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ABSTRACT

COMPUTATIONAL FLUID DYNAMICS OF HYPERTHERMIC

INTRAPERITONEAL CHEMOTHERAPY
Olivia Cooney
April 18, 2023

Hyperthermic intraperitoneal chemotherapy (HIPEC) is a procedure that targets
abdominal tumors in the intraperitoneal space. During the procedure,
chemotherapy heated to 40-43°C is cycled through the abdomen for 1 to 2 hours.
Although a majority of studies have focused on clinical outcomes, the dynamics
of the intra-abdominal flow remain poorly understood. Consequently, it has been
difficult to gauge the tumor targeting efficacy, which depends critically on
temperature and chemotherapy flow rates. This study establishes a computational
framework to evaluate the dynamics of fluid flow during HIPEC, with the goal to
enable optimization of tumor drug exposure. A computer aided design (CAD)
model of the intraperitoneal cavity was created using SOLIDWORKS coupled
with computational fluid dynamics analysis through Ansys Fluent. Probes to

measure temperature and flow were placed in the simulated abdomen at seven



areas of interest: under the root of the mesentery, deep pelvis, behind the stomach,
behind and under the liver, and between the colon and small bowel. Flow was
simulated through catheters placed in forward (superior inlet) and reverse (inferior
inlet) directions. Baseline 800cc/min and a 40% increase in flow (1120cc/min)
were evaluated under these conditions. The results highlight the potential
heterogeneity in temperatures and flow at the various locations of interest as a
function of chemotherapy flow rate and direction. The outcome of this study
showed that the reverse flow direction (inferior inlets) was optimal compared to
forward flow direction (superior inlets) based on temperature distribution over
time at the desired probe locations, and should be used in HIPEC treatments going
forward, along with an increased flow rate, 1120cc/min. This work represents a
first step to in determining optimal input flow rate and flow direction to achieve

efficacious tumor targeting during the HIPEC treatment.
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I. INTRODUCTION

Cancer can invade many different parts of the human body and travel through the
blood stream and other tissues. The specific area of concern in this research is the
peritoneal cavity. The peritoneal cavity is the space in the abdomen that contains the
stomach, small and large intestines, the liver, and the stomach. Peritoneal carcinomatosis
is a pathophysiological condition that can metastasize and spread cancer to the peritoneal
lining of the abdomen as well as to other surfaces in the peritoneal cavity such as organs
through the lymphatics, blood, peritoneal cavity, or direct invasion [1]. There are two
main origins of peritoneal carcinomatosis. The first is directly from the peritoneal lining
itself, and the second is from other primary organs such as the gastrointestinal tract [1].
Several gastrointestinal and gynecological malignancies have the possibility to grow in
the peritoneal cavity [2]. Some organs that can be affected are the stomach, liver, small
bowel and mesentery, and transverse colon and mesentery. Peritoneal carcinomatosis
significantly decreases the overall survival of patients with liver and/or extraperitoneal

metastases from gastrointestinal cancer [2].

The age-adjusted incidence rate of primary peritoneal cancer is 6.78 million [3,
4]. The rate is lowest with black people and highest with white people. The serous
membrane lining the abdominal cavity is the peritoneum which supports the abdominal
viscera and provides a conduit for blood, lymph, and nerve conduction [4]. There are two

layers, the parietal and visceral peritoneum. The parietal peritoneum is attached with the



abdominal wall while the visceral peritoneum surrounds the organs [4]. The abdominal
cavity is the space between the two layers. The peritoneum can adapt according to
different pathologies and is the largest dynamic membrane that has this ability [4]. The
mesodermal layer binds tumor cells with the peritoneum [4]. The ‘seed and soil theory’
by Stephen Paget describes the carcinogenesis of peritoneal cancers and describes how a
malignant tumor gives up cells (seeds) which travel in all directions but only survive and

multiply at tumor accepting localizations (soil) [4-6].

One symptom of peritoneal carcinomatosis can be a bowel obstruction due to
tumors growing on the small bowel. Symptomatic medications such as antiemetic agents,
analgesics, and antisecretory agents can be administered to alleviate this symptom [7].
Bowel obstructions can cause vomiting, abdominal pain, abdominal distension, and

anorexia [7].

Diagnosis of peritoneal carcinomatosis can be done using different techniques
such as imaging in ultrasounds, CAT scans, NMR scans, and PET/CT positron emission
topographies with fluorodeoxyglucose [8]. Treatment is usually needed to resect the

obstruction for normal function to return to the peritoneal cavity.

Hyperthermic intraperitoneal chemotherapy (HIPEC) is a treatment indicated for
peritoneal carcinomatosis. While HIPEC is only offered at select hospitals, it is estimated
that up to 40,000 patients are annually considered eligible for CRS plus HIPEC in the
U.S.[9]. In particular, HIPEC is considered for managing digestive tract [10] as well as
ovarian [11] cancers. Advantages of the treatment are that a high dose of drug can be
administered locally to potentially reach tumors disseminated within the abdominal

cavity that may be hard to reach via systemic vasculature while limiting systemic



toxicity. Before the procedure can be performed, cytoreductive surgery (CRS) in which
all visible tumors are surgically debulked is performed. This may include the removal of
abdominal organs such as the spleen, omentum, and segments of the intestines. A heated
chemotherapy solution is then circulated through the abdomen for a period of time,
typically 1-2 hours, to treat any residual tumor tissue. The chemotherapy can be applied
directly while the abdomen is surgically opened after the CRS [12] or via catheters
following abdominal closure [13]. The open technique suffers from heat dissipation,
which may reduce its efficacy, while the closed technique may lead to uneven
intraperitoneal distribution of solution, potentially yielding excessively high or low local
drug concentrations or significant temperature heterogeneity. Closed HIPEC involves
filling the abdominal cavity with a solution heated to 42 °C (107.6 °F) containing
chemotherapy drugs such as mitomycin C or cisplatin, which is then cycled through the
abdomen using inflow and outflow catheters in series with a pump. A typical initial
volume of fluid would be 4L which is then cycled at 800 cc/min. The benefit of
performing HIPEC over other chemotherapy treatments is that it provides localized

treatment to the peritoneal cavity over full body chemotherapy treatment.

It is critical for the success of the procedure that the peritoneal surfaces be
exposed equally during the duration of therapy while avoiding healthy tissue over-
exposure or high temperatures, greater than 43°C [14, 15]. To date, majority studies on
HIPEC are concerned with clinical outcomes. Studies have been performed to establish
concepts such as the synergism between chemotherapy and hyperthermia [16] and degree
of tissue penetration[17]. As such, relatively little is understood about the fluid

environment during the procedure. Additionally, there is no clear consensus on how



HIPEC should be performed. An analysis involving a computational fluid dynamic
simulation offers a means to evaluate the effect of therapy parameters on potential

outcomes.

This study implements a computational fluid dynamics (CFD) model to simulate
the flow of solution within the abdominal cavity during closed HIPEC, with the longer-
term objective to enable evaluation of different delivery options which may optimize
drug exposure and timing for the procedure. The goal is to provide insight into the
procedure and offer a means to quantitatively assess its efficiency and efficacy. CFD has
been extensively applied in other research studies to study flow in organs and
physiological systems, including cardiovascular function [18], aortic [19] and brain
aneurysms [20], stomach food digestion [21], hepatic microcirculation [22], lung airflow
and aerosol deposition [23], and maternal-fetal umbilical cord heat and blood exchange

[24].



Il. RELATED LITERATURE

A study was completed at the University of Amsterdam to simulate drug
penetration during HIPEC. HIPEC efficacy depends on which chemotherