritoneum, massive
infiltration of the greater omentum (omental cake) and infiltration of the ovaries **. Due to the

lack of specific symptoms, like MPM, this cancer is often diagnosed at an advanced stage.

3.2. SECONDARY PERITONEAL CANCER

3.2.1. Mechanism of metastatation to the peritoneal cavity:

In order to create effective methods of treatment and prevention of disseminated neoplastic

disease affecting the peritoneal cavity, it is necessary to know the process in which it occurs.

The presence of metastases in the peritoneal cavity (peritoneal metastasis, PM) is evidence
of the progression of the primary malignancy. This process is based on the exfoliation of
cancer cells and their entry into the peritoneal cavity. Several mechanisms of cell detachment
from the primary focus are known. One of the typical tumors occurring within the abdominal
cavity is the spontaneous desquamation of tumor cells infiltrating the serosa of organs. This
mechanism has been observed in for colorectal, gastric, and ovarian cancers. The presence of
free tumor cells in the peritoneal cavity may also be caused by intraoperative manipulations,
tumor damage during surgery, or result from its perforation. Another mechanism leading
to the appearance of neoplastic cells in the peritoneal cavity is damage to the lymphatic
and blood vessels during the resection procedure®*. Moreover, the ability of peritoneal
mesothelial cells to transform into mesenchymal cells has been observed, which is a significant
morphological change creating a favorable environment for the spread of cancer cells *. This

facilitates implantation of metastatic changes within the peritoneum. Published studies have
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shown that due to this transformation, peritoneal mesothelial cells gain the ability to produce
inflammatory factors and factors that enhance angiogenesis and thus promote the growth of
cancer cells. This process underlies the early presence of metastases, which often occur at
the stage of disease diagnosis ®*® Cancer cells, after being detached from the primary tumor
and then entering the peritoneal cavity, undergo distribution characteristic of peritoneal fluid
circulation. This process is the result of phenomena occurring within the abdominal cavity, i.e.,
peristaltic movements, changes in intraperitoneal pressure resulting from movements of the

diaphragm and gravity %3,

The fluid in the peritoneal cavity moves upwards along the right gutter, which is a consequence
of the negative pressure caused by diaphragm movement and the peristaltic. Most of the fluid
gathers on the right side, which is caused by the greater depth of the right sulcus and the
presence of a specific barrier, which is the falciform ligament. The fluid is then directed to the
pelvis below the mesentery of the small intestine. Cancer cell deposits are localized in the

places of peritoneal fluid stagnation, e.g.

3.2.2 Colon cancer

Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the second leading
cause of cancer-related death in the world '’. Early diagnosed patients have a chance for
resection, potentially leading to a complete cure (70-80%), with a 5-year recovery period
survival rate of 72-93% for stage I-Il. Approximately 20% of patients have metastases at the
time of diagnosis. Among them, about 8% of patients have synchronous (occurring at the same
time, diagnosed at the same time or earlier) peritoneal metastases, and 20% have metastatic
changes in the liver **. Cancer dissemination takes place via the lymphatic and hematopoietic
routes and by infiltrating the surrounding tissues. The risk factors favoring the occurrence of
metastases to the peritoneum are tumor perforation, tumor stage ™, low grade, mucinous type
of tumor, and presence of signet ring cells 3. Colorectal cancer cells are invasive. Peritoneal
implants often occur in the mesentery and serosa of the small intestine, which significantly
worsens the prognosis. A significant proportion of metastases are metachronous, which means
that the lesions appear within 12 months of the primary lesion and may result in recurrence of
the disease in previously operated areas *.

3.2.3. Gastric cancer

Gastric cancer is one of the most frequently diagnosed gastrointestinal cancers 2. Although
the incidence has been decreasing in recent years, in the European Union (EU) it remains
at the level of 18.9 new diagnoses/per 100,000 people/a year, while the mortality rate is
14.7 deaths/per 100,000 people/a year and is approximately 5 times higher among men 8,

The dissemination of gastric cancer, as in the case of colorectal cancer, occurs through the
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lymphatic, hematopoietic and intraperitoneal routes. In the group of patients diagnosed de
novo with gastric cancer, 15-40% will have metastases to the peritoneum 3. After surgery, 35-
45% of patients will develop metastases within the peritoneum 4, This is the most common
location of tumor recurrence after surgical treatment. 5-year survival rates in stages Il and lll,
in the case of resectable lesions, are 20-40%. Most patients with serous-invasive gastric cancer
will develop peritoneal metastases despite surgical treatment 2°. Median survival of patients

with gastric cancer undergoing surgery systemic therapy is 9.5-11.6 months %,

3.2.4 Ovarian cancer

Ovarian cancer is the leading cause of death among cancers of the female reproductive organs in
developed countries. The vast majority of cancers are diagnosed at an advanced stage 16, 21.
Cytoreductive treatment with cis- or carbo-platinum chemotherapy and a taxane enables remission in
75% of patients with disseminated cancer, and the 5-year survival rate in such advanced disease after
treatment is about 50% >*> 2. Ovarian cancer dissemination to the peritoneum takes place through the
lymphatic route and intraperitoneally through the circulation of the peritoneal fluid. In many cases,

even in the early stages of the disease, cancer cells are present in the peritoneal fluid.

3.3. TREATMENT
3.3.1 HIPEC

Patients who have failed standard methods of cancer treatment, i.e., chemotherapy or
radiotherapy, may, in the absence of contraindications, be qualified for the procedure
of cytoreductive surgery (CRS) with HIPEC, i.e., hyperthermic intraperitoneal perfusion
chemotherapy (HIPEC). Unfortunately, only a limited group of patients with peritoneal
metastases are eligible for this procedure. The procedure is associated with a, therefore
careful qualification of patients for the above-mentioned treatment is of great importance.
The frequency of peritoneal metastases in colorectal cancer is 5-15% in the case of
synchronous metastases and as much as 40% in the case of local recurrence. The best
results of treatment of a neoplastic process disseminated to the peritoneum are obtained
by combining a cytoreductive procedure with intraperitoneal hyperthermic perfusion
chemotherapy (HIPEC). The results of such treatment are better and allow 5-year survival at
the level of 30-50%. These procedures require extensive experience in abdominal surgery,
are time-consuming (average surgical procedure time is 6-8 hours) and are burdened
with complications related to the surgical procedure, as well as the administration of

a cytostatic at an elevated temperature (41.5 - 43°C) into the peritoneal cavity 3.

HIPEC is reserved for patients with an advanced, potentially resectable, neoplastic process
limited to the peritoneum. The exception to this rule is the presence of a single lung metastasis

or no more than three liver metastases that can be surgically removed. The extent of changes
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within the peritoneal cavity cannot score more than 20 points on the Sugebaker scale
Peritoneal Cancer Index (PCI). Patients with peritoneal myxoma. An important factor limiting
the possibility of using the method is the involvement of the neoplastic process in the small
intestine.

Intraperitoneal chemotherapy penetrates the tumor tissue to a depth of Imm to 3mm. In order
to obtain a favorable prognosis, it is necessary to perform a cytoreductive surgery (CRS) CC-0
24 CRS is an extensive, time-consuming, and often technically difficult procedure with a high
risk of complications and should be performed by experienced operators in centers specialized
in this field. Despite complications risk in a selected group of patients, the cytoreductive
procedure with HIPEC significantly affects the length of survival and the improvement of the

quality of life of patients with peritoneal cancer 2242,

Patients in poor general condition, cachectic and significantly burdened with comorbidities will
will not be good candidates to the procedure. A contraindication to performing cytoreductive
procedure with HIPEC is the age above 70 years old, which results from the potential systemic
comorbidities of patients in this age group. Relative contraindications include Body Mass Index
exceeding 40 (BMI), radiotherapy of the pelvis, numerous interventions in the abdominal
cavity, obstruction of the gastrointestinal tract, obstruction of the bile ducts, obstruction of
the urinary tract, as well as progression of cancer after neoadjuvant chemotherapy. However,
it should be emphasized that each time the qualification of patients for the procedure should

be considered individually °.

3.3.2 PIPAC

An alternative method of treating patients with disseminated neoplastic processes involving
the peritoneum is pressurized intraperitoneal aerosol PIPAC (Pressurized IntraPeritoneal
Aerosol Chemotherapy). This procedure consists in the laparoscopic administration of the
chemotherapeuticagentinthe form of an aerosolinto the peritoneal cavity %6, while maintaining
the room temperature of the drugs. It may be a therapeutic option for patients who are not

eligible for cytoreductive surgery.
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3.4. SUMMARY

Restrictive eligibility criteria for cytoreductive surgery in combination with HIPEC disqualify
a large group of patients with metastatic changes within the peritoneal cavity. Modern medicine
can only offer them palliative treatment. Therefore, it is necessary to search for methods that could
be an alternative form of treatment and limit the intraperitoneal spread of cancer for patients who

are not eligible for cytoreductive surgery or cytoreductive surgery combined with HIPEC.

In order to search for an alternative to the method known so far, the following research was
carried out and presented in this dissertation.

e |nvitro study to assess the viability of the HT-29 human colorectal cancer cell line exposed
to hyperthermia and dehydration, using the colorimetric method (CellTiter 96® AQueous

One Solution Cell Proliferation Assay MTS) and evaluation in an electron microscope.

e An in vitro study to assess the cytotoxic effect of hyperthermia and dehydration on the
HT-29 human colorectal cancer cell line, based on the measurement of LDH concentration,

using a colorimetric method and evaluation in an electron microscope.

¢ Invivo study, i.e., laparoscopic generation of intraperitoneal gaseous hyperthermia above
43° Cinan animal model, assessment of the feasibility and safety of this process - the study

was carried out on three pigs.

e Observation of thermodynamic processes occurring during the creation of hyperthermia
above 43° Cin the peritoneal cavity of pigs.

e 7-day observation of animals with morphological and biochemical blood tests.

e Autopsy examination with macroscopic evaluation of tissues subjected to gaseous
hyperthermia above 43°C and dehydration.

¢ Histological examination of tissues collected post mortem.

The results of the studies listed above are presented in the form of a series of publications that

make up this dissertation.
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4. SUMMARY IN POLISH

Wprowadzenie

Zastosowanie chemioterapii dootrzewnowej w hipertermii jest coraz wazniejszym aspektem
leczenia choroby nowotworowej rozsianej do jamy otrzewnej. W dostepnej literaturze
specjalistycznej nadal brakuje informacji dotyczacych hipertermii dootrzewnowej wytworzonej
gazem oraz mozliwosci jej zastosowania. Bazujgc na wiasciwosciach fizycznych gazu, zbadano
nieopisywane dotgd wytworzenie wewnatrzotrzewnowej, gazowej hipertermii przekraczajgcej
43 °C, przeprowadzono ocene jej bezpieczeristwa i ograniczed. Niewiadomg wymagajaca
zbadania jest, czy tak osiggnieta hipertermia oraz zwigzane z nig zjawiska biologiczne
i termodynamiczne, mogg mieé potencjat terapeutyczny w leczeniu choroby nowotworowej ze

zmianami metastatycznymi w obrebie otrzewne;.

Cel badania

Celem pracy jest zbadanie wptywu hipertermii gazowej i dehydratacji na linie komdrkowa
ludzkiego nowotworu jelita grubego HT-29 oraz ocena mozliwosci bezpiecznego wytworzenia

wewnatrzotrzewnowej hipertermii gazowej powyzej 43 °C w organizmie zwierzecym.

Co wiecej, przedmiotem badan jest ocena wptywu gazowej hipertermii i dehydratacji

na organizm zwierzecy oraz poznanie ww. metody i jej ograniczen. W przeprowadzonych
badaniach zwrdcono réwniez uwage na zjawiska termodynamiczne zachodzace podczas
wewnatrzotrzewnowej gazowej hipertermii. Dzieki przeprowadzeniu eksperymentdéw in vitro

i in vivo uzyskane zostaty dane niezbedne do wstepnej ewaluacji opisywanej metody.

Wyniki i ich przewidywane zastosowanie:

Badanie przeprowadzone na liniach komérkowych nowotworu jelita grubego HT-29 wykazato
wzrost cytotoksycznosci na skutek oddziatywania hipertermii na poziomie 45°C wzgledem
37°C o niemal 60%. Co wiecej, ustalono, ze pod wptywem dehydratacji cytotoksycznos¢
wzgledem komorek linii nowotworu ztosliwego jelita grubego HT-29 byta podwyziszona
w temperaturze 37°C. Dehydratacja wspétistniejgca z hipertermig 45°C i 48°C wykazaty
podobny poziom cytotoksycznego wptywu na komorki nowotworowe. Oprécz cytotoksycznego
wptywu dehydratacji i hipertermii przekraczajgcej 43°C, oceniano réwniez zywotnos$é
komérek nowotworowych poddanych ww. zjawiskom. Zywotno$é komdérek nowotworowych
eksponowanych na temperatury na poziomie 45°C i 48°C nie zmienita sie w poréwnaniu do
komodrek nowotworowych wystawionych na dziatanie temperatury 37°C. Zjawisko dehydratacji
natomiast, w istotny sposob jg zmniejszato nawet przy 37°C. Efekt ten wydawata sie potegowac

jednoczasowa ekspozycja na temperatury 45°Ci 48°C.
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Dowiedziono ponadto, iz bezpieczne wytworzenie gazowej hipertermii powyzej 43°C jest
mozliwe i bezpieczne w organizmie zwierzecym. Po wykonaniu procedury nie obserwowano
okoto- i pooperacyjnych powiktan. W badaniach morfologicznych i biochemicznych krwi swin
nie odnotowano istotnych odchylen od prawidtowych wartosci ocenianych parametréw. Nie

obserwowano réwniez nieprawidtowosci w zachowaniu zwierzat.

Po wykonaniu badania autopsyjnego, pobrano tkanki do dalszych badan. W badaniu
histopatologicznym otrzewnej oraz watroby eksponowanych na dziatanie dehydratacji
i hipertermii gazowej przekraczajacej 43° C obserwowano obecnosé¢ mikrowylewéw, petechii,

zakrzepodw, nacieku leukocytarnego oraz obrzek otrzewne;.

Powyzsze wyniki wskazujg, iz hipertermia gazowa przekraczajgca 43° C potencjalnie moze staé
sie podstawg do powstania metody ograniczajgcej rozsiew choroby nowotworowej w obrebie
jamy otrzewnej. Jednak, aby to potwierdzi¢, konieczne jest przeprowadzenie obszernych,
szczegdtowych badan.
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5. SUMMARY IN ENGLISH

Introduction

The use of intraperitoneal chemotherapy in hyperthermia has shown its increasingly important
aspect of the treatment of neoplastic disease disseminated to the peritoneal cavity. The
available specialist literature still lacks information on gas-based intraperitoneal hyperthermia
and its possible use. Based on the physical properties of the gas, the previously undescribed
generation of intraperitoneal gaseous hyperthermia exceeding 43 °C was investigated, its
safety and limitations assessed. The unknown that needs to be investigated is whether the
hyperthermia achieved in this way and the related biological and thermodynamic phenomena
may have therapeutic potential in the treatment of cancer with metastatic changes within the

peritoneum.

Purpose of the study:

The aim of the work is to investigate the effect of gas hyperthermia and dehydration on the
HT-29 human colorectal cancer cell line and to assess the possibility of safe generation of
intraperitoneal gas hyperthermia exceeding 43 °Cin an animal organism. Moreover, the subject
of the research is the assessment of the impact of gaseous hyperthermia and dehydration
on the animal organism and the recognition of the above-mentioned factors method and its
limitations. In the conducted research, attention was also paid to thermodynamic phenomena
occurring during intraperitoneal gaseous hyperthermia. Thanks to the in vitro and in vivo
experiments, the data necessary for the initial evaluation of the described method were

obtained.

Results:

The study conducted on the HT-29 colorectal cancer cell line showed an increased cytotoxicity
effect of hyperthermia at 45°C versus 37°C by almost 60%. Moreover, it was found that under
the influence of dehydration, the cytotoxicity of the HT-29 colorectal cancer cell line was
increased at 37°C. Dehydration coexisting with 45°C and 48°C hyperthermia showed similar
levels of cytotoxic effects on tumor cells. In addition to the cytotoxic effect of dehydration and
hyperthermia exceeding 43°C, the viability of tumor cells subjected to the above-mentioned
phenomena was also assessed. The viability of tumor cells exposed to temperatures of 45°C
and 48°C did not change compared to tumor cells exposed to 37°C. However, the phenomenon
of dehydration significantly reduced it even at 37°C. This effect seemed to be enhanced by
simultaneous exposure to 45°C and 48°C.It has also been proven that the safe generation
of gaseous hyperthermia above 43°C is possible and safe in the animal body. No peri- and

post-operative complications were observed after the procedure. In the morphological and
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biochemical tests of swine blood, no significant deviations from the normal values of the

evaluated parameters were noted. Neither no abnormal behavior of the animals was observed.

After the autopsy was performed, tissues were collected for further examination. In the
histopathological examination of the peritoneum and liver tissue exposed to dehydration and
gas hyperthermia exceeding 43°C, the presence of microhemorrhages, petechiae, blood clots,

leukocyte infiltration and peritoneal edema were observed.

The above results indicate that gas hyperthermia exceeding 43°C can potentially become
the basis for creating a method limiting the dissemination of neoplastic disease within the
peritoneal cavity. However, extensive, detailed research is required to confirm this.
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Background: While hyperthermic intraperitoneal {i.p) applications are highly
efficient in treating peritoneal metastases (PM), they are currently limited to
temperatures of 41 — 43° Celsius (C). First data on gas-based i.p. hyperthermia is
promising, as this novel method allows a significant temperature rise in
superficial peritoneal layers without increasing core temperatures. Until now,
key mechanisms of this novel tool, e.g. thermodynamic energy transfer, have not
been investigated. This study aims to explore the volume of thermodynaric
energy transfer during gas-based i.p. hyperthermia at 48-50°C and its peritoneal
effects,

Methods: For this study, three swine were subjected to gas-based i.p.
hyperthermia at varying temperatures (48°, 49° and 50°C) in a diagnostic
laparoscopy setting with a high-flow air stream. Temperatures of the ip.
cavity, in- and outflow airstream at the trocar were measured and the
thermodynamic energy transfer was calculated. Tissue samples were
collected on postoperative day 7 for histopathologic analyses.

Results: According to our data, temperatures within the intraabdominal cavity
and at the outflow site remain relatively stable at < 40°C. An increase in
thermodynamic energy transfer is observed with increasing applied
termperatures. Gas-based i.p. hyperthermia induced capillary coagulation and
white blood cell infiltration within peritoneal layers.

Conclusions: Gas-based ip. hyperthermia is an innovative approach which
enables the i.p. delivery of specific amounts of thermodynamic energy.
Following this procedure, our data indicate remarkable histologic changes on
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the superficial peritoneal layer most likely attributable to the applied
thermodynamic energy. Further studies are required to investigate how these
findings can be applied in PM management.

KEYWORDS

Hyperthermia, thermodynamics, peritoneal metastases, intraperitoneal,
chemotherapy, colorectal cancer

Introduction

Advanced peritoneal metastasis (PM) remains one of the key
challenges in current surgical oncology. New concepts and
approaches have been designed to improve the outcome of
advanced, unresectable PM (1-5). With the introduction of
Hyperthermic intraperitoneal chemotherapy (HIPEC) in
combination with cytoreductive surgery (CRS) as a potentially
curative treatment, hopes have been raised for some patients (6,
7). During HIPEC procedures, heated liquid chemotherapy is
introduced into the abdominal cavity to eliminate remaining

higher temperatures while deeper tissues basically remain
unaffected (23). The in-vive feasibility of gas-based i.p.
hyperthermia with temperatures extending beyond 43°C has
been recently demonstrated and further studies in this field are
currently conducted. Until now, there has been no data on how
much thermodynamic energy is transferred during a gas-based i.p.
hyperthermic procedure with temperatures extending beyond 43°
C. By means of this study, we intend to explore the extent of
thermodynamic energy transfer during gas-based i.p.
hyperthermia at 48-50°C as well as its potential heating impact

microscopic tumor cells after CRS (8). This effect is achieved by
the combination of hyperthermia and chemotherapy. In the
HIPEC setting, the medium perfusate temperature and core
body temperatures usually remain at around 40°Celsius (C) (9).
The increase of central body or total organ temperature is not
desirable. A recent study by Goldenshluger et al. (10)
demonstrated that increases in core body temperature served as
a positive predictor for postoperative complications following
HIPEC procedures. In fact, the relatively low temperature
gradient between the applied HIPEC sclution and core body
temperature not only reduce the risk of overheating of single
organs, but also the entire body. The beneficial effects of local
hyperthermia in PM management have been well documented
{11-13). While the sensitivity of cancer cells to increasing
hyperthermia has been extensively demonstrated (14, 15), and
hyperthermia has shown to increase the response rate of cancer
cells to chemo- and radiotherapy (16-19), some studies suggest
that the observed clinical effects of hyperthermia might be related
to the occlusion of neo-vascular tumor structures (20-22),
Currently effective hyperthermic intraperitoneal (ip.)
chemotherapy is limited to temperatures of 42 - 43°C. Yet, a
previous study has demonstrated that far higher temperatures can
be applied when using a gaseous medium as a mean for heat
transportation (23), In contrast to water, air has a much lower heat
capacity of around 0.718 kj/liter °C, when considering a density of
1.127 kg/m® at 40°C and atmospheric pressure. Close-range
objects retain their temperature for a longer time when
surrounded by a medium with an over 5000-fold decreased heat
capacity. This concept has also been demonstrated in a biological
setting (23). As a result, superficial tissue layers can be exposed to
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on peri | tissues. Furthermore, we aim to analyze the
structural effects of gas-based ip. hyperthermia on the
peritoneal surface from a pathohistological perspective.

Material and methods
In-vivo swine model

Three 65-day-old swine (Polish white flod) received gas-based
i.p. hyperthermia at 48", 49° and 50°C, respectively, in a diagnostic
laparoscopy setting under a high-flow air stream of 15 liters per
minute (I/min). The swine were part of a multicenter and
multinational research study on peritoneal hyperthermia and
dehydration. All animals received humane care in compliance
with the Guide for the Care and Use of Laboratory Animals as
published by the National Institutes of Health.

Gas-based i.p. hyperthermia in the
laparoscopic setting

For the procedure, swine were placed under general anesthesia.
Premedication was conducted using an intramuscular (i.m)
injection of midazolam (0.3 mg/kg, WZF Polfa 5A., Poland),
medetomidine (0.02 mg/kg, Cepetor 1 mg/ml, CP-Pharma
Handelsgesellschaft, Germany) and } (9 mg/kg, K
100 mg/ml, Biowet Pulawy sp. z 0.0, Poland) mixture. Analgesia
was performed with Propofol at 1mg/kg, Swine were intubated and
anesthesia was continued with isoflurane 1%. Additional analgesia
was provided with fentanyl 2pg/kg and crystalloid fluid at 0.2-03
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pg/kg/min. For the surgical procedure, swine were placed in a
supine position. An infra-umbilical mini-laparotomy was
performed and another one at about 8 cm distance to the first
one. A 10 mm trocar (Kii®Balloon Blunt Tip System, Applied
Medical, Rancho Santa Margarita, CA, USA) was inserted via the
infra-umbilical trocar while several 5 mm trocars were placed at the
other sites after insufflation (Figure 1A). The abdominal cavity was
insufflated with filtered room air using a tube entering the central
10 mm trocar. An initial diagnostic check-up was conducted via
laparoscopic imaging using a 5 mm camera system (Karl Storz
5mum/30° Laparoscope/Tuttlingen, Germany) and a 5 mm trocar.
After visual confirmation and placement of multiple temperature
sensors (Figure 1B}, the high-flow air stream was turned on at 15 1/
min for a total of 45 minutes. Intracavitary temperatures were
monitored to detect the onset of critical intraabdominal heating. A
total of four temperature sensors were placed in the abdominal
cavity. One was placed in the lower quadrant, one in the right upper
and one in the left upper quadrant, an additional probe was placed
at close contact to the small intestine in the right central area but
still within the cavity. In- and outflow temperatures were measured
at the trocar site. Postoperatively, swine were monitored for seven
days, and blood samples were drawn to detect possible
postoperative complications.

Analyzing the operative model for
laparoscopic dehydration of the
abdominal cavity

Based on mean temperatures at the in- and outflow site, we
calculated the temperature difference. With a given flow rate of

A
High-flow gas based hyperthermia
in an in-vivo swine model

FIGURE 1
(A} Laparoscopy in the in vivo swine during high-flow
monitanng (B} Technical model of high-fio
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15 l/min, the thermodynamic energy transfer was calculated
based on the first law of thermodynamics (conversation of
energy) adapted for the thermodynamic process. The
calculation was based on the specific heat capacity of air at
1 bar (atmospheric pressure), which ranges between 0.718 -
0.7206 KiloJoule (KJ) per Kilogram (kg) air at 27 - 67° C, and air
density at atmospheric pressure (1 bar) given with 1.271 Kg per
m? at 40° C. Based on the model of laparoscopic surface area
quantification by Khosrawipour et al. (24), we used 16 dm” as
the interacting peritoneal surface to estimate the extent of heat
buildup on the peritoneal layer.

Euthanization

Seven days after the procedure, the swine were subjected to
euthanization and autopsy. For this purpose, swine were
premedicated with an i.m. injection of midazolam (0.1 mg/kg,
Midanium 5 mg/ml, WZF Polfa 5.A., Poland), medetomidine
(0.02 mg/kg, Cepetor 1 mg/ml, CP-Pharma Handelsgesellschaft,
Germany) and ketamine (8 mg/kg, Ketamina 100 mg/ml, Biowet
Pulawy sp. z 0.0, Poland) mixture, After that, swine were
euthanized with an intravenous injection by Sodium
Pentobarbital with Pentobarbital (50mg/kg with 12 mg/kg,
Morbital 133.3 mg/ml + 26.7 mg/ml, Biowet Pulawy Sp. z 0.0.,
Poland) according to current recommendations (18). Post-
mortem swine cadavers were placed in supine position and a
median laparotomy was performed. Peritoneal tissue samples
were removed from distinct locations within the abdomen for
further histological analyzes. Additionally, hepatic samples
were collected,

Model of high-flow gas-based hyperthermia

based hyperthermia

03

with the main components

v gas-based hyperthermia. Multiple placements of temperature-sensors for intracperative
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Histopathological examination of
peritoneal tissue and liver samples

Samples were fixed for 48 hours in 10% neutral buffered
formalin (cat# 22-026-354, Fisher Scientific). Formalin-fixed
samples were prepared for paraffin processing by serial
dehydration in increasing concentrations of ethanol solutions
using a tissue processor (Leica TP1020, Leica Microsystems).
After preparation, tissues were embedded in paraffin wax using a
tissue embedder (Leica EG 1150C, Leica Microsystems).
Paraffin-embedded tissue blocks were sectioned into 5pum
sections on a microtome (Leica RM 2255, Leica
Microsystems). 5pum sections were stained with HE. All slides
were imaged using an inverted microscope (Nikon Ti-E
Widefield microscope, Nikon Instruments Inc.).

Graphic design

For the graphics provided, multiple graphic programs were
used. These programs included Inkscape 1.0.1,2020, GNU,
USA as well as programs provided by Windows office
2019, Microsoft.

Statistical analysis

Three swine were exposed to mean temperature levels of 48°C,
49°C and 50°C.

Data are presented as the mean and the standard deviation
unless otherwise indicated. A boxplot was used to visualize heat
distribution. Mean heat-values were used to effectively calculate
the thermodynamic gradient and energy transfer. Liver-samples
for each swine were removed at 3 different, exposed sites within
the laparoscopic cavity. Further peritoneal samples were taken at
a total of 8 different sites per swine.

The student t-test was used to compare independent groups.
Probability (p) values were considered as follows: *=p<0.01,
and #=p>0.05, with p-value <0.05 considered to be
statistically significant.

Results

Thermodynamics of gas-based
i.p. hyperthermia

The experimental protocol was successfully executed. No
intra- or postoperative complications were observed. All swine
were extubated without problems. No distress or signs of
abnormal behavior were detected. Intraoperative temperature
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measurements during the 45-minute procedure revealed that
inflaw,
(Figures 2A-C). While the inflow temperature varies around
the targeted 48°C, 49°C, and 50°C, the outflow temperature
remained constant in each case within a narrow margin of 33.2 +
.1.3°C (48°C), 33.4+ 1.9 C° (49°C) and 33.6 + 2°C (50°C). The
temperature difference (inflow vs. outflow) therefore increases
with higher inflow temperature (Figure 2D). The mean
difference is 15.3°C (48°C), 154°C (49°C) and 17.9°C (50°C)
(Figure 3). For the presented 45-minute procedure, the
thermodynamic energy transfer was calculated to be 6.4 kJ for
the 48°C, 6.5 kJ for 49°C and 7.6 kJ for 50°C application,
respectively (Figure 3), The mean thermodynamic energy
transfer was approximately 0.42 kJ/°C during the 45-minute
application. Based on these calculations, the presumed
temperature effects on tissue were estimated. The temperature
effect of 7.6 k], which corresponds to the energy transfer during a
45-minute gas-based hyperthermia procedure at 50°C on a 1 kg
tissue sample, corresponds to 2.2°C (Figure 3). Assuming the
effect of the thermodynamic energy of 7.6 k] would have been
limited on the most superficial 0.2 cm vs. 1 cm of the peritoneal
surface (16 dm?), the estimated temperature effect would have
been 1.51°C vs. 7.56°C (Figure 3).

outflow and cavity temperature remained constant

Histopathological examination, liver
tissue and serum parameters

Following autopsy, swine tissue samples were removed from
multiple locations within the peritoneum. Areas exposed to the
hyperthermic laparoscopic space were compared to unexposed
peritoneal samples of the same swine. Specific changes in
exposed areas were analyzed and documented (Figure 4A).
Hematoxylin and eosin (HE) staining depicted changes 7 days
after ip. hyperthermia. Spots of micropetechial bleeding were
detected within the superficial peritoneal layer (Figure 4A1).
Additionally, within the first few hundred millimeter of the
peritoneal surface, the capillary system (Figures 4B, C) showed
signs of occlusion by clotting (Figures 4A 1, 2). In the peritoneal
tissue exposed to the laparoscopic cavity, peritoneal edema, and
an increase in white blood cell infiltration were detected
(Figure 4A). In only a few cases, damage to muscle membrane
cells of the intestine were observed. Unexposed peritoneal tissue
samples did not show any specific changes, nor did they present
signs of edema or white blood cell infiltration. The phenomenon
of capillary clotting was also observed in liver tissues a few
hundred millimeter close to the liver capsule (Figure 5A1 vs A2),
With respect to serum related liver parameters alanine
aminotransferase (ALT) and alkaline phosphatase (ALKP),
only an ALT increase was noticed on postoperative days 1, 3
and 7. The peak ALT elevation was on day 3 (Figures 5B1, B2),
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high-intensity ultrasound (33-35), nanoparticles (36) as well as
the application of new substances (37, 38). Hyperthermia
notably impacts PM management as it demonstrates great
efficacy in enhancing antitumoral effects when combined with
chemotherapy or radiation, without causing disproportionate
additional side effects (39-41). Until now, hyperthermia is
usually applied using water-based fluid solutions, which
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display their own set of limitations due to the unique physical
properties of water. However, based on the different physical
properties of air, new therapeutic constellations might be
available. The presented data indicates that the abdominal
cavity can be exposed to gas-based hyperthermia exceeding
temperatures of 43°C with a defined thermodynamic energy
dose. Although we do not observe any relevant general
temperature increase within the peritoneal cavity or
systemically in the treated patient, we do observe the effect of
the applied temperature dose on the upper superficial
peritoneal layer.

There are a variety of alternative explanations for this
phenomenon. Of course, the most obvious explanation is that
the measured intraperitoneal temperatures are as presented and
the observed changes on the peritoneum are merely related to
dehydration effects of the peritoneum. Another possibility is that
the temperature effect is limited to the first few hundred
millimeters of the peritoneal layer, thus only affecting the
superficial peritoneal layer. In this scenario, the
thermodynamic energy may be insufficient to heat up and
cause a measurable increase in the heat sensor due to its own
heat-capacity. Another explanation is that low air velocity
around the intracavitary temperature probes and low
thermodynamic air conductivity does not heat up the
temperature probes. The temperature sensors at the high-
velocity sites at the outflow and inflow are affected in the same
way. The last possible explanation is that the thermodynamic
energy applied on the peritoneal surface is wasted in chemical
processes which change the peritoneal tissue in the area. When
we look at alternative gas-mediums and their relationship with
the applied regular air in our model, we can estimate the changes
in energy transfer assuming the same inflow-outflow
temperatures as set values. Based on the available data on the
isobaric volumetric heat capacity of the listed gases compared to
room air, the heat carrying capacity of the medium at the same
volume would increase or decrease approximately in the
following manner: COy +28%; Ny -2%; Oy +7%, Helium:
-24%. To determine to what extent the flow rate influences the
temperature difference between the outflow and inflow, further
separate studies are required. However, as surface velocity is a
factor in the heat transfer from one medium to another, we must
assume that this will be a relevant factor. In fact, the contribution
of dehydration to the observed effects should be separately
analyzed and studied. This requires a separate study on
normothermic dehydration on a high-flow laparoscopic model.
‘We believe that with this presented study, we have a strong
argument to plan and argue for future and more comprehensive
in-vivo studies.

However, the extent to which this novel tool is beneficial and
or relevant for PM treatment must be further studied. In fact,
capillary occlusion of neovascular structures could be a highly
relevant mechanism to halt invasive cell growth,
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Yet, it has been recognized that there is still no experience
and only little understanding of the effects of a hyperthermic
capnoperitoneum due to the physical challenges created by air as
a carrier medium with an extremely low-heat capacity and
unique physical qualities. More basic research must be
conducted to improve the understanding and gement of
gas-based hyperthermia. Further studies are required to
investigate whether gas-based ip. hyperthermia can serve as
an independent therapeutic option for PM treatment or if its use
as an add-on therapy is more favorable (41-44). Gas-based ip.
hyperthermia with temperatures extending beyond 43°C is
feasible and might serve as a new therapeutic option for
advanced PM. This novel tool has the potential to create a
temperature gradient along the peritoneal surface to apply
hyperthermia, stop neo-vascularization and further dehydrate
metastatic nodules along the peritoneum (24} to decelerate
overall disease progression. However, applicational, biological
and technical aspects of this novel approach must be

further analyzed.
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Background: Peritoneal metastasis (PM) is an ongoing challenge in surgical oncology.
Current therapeutic options, including intravenous and intraperitoneal (i.p.)
chemotherapies display limited clinical efficacy, resulting in an overall poor prognosis in
affected patients. Combined hyperthermia and dehydration induced by a high-flow, gas-
based i.p. hyperthermic procedure could be a novel approach in PM treatment. Our study
is the first to evaluate the therapeutic potential of i.p. dehydration, hyperthermia, as well as
the combination of both mechanisms in an n-wivo setting.

Methods: For this study, thres swine were subjected to diagnostic laparoscopy under a
high-flow air stream at 48°, 49° and 50°Celsius (C}. Hygrometry of the in- and outflow
airstream was measured to calculate surface evaporation and i.p. dehydration. To analyze
the effects of this concept, in vitro colon cancer cells (HT-29) were freated with
hyperthermia and dehydration. Cytotoxicity and cell viability were measured at different
time intervals. Additionally, structural changes of dehydrated cells were analyzed using
scanning electron microscopy.

Results: According to our results, both dehydration and hyperthermia were cytotoxic to
HT-29 cells. However, while dehydration reduced cell viability, hyperthermia did not.
However, dehydration effects on cell viability were significantly increased when combined
with hyperthermia (p<0.01).
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Conclusions: Changes to the physiological milieu of the peritoneal cavity could
significantly reduce PM. Therefore, limited dehydration of the abdominal cavity might be
a feasible, additional tool in PM treatment. Further studies are required to investigate
dehydration effects and their applicability in PM management.

Keywords: dehydration, colorectal cancer, peritoneal metastasis (PM), hyperthermia, electron microscopy

INTRODUCTION

While peritoneal metastasis (PM) is a common manifestation of
advanced gastrointestinal and gynecological cancers, it remains a
challenge to surgical oncology with an overall poor prognosis.
Statistically, affected patients do not survive the first year after
diagnosis due to rapid tumor progression in the abdominal
cavity and subsequent complications (1, 2). In recent years,
various attempts have been made to develop new strategies for
PM management. Despite these efforts, there have not been any
significant scientific developments that ensure long-term
clinical improvement.

In fact, one of the main shortcomings observed with current
therapies include limited therapeutic effects observed with
systemic chemotherapy. This can be attributed to systemic
drug loss and subtherapeutic drug concentrations in the
peritoneum (3, 4). As a result, locoregional concepts e.g.
intraperitoneal (i.p.) chemotherapy have been introduced to
further improve local drug availability. However, later studies
uncovered that i.p. chemotherapies also display limited clinical
efficacy (5). Currently, the combination of cytoreductive surgery
(CRS) with fluid based hyperthermic intraperitoneal
chemotherapy (HIPEC), offers hope for a curative outcome in
patients with limited disease. CRS and HIPEC is gaining more
popularity in the field of surgery, as clinical trials describe
advantageous results in highly selective patients (6, 7). Despite
this encouraging data, it is important to note that only patients
suffering from limited diseases and without visible peritoneal
seeding following CRS are considered to benefit from this
therapeutic option (8, 9). For patients with extensive PM who
do not qualify for CRS and HIPEC, the option of pressurized
intraperitoneal aerosol chemotherapy (PIPAC) has been
introduced to the clinical setting (10, 11). In PIPAC, a fluid
chemosolution is aerosolized and injected into the abdominal
cavity covering the abdominal compartment. In fact, PIPAC has
shown some positive results (12, 13) and several attempts have
been made to improve (14, 15) and extend (16) its application.
Nevertheless, the use of PIPAC in the clinical setting does not
seem to fundamentally change patient outcome.

Many patients without distant metastasis often display the
clinical picture of metastatic seeding in the peritoneal cavity. PM
cells are often either confined to the peritoneum or minimally
infiltrate local and peritoneal tissues (17, 18). It is suggested that
peritoneal seeding is enhanced due to facilitated movement of
floating cancer cells within the peritoneum (19, 20). The
presence of disseminated cancer cells has been associated with
a higher recurrence rate and a poorer survival (21). Using the
peritoneal milieu as a favorable habitat for growth, adherent

cancer cells can further infiltrate and permeate into tissues (22,
23). Additionally, the glucose and protein-rich cavitary fluid can
further enhance this effect. In fact, the abdominal cavity offers
optimal growth potential for local malignant tumor cells.
Consequently, we assume that changing the biology of this
compartment could lead the way to optimized therapies. Thus,
it is necessary to investigate whether changing the biological
properties of the peritoneum could be a feasible option to delay
or even halt PM progression.

The application of dehydration combined with hyperthermia
could be an innovative approach to alter the biological properties
of this compartment. Malignant tumor cell progression could be
terminated in a less hospitable environment. Our study is in
strong contrast to previous attempts, which all included the use
of chemotherapeutic applications. By means of this study, we aim
to calculate the extent of evaporation and dehydration that may
occur during laparoscopy. Finally, using an in-vivo swine model,
we examine whether dehydration can be achieved by the
proposed laparoscopic system as well as analyze the sensitivity
of colon cancer cells to hyperthermia and dehydration at
different levels of exposure.

MATERIAL AND METHODS

In-Vivo Swine Model

For the in-vivo part of this study, three 65-day-old swine (Polish
white flod) were used. The swine received diagnostic laparoscopy
without any additionally surgical intervention. Laparoscopy was
performed under a high-flow air stream of 15 liters per minute (I/
min). The swine used were part of a larger study on
hyperthermia and dehydration. The inflowing air temperature
for the swine were 48°, 49 and 50°Celsius (C), respectively.
Intracavitary temperatures were monitored to detect the onset
of critical intraabdominal heating. All animals received humane
care in compliance with the Guide for the Care and Use of
Laboratory Animals as published by the National Institutes of
Health. The swine were premedicated with an intramuscular
injection of midazolam (0.3 mg/kg, WZF Polfa S.A., Poland),
medetomidine (0.02 mg/kg, Cepetor 1 mg/ml, CP-Pharma
Handelsgesellschaft, Germany) and ketamine (9 mg/kg,
Ketamina 100 mg/ml, Biowet Pulawy sp. z o.0., Poland)
mixture. Analgesia was performed with Propofol at 1mg/kg.
Swine were intubated and further anesthesia was continued
with isoflurane 1%. Additional analgesia was provided with
fentanyl 2ug/kg and crystalloid fluid at 0.2 - 0.3 pg/kg/min.
The swine were placed in a supine position. An infra-umbilical
mini laparotomy was performed and another one at about 8 cm
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distance to the first one. A 10 mm trocar (Kii®3alloon Blunt Tip
System, Applied Medical, Rancho Santa Margarita, CA, USA)
was inserted through the infra-umbilical trocar while multiple
5 mm trocars were placed at the other sites (Figure 1A) after
insufflation. The abdominal cavity was insufflated with filtered
room air vig a tube entering the central 10 mm trocar. An initial
diagnostic check-up was conducted via laparoscopic imaging
using a 5 mm camera system (Karl Storz 5mm/30° Laparoscope/
Tuttlingen, Germany) through a 5 mm trocar. After visual
confirmation and placement of multiple temperature sensors
(Figure 1B), the high-flow air stream was turned on at 15 I/min
for a total of 45 minutes. Humidity levels at the in- and outflow
was measured.

Creating an Operative Model for
Laparoscopic Dehydration of the
Abdominal Cavity

The operative model for dehydration assumes a 4 Liter (V=4 L)
abdominal capnoperitoneum, which corresponds to an average
sized capnoperitoneum observed during laparoscopy. Humidity
levels of in- and outflowing air were measured, Based on the
mean humidity difference, the amount of removed water from
the abdominal cavity was calculated. The saturation pressure of
room air is 7297 Pascal and the maximum density of water vapor
at 40°C is 0.051 kg/m®. At a constant flow of 15 [/min, a model
for a time dependent removal rate was calculated.

Cell Cultures

The human colorectal cancer cell lines HT-29 were purchased
from the CLS (Cell Lines Service GmbH, Eppelheim, Germany).
Cells were then grown in Dulbecco’s modified Fagle’s medium

A High-flow laparoscopy in-vivo

in a swine model

L.

Temperatur Sensors

(DMEM - high glucose, Sigma-Aldrich, Poznan, Poland). The
following supplements were added to the medium: 10% heat-
inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific, Poland), 2 mmol/L glutamine, 100 TU/mL penicillin,
and 100 pg/mL streptomycin (Sigma-Aldrich). Cells were then
incubated in a humidified 5% CO, incubator (NuAire CO,
Incubator, Biogenet, Warszawa, Poland) at 37°C. Afterwards,
1.4 x 10° cells per well were seeded in 24-well plates (TC Plate 24
Well, Standard, F, Sarstedt AG & Co. KG, Germany) and
incubated for 48 hours, Cells subjected to electron microscopy
(EM) analysis were seeded on sterile glasscovers.

In Vitro Cell Dehydration

Cells were divided into three main groups and exposed to 377,
45° and 48°C for 30 minutes. Each group was separately exposed
to different durations of dehydration (0, 5, 10, 20, 25 and 30
minutes) (at 85% percent humidity) in the cell incubator. After 0
and 20 minutes of dehydration, cells that were seeded on sterile
glasscovers were subjected to cellular analyses using scanning
electron microscopy (SEM).

Cytotoxicity Assay

To obtain maximum LDH activity, cell lysis reagent was
added into each well following exposure to hyperthermia and
dehydration and incubated at 37°C for 45 minutes, Spontaneous
LDH activity was assessed for each group. Wells were incubated
in darkness and at room temperature for 30 minutes, then
a stop reagent solution was added and absorbance was
measured at 490nm on a microplate reader (Tecan, Basel,
Switzerland). Percentage of cytotoxicity was calculated using
the following formula:

B
Model of hyperthermia and dehaydration through a high-flow air system

= \

FIGURE 1 | (A) In-wivo high-flow laparoscopy model to evaluate defhwdration and hyperthermic airflow effects, (B) Model of the laparozcopic setting. Two trocars are
used &s in- and outflow while other trocars are placed for optics and temperature sensors,
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% cytotoxicity = (compound-treated LDH activity -
spontaneous LDH activity) + (Maximum LDH activity -
Spontaneous LDH activity) x 100%.

MTS-Testing on Cell Viability

Cell proliferation was determined via colorimetric CellTiter 96%
AQueous One Solution assay (Promega, Poland) 24 hours after
hyperthermia and dehydration exposure. The test was performed
with our modifications according to the manufacturer’s
instructions. Briefly, medium was removed from each well and
replaced by 0.3 mL of fresh DMEM. Next, following one hour of
incubation at 37°C at 5% CO,, an MTS5-based reagent was added to
each well and absorbance at 490nm was measured using a
microplate reader (Tecan, Basel, Switzerland). The percentage of
proliferation was regulated for all groups using untreated cells
as control.

Electron Microscopy to Determine Cell
Structure and Single Cell Dehydration

The HT-29 control groups and dehydrated cells (20min) were
subjected to cryogenic scanning electron microscopy (cryoSEM)
analysis. The probes were washed with Dulbecco’s phosphate
buffered saline (DPBS, Sigma-Aldrich) and fixated in 2.5%
glutaraldehyde solution (Sigma-Aldrich). After fixing the samples,
they were washed in PBS, rinsed in ultrapure (sterilized through
0.1pm filter) deionized water, and finally mounted on cryo-shuttle
using OT/colloid graphite mixture and plunged in liquid nitrogen.
Then, frozen specimen were quickly transferred toa cryo-preparation
chamber (Cryo Quorum PP3010T) and sputtered with a conductive
layer of platinum at 140°C. Next, specimen were transferred to the
microscopy chamber. At each point of transfer, the same temperature
of - 140°C (Auriga60, Zeiss) was maintained. Samples were ultimately
observed at 2kV of acceleration voltage using In Lens and SE2
secondary electron detector.

Graphic Design

For the graphics provided, multiple graphic programs were used.
These programs included Inkscape 1.0.1,2020, GNU, USA and
programs provided by Windows office 2019, Microsoft.

Statistical Analysis

All experiments were executed at least three times. Each well was
considered as a single value, according to the classified
subgroups. The student t-test was used to compare
independent groups. Probability (p) values were considered as
follows: *=p<0.05, **=p<0.01, and #=p>0.05, with p-value <0.05
considered to be statistically significant. Data are presented as the
mean standard deviation unless otherwise indicated.

RESULTS

Extent of Laparoscopic Intraabdominal
Dehydration and Transport Capacity

Under the presented constellation at 15 l/min flow, outflow
humidity levels reached > 95% within the first 5 minutes and

stabilized at around 99%. The mean inflow humidity level was
51%. The intraperitoneal temperature remained stable and did not
exceed 40°C. Macroscopically visible dehydration set in after 25, 28
and 33 minutes within the procedure (Figures 2A, B). The
caleulation of the maximum transport capacity uncovered that
under the presented constellation of high flow via the laparoscopic
approach, a mean amount of 0.382 grams per minute of water was
removed from the peritoneum (Figure 3A). This approximated toa
total of 17.2 grams of water in 45 minutes (Figure 3B). Thus,
dehydration set in after the removal of circa 10.7 £ 1.6 g of water
from the abdominal cavity.

In-Vitro Cytotoxicity of Dehydration

and Hyperthermia

Cytotoxicity levels were significantly increased following
hyperthermia at 45°C (p<0.05) and 48°C (p<0.001) compared
to controls at 37°C (Figure 4A). Moreover, the combination of
hyperthermia and dehydration showed similarly high
cytotoxicity levels (Figure 4B). After 10 minutes of
dehydration, cytotoxicity levels were high for all temperature
groups and remained at this elevated level. However, in cells kept
at 37°C and only exposed to dehydration, cytotoxicity increased
to elevated levels after 10 minutes (Figure 4C).

Viability of HT-29 Cells Following
Dehydration and Hyperthermia

The viability of HT-29 cells was not affected by hyperthermia at
45°C and 48°C compared to controls at 37°C (Figure 5A).
However, the combination of hyperthermia at 48°C and
dehydration of 30 minutes resulted in significantly decreased
viability levels (p<0.01) (Figure 5B). Dehydration of cells at 37°C
resulted in declined viability with time (0 - 30 minutes).
However, this effect seemed to be further enhanced when
hyperthermia was added at 45°C and 48°C (Figure 5C).

Electron Microscopic Analysis on
Dehydrated HT-29 Cells

Cryo-SEM was used to study cell morphology following partial
dehydration. Structural analyses of the extracellular cell surface
revealed morphological changes which progressed with increased
extent of dehydration. Control cells were more distinguishable and
separable from each other. Some had a round shape and podocytes
were visible for most cells (Figure 6A). Their dehydrated
counterparts had blurred margins, and the cells appeared hollow
and flattened (Figure 6B). Cell boundaries were more difficult to
identify. Podocyte structures of cells had become visually
unidentifiable, EM analyses concluded that dehydration
significantly affected the structural integrity of HT-29 cells.

DISCUSSION

The concept of a therapeutic pneumoperitoneum was inspired by
Italian physician Carlo Forlanini (1847 - 1918), whose
pioneering innovations helped to manage extensive pulmonary
tuberculosis following decades of stagnating therapeutic options.
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FIGURE 2 | Laparoscopic view of the intraabdominal cavity during high-flow air-based hwperthermia, (A) Start of the laparoscopy. The figure displays normal small
intestinal tissus as is expected durng laparoscopy. (B) Laparoscopic view of the infraabdoming! cavity after 30 minutes into the procedure, Pertonsal detydration
“drying” is visible in the exposed arsa. The pertoneal surface appears to "peel-of” and light refiection on the pentonssl surface increases.

In the early 20™ century, he developed the idea of an artificial
pneumothorax for patients suffering from pulmonary
tuberculosis. This innovative concept benefited severely ill
patients, and Forlanini was later nominated for the Nobel prize
for medicine for his discovery (24). Based on the consideration
that biophysical changes of the thorax and a less hospitable
environment for tuberculosis bacteria might have been the
reason for the success of this unconventional approach, we
theorize that our model of cell dehydration could have similar
promising effects on PM. In patients with cancer diseases, the
metastatic process in the peritoneal cavity is a critical factor for
survival (25). Using physical principles in innovative treatments of

Removed fluid from the peritoneal cavity
ing on the ion of

i0g -~
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peritoneal cavity in gramm
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@

ogl—"

PM and other surface malignancies seems promising and has been
attempted several times (26-29). Some of these novel treatment
options have been extensively tested, including the application of
irradiation (30-32), high-intensity ultrasound (33, 34) and
nanoparticles (16). The current management of PM displays
significant shortcomings due to the aggressive growth behavior
displayed by PM, which further limits effects of i.p. chemotherapy
even when locally applied during HIPEC or PIPAC.

Cancer cells within the abdominal cavity usually originate
from either gastrointestinal or gynecological cells. Therefore,
they are habituated to a fluid-surrounding environment. This
aspect remains unchanged, regardless of mutations in the cancer
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FIGURE 3 | (A) Mathematical model for the remaoval of fluid/water from the abdominal cavity at 15 litar/minute flow rate assuming an inflow air humidity of 50%. The
correlation is linear. (B) Mathematical model of dehwdration at 15 er/minute flow rate assuming an inflow air humidity of 50%. At the marked red points, dehydration
of tissue Is visible during laparoscopy. The estimated amount of removed water per time is indicated at each time point.
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FIGURE 4 | (A) In wiro cytotoxicity on colon cancer calls after 30 minutes of hyperthemia exposure iwithout dehydration) at 45°C and 48°C. Control cells wers only
exposad to the physiological temperatura of 37°C. (B) In wiro cytotoxicity on colon cancar calls after 30 minutes of hyperthermia axposura and dehydration at 377,
45°C and 48°C, (C) Cytotoxicity compared to control cells. Levels of cytotoxicity were measured at diffierent exposure times 1o dehydration and hyperthermia (5, 10,

20, 25 and 30 minutes). Significance levels: #=p=0.05, *=p<0.05, = p=0.001.

cell genome (35). Consequently, changing the basic biclogy of
the abdominal cavity might interfere with any cancerous
progression in that compartment. Dehydrating the internal
cavity accounts for one of these basic biological changes in the
human body. With this study, we were able to demonstrate that
HT-29 cells subjected to dehydration show reduced viability
rates, especially when combined with hyperthermia. Our model
has thoroughly demonstrated that dehydration can be
implemented in a laparoscopic model established within a
reasonable timeframe of less than 45 minutes. With our work,
we have outlined a basic conceptual comprehension of the
technical and physical aspects as well as applicational
limitations of dehydration. This approach needs to be further
investigated to evaluate the potential of i.p. dehydration in the
management of advanced PM. Dehydration with hyperthermia

as a combined application or possibly in addition to
chemotherapy, could be a realistic tool for changing the ip.
environment to slow down or even terminate PM progression.
Significant reduction of HT-29 cell viability and significantly
increased cytotoxicity has been observed following dehydration
combined with hyperthermia. Applicational, biological and
technical features of dehydration within the peritoneal cavity
have been demonstrated and must be further examined and
documented. While this new concept operates without any
pharmacological agents, it can possibly be combined with some
of the current concepts of i.p. chemotherapy (36, 37).

With regards to limitations in this study, we must point out that
PM can originate from different cancer entities, including a variety
of gastrointestinal or gynecological tumors, and thus may show
differing reactions to dehydration. Furthermore, there is still a
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FIGURE 5 | (A} In vitro call-viablity of colon cancer calls after 30 minutes of hyperthermia (without debydration) at 45°C and 48°C. Control cells wene only expesed 1o the
physiclogical temperature of 377C. (B) in wiro cell-viabiity of colon cancer cels after 30 minutes of hyperthenmia and dehydration at 37, 45°C and 48°C. {C) Course of cal
iabiity folowing difierant exposune times of dehydration and hypertharmia O (Control), 5, 10, 20, 25 and 30 minutes. Significance levels: #=p=0.05,"= p=0.01.
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FIGURE 6 | E
dehydration and hyperthanmia for 20 minutes [magnilication level 1000X).

limited understanding and knowledge on potential local and
systemic effects of this novel concept. Also, the potential
hemodynamic effects of dehydration and hyperthermia must be
further evaluated. In the future, clinical studies in selected and
qualified research centers are required to further assess this concept
and allow for a more in-depth evaluation of its applicability.
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Background: 43°Celsius (C) is currently the highest temperature used in the
treatment of peritoneal metastasis (PM). Despite sufficient data on water-
based hyperthermic solutions in PM treatment, there is currently no
information on gas-based hyperthermia extending beyond 43°C. This study is
the first to provide in-vivo data on different organ systems during and after
intraperitoneal gas-based hyperthermia beyond 43°C. The aim of this study is
to explore in-vivo feasibility, safety, and efficacy of this novel concept from a
biclogical perspective,

Methods: For this study, three swine were subjected to laparoscopy and
subsequent gas-based intraperitoneal hyperthermia at 48° 49° and 50°C
under & high-flow air stream. Intracperative data from multiple temperature
sensors were analysed. Additionally, intracperative anaesthesiologic and
gasometrical data was analysed. Postoperatively, swine were monitored for
one week and laboratory work-up was performed on postoperative days 1, 3
and 7.
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Results: During gas-based intraperitoneal hyperthermia, anesthesiologic
parameters did not exhibit critical values. Mo intra- or postoperative
complications were observed. Distinct temperature measurements on the
skin, cystohepatic triangle and esophagus did not display any temperature
increase. Postoperative laboratory workup did not show any changes in
hemoglobin, white blood cell count, platelets, or kidney function.

Discussion: Based on our data, there are no safety concerns for the application
of gas-based hyperthermia between 48 - 50°C. In fact, no critical systemic
temperature increase was observed, With respect to possible limitations,
further in-vivo studies are required to evaluate whether gas-based

intraperitoneal hyperthermia may be a therapeutic option for PM patients.

HEYWORDS

intraperitoneal, heat, hyperthermia, peritoneal metastases, gas based

Introduction

The n gement of di 1 peritoneal is (PM)
remains a tremendous challenge in surgical oncology. PM is an

aggressive disease with a poor overall prognosis, mostly
originating from gastrointestinal tract or gynaecological tumour
cells. Depending on the extent of PM, median survival is estimated
at 3.7 - 9.8 months after diagnosis (1, 2). Systemic treatments such
as intravenous chemotherapy have displayed limitations in
changing the overall PM outcome. This is attributed to
subtherapeutic chemotherapeutic concentrations in the
peritoneal tissue due to systemic drug loss (3, 4). Due to these
shortcomings, locoregional concepts have been considered as a
more promising alternative to overcome current limitations in PM
management, The most effective of these concepts, cytoreductive
surgery combined with hyperthermic intraperitoneal
chemotherapy (HIPEC), has demonstrated efficacy in a selected
group of patients (5, 6). Many studies have described the beneficial
effects of local hyperthermia in PM management (7-9), and
hyperthermia has shown to increase the response rate of cancer
cells to chemo- and radiotherapy (10-13). However, liquid-based
hyperthermia also exhibits limitations. In the HIPEC setting,
medium perfusate and core body temperatures usually remain
at around 40°Celsius (C) (14). An increase in central body or total
organ temperature is not desirable and should be avoided. In fact,
a recent study by Goldenshluger et al demonstrated that increases
in core body temperature served as a positive predictor for
postoperative complications following HIPEC procedures (15).
Thus, further increasing applied heat to the peritoneal surface is
limited by this countervailing factor. A recent study by Diakun
et al. demonstrated that intraperitoneal (i.p.) hyperthermia could
be a feasible option to increase applied temperatures far beyond
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43°C using a gas-based approach (16). In the presented model, the
aim was to investigate whether gas-based intraperitoneal
hyperthermia could be a feasible and safe option. Currently,
further attempts have been made to analyze this approach. By
means of an in-vive swine model, we aim to closely investigate if
gas-based hyperthermia exceeding 43°C can be safely applied in-
vivo, and whether there is an indication of systemic or
postoperative complications with respect to organ functions.

Materials and methods
In-vivo swine model

Using a diagnostic laparoscopy setting with a high-flow air
stream of 15 liters per minute (l/min), three 65-day-old swine
(Polish white flod) were subjected to gas-based i.p. hyperthermia
at 48°, 49° and 50°C, respectively. The swine were part of a
multicenter and multinational research study on peritoneal
hyperthermia and dehydration called “Intraperitoneal gas-
based Hyperthermia and Dehydration”. All animals received
humane care in compliance with the Guide for the Care and Use
of Laboratory Animals as published by the National Institutes
of Health.

Pre-laparoscopic setting

Gas-based i.p. hyperthermia was delivered via a laparoscopic
approach using a high-airflow system with compressed and
filtered room air. No further additions were made to the
composition of applied air.
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Following compression, air flowed through a bacterial filter
system (Cytiva Whatman'" HEPA-Vent Filter, Thermo Fisher
Scientific, Walthman, USA) and was redirected through tubing
via a heated water bath system which heated the passing air to
the desired temperature level. At the tube’s exit site, the
temperature was again monitored to ensure exact air
temperature calibration. The tube’s exit site was placed into a
10 mm trocar. The subsequent surgical procedure was
performed under general anaesthesia. All swine were
premedicated with an intramuscular injection of midazolam
(0.3 mg/kg, WZF Polfa 5.A., Poland), medetomidine (0.02 mg/
kg, Cepetor 1 mg/ml, CP-Pharma Handelsgesellschaft,
Germany) and ketamine (9 mg'kg, Ketamina 100 mg/ml,
Biowet Pulawy sp. z 0.0, Poland) mixture. Analgesia was
performed with Propofol at Img/kg. Swines were intubated
and further anaesthesia was continued with isoflurane 1%.
Additional analgesia was provided with fentanyl 2pg/kg and
crystalloid fluid at 0,2-0,3 pg/kg/min.

Surgical setting

Swines were placed in a supine position. An infra-umbilical
mini-laparotomy was performed and another one at about 8 cm
distance to the first one. A 10 mm trocar (Kii®Ba]100n Blunt Tip
System, Applied Medical, Rancho Santa Margarita, CA, USA)
was inserted while multiple 5 mm trocars were placed at the
other sites following insufflation (Figure 1A). The abdominal
cavity was insufflated with filtered room air through a tube
entering the central 10 mm trocar (Figure 1B). An initial
diagnostic check-up was made via laparoscopic imaging using

A Intraoperative model of
gas-based hyperthermia

10.3389/fonc. 2022 953920

a 5 mm camera system (Karl Storz 5mm/30° Laparoscope/
Tuttlingen, Germany) via a 10 mm trocar. After visual
confirmation and placement of multiple temperature sensors,
the high-flow air stream was turned on at 15 I/min for a total of
45 minutes. A wide range of temperature and hygrometric
sensors (Digital thermometer, FisherbrandTM Tracebale,
Pittsburgh, USA) were placed. These allowed for temperature
measurements during the procedures. Data from four of these
temperature sensors were included in this study. One sensor was
directly placed on the peritoneum of the lower left quadrant.
One sensor was placed in the cystohepatic triangle, another one
was placed and taped onto the skin of the abdomen in the
periumbilical region and a final one was placed in the
oesophageal area by the anaesthesiologist. During each
procedure, a total of three arterial gasometric measurements
were performed at the start of the procedure, 20 minutes into the
procedure and shortly before extubating,

Postoperative management

Postoperatively, swines were observed for 7 days before they
were euthanized. During the observation period, daily clinical
evaluations were conducted with regards to changes in behavior,
eating habits, indications of pain or discomfort and evaluation of
the trocar wounds. Furthermore, a blood work-up was
performed on postoperative days 1, 3 and 7. Red blood count,
hemoglobin, white blood cell count and platelets were
quantified. Levels of creatinine, blood urea nitrogen, total
protein and albumin were also collected. Furthermore,
electrolytes such as sodium, potassium, chloride, as well as

B Schematic model of
gas-based hyperthermia

Laparoscopic

FIGURE 1
(A} Intraoperative model of gas-based |.p. hypertermia in an in-vive swine model, Multiple trocars are placed for visual contrel, including at the
in- and outflow and the entrance point for the temperature sensors. (B} Schematic medel {transverse section) of the abdominal cavity including
the In- and outflow trocar system
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C-reactive protein (CRP) levels were measured. After
euthanization, laparotomy was performed to evaluate possible
signs of macroscopical changes, perforation and or
postoperative adhesions.

Results

Intraoperative parameters and
temperature measurements

Ph., sodium, potassium, and chloride serum levels were
measured. These parameters remained mostly constant for each
swine within a narrow range (Figures 2A1-41). Additionally, both
heart rate and blood pressure remained mostly constant despite
some fluctuation during the procedure. However, while blood
pressure remained constant, an initial drop in heart rate was

10.3389/fonc.2022.953920

observed within the first few minutes after initiating the operative
procedure (Figures 281, B2). Oxygen saturation mostly remained
constant with only a short intraoperative drop observed in one
swine (49°C/Figure 2A5). Peritoneal surface temperature was
measured during the entire procedure (Figures 3A1, A2). While
the temperature fluctuated within 5°C, it always remained below
38°C (Figure 3A2). Among the swine, the abdominal temperature
showed a higher degree of fluctuation (Figure 3B2). The skin
temperature of one of the swine (48°C) dropped from an initial
33°C to below 28°C during the procedure (Figure 3B1). The “liver”
temperature measured in the cystohepatic triangle showed a
similar behaviour. In two swine, temperatures dropped during
the procedure (from 37°C to 34° C* and 39°C to ca. 36°C,
respectively, Figures 3C1, C2). As for the liver and core body
temperature (oesophageal temperature), a slight temperature
decrease was noticed from the beginning until the end of the
procedure (Figure 3D),
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Postoperative parameters and laboratory to a stable fluid and temperature environment. This aspect
test analysis remains unchanged, regardless of mutations in the cancer cell
genome (17). Consequently, changing the basic biology of the

Postoperatively, swine were observed for a total of 7 days before abdominal cavity might halt tumor progression to a significant
euthanization. No intraoperative complications were detected. Daily degree. Heating and potentially even dehydrating the peritoneal
clinical postoperative evaluations did not show any changes in cavity via application of continuous gas-based i.p. hyperthermia
behaviour, eating habits, indication of pain or discomfort. All trocar may serve as a tool to alter basic biology in the human body (16).
wounds displayed appropriate wound healing. Blood work-up was The idea of using new physical principles in the treatment of
performed on postoperative day 1, 3 and 7 and did not reveal any PM and other surface malignancies is promising and has been
concerning pathological signs. Red blood cell count, hemoglobin, attempted several times (18-20). Some of these attempts,
platelet count, creatinine, total protein and albumin, as well as including irradiation (21-23), high-intensity ultrasound (24,
sodium chloride and CRP remained within the physiological range 25) and nanoparticles (26), have been created and extensively
and did not show any fluctuation during the study period tested. Limitations in these approaches are related to the
(Figure 4). Potassium levels slightly increased up to day 7, and aggressive behavior of PM as well as limited efficacy of ip
blood urea nitrogen peaked at day 3 while still remaining within chemotherapy even in local applications. However,
physiological levels. As previously mentioned, CRP always hyperthermia combined with chemotherapy and CRS has
remained below 0.5 mg/dl while a slight elevation in white blood already demonstrated its clinical relevance and impact on the
cell count was noted. Again, white blood cell count reached the overall outcome in PM management (6-8). How an additional
upper level and was still considered within the physiological range. temperature increase beyond 43°C may impact PM management
Autopsy did not show any signs of organ perforation, adhesions, or must be further evaluated. Although the inflow temperature

ascites (Figure 5). Small superficial petechia were visible at a few exceeds 43°C, we did not detect temperature levels extending
distinct spots. beyond 43°C in the organ or at different points within the

abdominal cavity. Therefore, the question remains as to
whether the occurring thermodynamic energy transfer has an

Discussion actual effect on the peritoneal surface or if no critical
temperature increase is detectable at all. The sensitivity of
Cancer cells in the peritoneal cavity usually originate from cancer cells to hyperthermia has already been well

either gastrointestinal or gynecological cells. Thus, they are used demonstrated (27, 28). Moreover, hyperthermia has shown to
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increase the response rate of cancer cells to chemo- and
radiotherapy (10-13). Recently, an enhanced cytotoxic effect of
dehydration on colon cancer cells combined with hyperthermia
has been described (16). In fact, there are some indications that
some of the effects of hyperthermia in the management of local
progressive cancer diseases might also be related to the occlusion
of neo-vascular tumor structures (29-31)"

Our data on gas-based hyperthermia beyond 43°C does not
indicate any signs of intraoperative or postoperative complications.
Blood parameters did not display any indications for possible
internal bleeding, platelet depletion, or infections. Additionally, no
postoperative complications or organ failure were observed.
Moreover, there are no indications for renal issues or protein
dishalances in the porcine serum. The blood workup reflects the
clinical picture which was void of any complications. Intraoperative
measurements did not detect any critical temperature increase, A
slight cooling effect during the procedure is attributed to
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anaesthesiology and supine positioning on a metal-based
surgical table.

At this point, it is safe to assume that the application of gas-
based ip. hyperthermia is feasible. While the number of
investigated swine does not warrant any conclusive evaluation
on potential side effects or complications associated with this
concept, this study offers insight into important én-vive aspects of
basic feasibility, safety as well as specific characteristics of this
novel method. This approach could be combined with the
application of chemotherapy, e.g. pressurized intraperitoneal
aerosol chemotherapy (PIPAC). However, there are key
differences in these applications. During the conventional
PIPAC approach, aerosolized chemotherapy is defacto applied
in a closed cavity whereas in the presented approach,
chemotherapy is applied in a continuous flow system. At the
end of gas-based hyperthermia, subsequent PIPAC could be
applied. A parallel application is technically challenging since
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FIGURE 5

Macroscopic view during postoperative autopsy [day 7). No indication of perforation, adhesions or ascites within the abdominal cavity

gas turbulence would interfere with chemoaerosol sedimentation.
Additionally, management of a high flow, chemoaerosal loaded
gas outflow would be demanding on many levels. Further research
on this innovative concept is required to evaluate possible in-vivo
complications and assess its antitumoral effects and benefits for

PM management.

Limitations

Due to the incalculable potential side effects related to the
novelty of this pilot study the initial number of swine was kept small
to meet ethical and safety concerns. Therefore, the statistical power
of this temperature escalation study is limited. The swine model can
only partially reflect the conditions and effects on a human.
Additionally, the abservation period does not fully cover potential
complications which might set-in after one week, e.g. adhesions or
late perforations. It is important to remember that an additional
evaluation of cytoreductive surgery and chemotherapy combined
with the presented procedure might also change safety evaluations
and could cause concerns that are currently not observed in our
model. Hyperthermia's cellular effects on cancer cells and peritoneal
tissue should be further investigated using in-vitro and in-vivo
studies, respectively.
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8. CONCLUSIONS

Gas hyperthermia exceeding 43°C and dehydration in vitro have cytotoxic effects on

colorectal cancer cells from the HT-29 colorectal cancer cell line and reduce their viability.

Safe generation of intraperitoneal gaseous hyperthermia exceeding 43°C is possible in an

animal organism.

The gas used in the experiment as a temperature transmitter, due to its heat capacity,
allows the safe use of higher temperatures inside the peritoneal cavity than in the case of

liquid-produced hyperthermia.

Intraperitoneal gas hyperthermia exceeding the temperature of 43°C and accompanying
dehydration cause macro- and microscopic changes on the surface of the peritoneum. This
can potentially make it more difficult for cancer cells to spread inside the peritoneal cavity.

Obtaining intraperitoneal dehydration is technically possible during laparoscopy. The
mentioned phenomenon may potentially contribute to the development of a new
therapeutic method and find application in the treatment of patients with cancer
disseminated to the peritoneal cavity. However, this method requires further detailed

research.
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9. OPINION OF THE BIOETHICAL COMMISSION

UCHWALA NR 029/2021/P1
z dnia 19.05.2021

Lokalnej Komisji Etycznej do spraw dodwiadczen na zwierzetach we Wroctawiu

§1

Na podstawie art. 48 ust. 1 pkt. 1 / art. 48 ust. 1 pkt. 2* ustawy z dnia 15 stycznia 2015r. o ochronie
zwierzgt wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266), zwanej dalej
»ustawg” po rozpatrzeniu wniosku pt. ,Testowanie nowoczesnych technik wewngtrzotrzewnowej
chemioterapii bezposredniej w oparciu o koncepcje: Foam — based intraperitoneal chemiotherapy
(FBIC).”z dnia 10.05.2021, ztozonego przez Uniwersytet Przyrodniczy we Wroctawiu Wydziat
Medycyny Weterynaryjnej, adres: ul. Norwida 31, 50-375 Wroctaw,? zaplanowanego przez lek. wet.
Agate Mikotajczyk® , przy udziale* nie dotyczy

Lokalna Komisja Etyczna:

WYRAZA ZGODE®

Na przeprowadzenie do$wiadczeri na zwierzetach w zakresie wniosku.
§2
W wyniku rozpatrzenia wniosku o ktérym mowa w § , Lokalna Komisja Etyczna ustalifa, ze:

1. Wniosek nalezy przypisaé¢ do kategorii: [PT21] badania translacyjne - nowotwoér cztowieka

2. Najwyzszy stopient dotkliwosci proponowanych procedur to: umiarkowany.

3. Doswiadczenia beda przeprowadzane na gatunkach lub grupach gatunkéwé: éwinia
WBP/PBZ oraz ich mieszarice, warchlaki, 8-12 tygodni, 5 szt.

4. Doswiadczenia bedg przeprowadzane przez: lek. wet. Agata Mikotajczyk, dr hab. lek. med.
Veria Khosrawipour, dr hab. lek. med.Tanja Khosrawipour, lek. wet. Piotr Frelkiewicz, prof.
dr hab. Zdzistaw Kietbowicz, dr hab. lek. wet. Jakub Nicpon, dr n. wet. Przemystaw Przadka,
dr n. wet. Barttomiej Liszka, lek. med. Kacper Zielifiski, lek. stom. Maya Labbe

5. Doswiadczenie bedzie przeprowadzane w terminie’ od 01.07.2021 do 30.06.2022

Doswiadczenie bedzie przeprowadzone w oérodku®: nie dotyczy

7. Doswiadczenie bedzie przeprowadzone poza oérodkiem w : nie dotyczy.

o

! Niewtasciwy zapis usungé
2 Imie i nazwisko oraz adres i miejsce zamieszkania albo nazwe oraz adres i siedzibe uzytkownika, ktéry przeprowadzi
to doswiadczenie, z tym ze w przypadku gdy uzytkownikiem jest osoba fizyczna wykonujaca dziatalnoéé gospodarcza,
zamiast adresu i miejsca zamieszkania tej osoby ~ adres i riejsce wykonywania dziatalnosci, jezeli s inne niz adres
i miejsce zamieszkania tej osoby; ‘

% Imig i nazwisko csoby, ktdra zaplanowata i jest odpowiedzialna za przeprowadzenie doéwiadczenia
4 Wypetnié w przypadku dopuszczenia do postgpowania organizacji spotecznej.

® Niewlasciwy zapis usunaé

® Podaé liczbe, szczep/stado, wiek/stadium rozwoju

7 Nie diuzej niz 5 lat

& Podag jesli jest to inny osrodek niz uzytkownik
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8. Uzyte do procedur zwierzeta dzikie zostang odfowione przez ..., w sposéb: nie dotyczy.
9. Doéwiadczenie zestanie/nie zostanie® poddane ocenie retrospektywnej w—terminie—de-3

asiaov-oo-dn BLZE ol nrzo teleoyazn oo wa¥a¥a o o a¥a
o4 oro A o—SoKt > oH SO

Uzasadnienie:

Whiosek zostat uzupetniony o wszystkie uwagi LKE z dnia 21.04.2021 r. W obecnej wersji streszczenia
nietechnicznego wniosku, wnioskodawca podaje odniesienia literaturowe (w postaci cyfr) jednak nie podaje
odniesien (ze wzglgdu na ograniczenia liczby znakow we wzorze NTSW). Lke zadecydowata o przeprowadzeniu
glosowania nad wyrazeniem zgody na realizacje doswiadczenia objetego wnioskiem oraz zobligowanie
uzytkownika do usuniecia odniesien literaturowych z NTSW przed rozpoczeciem realizacji wniosku i przestanie
poprawionej wersji na adres lke@hirszfeld.pl. Uwagi Ike do NST wniosku 029/2021/P1 nie stanowig bigdow
formalnych oraz merytorycznych majgcych wptyw na ocene wniosku przez lke.

Na skutek przeprowadzonego gtosowania zadecydowano o udzieleniu zgody na realizacie badar
objetych wnioskiem 029/2021/P1. 7 oséb gtosowato za, 1 osoba wstrzymata sie od glosu, nikt nie gtosowat
przeciw. Wniosek nie podlega ocenie retrospektywnej. 6 os6b gtosowato przeciw, nikt nie wstrzymat sig od
gtosu, dwie osoby byly za oceng retrospektywna wniosku.

§4

Integralng cze$¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1.

(Pieczg¢ lokalnej komisji etycznej)

Pouczenie:

chc!‘n{ez art: 33 ust.3iart. 40 ustawywzw. zart. 127§ 112 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca 1960 r. Kodeks postepowania
adr}’unlst'racyjnego [Dz. U. 2017, poz. 1257 ~ t].: dalej KPA) od uchwaly Lokalnoj Komisji Etycznc] strona moie wniesc, za jej
po;red’mctwem, odwolanie do Krajowej Komisji Etyczne] do Spraw Doéwiadczett na Zwierzgtach w terminie 14 od dnia doreczenia
uchwaty,

Na godstawni art, 127a KPA w trakcie biegu terminu do wniesienia odwotania strona moze zrzec sig prawa do jego wniesienia, co
nalezy ut’:zyr.nc wobec Lokainej Komisji Etycznej, ktéra wydata uchwate. Z dniem doreczenia Lokalnej Komisji Etycznej o$wiadczenia o
zrzeczeniu sig prawa do wniesienia odwolania przez ostatnia ze stron postepowania, decyzja staje sig ostateczna i prawomocna.

Otrzymuje:
1) Uzytkownik,
2; Organizacja spoteczna dopuszezona do udziatu w postepowaniu {jesli dotyezy}
3) afa

Uzytkownik kopie przekazuje:
s  Osoba planujaca doswiadczenie
e Zespolds, dobrostanu

¢ Niewtasclwy zapis usunaé
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10. DECLARATION OF CO-AUTHORS

Wroctaw, 24.01.2023

Dr Bartfomiej Liszka

Katedra i Klinika Chirurgii

Wydziat Weterynarii

Uniwersytet Przyrodniczy we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy:

“Safety, feasibility, and application of intraperitoneal gas-based hyperthermia beyond 43°C in the
treatment of peritoneal metastasis: An in-vivo pilot study”

Front Oncol. 2022 Oct 11;12:953920. doi: 10.3389/fonc.2022.953920. eCollection2022.
moj udziat polegat na opiece anestezjologicznej w trakcie wykonywania eksperymentow na

$winiach, pobieraniu krwi od zwierzat oraz nadzorze nad wykonywanymi badaniami

laboratoryjnymi.
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Katedra i Klinika Chirurgii
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Uniwersytet Przyrodniczy we Wroctawiu

OSWIADCZENIE

Oswiadczam, ze w pracy:
»In-vivo thermodynamic exploration of gas-based intraperitoneal hyperthermia”

Front Oncol. 2022 Aug 29;12:925724. doi: 10.3389/fonc.2022.925724. eCollection 2022.
moj udziat polegat na opiece anestezjologicznej w trakcie wykonywania eksperymentéw na

swiniach, pobieraniu krwi od zwierzat oraz nadzorze nad wykonywanymi badaniami

laboratoryjnymi.
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OSWIADCZENIE
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Front Oncol. 2022 Aug 29;12:925724. doi: 10.3389/fonc.2022.925724. eCollection 2022.

moj udziat polegat na wykonaniu zabiegu laparoskopii na swiniach oraz istotnym
wkiadzie intelektualnym w powstawanie manuskryptu.
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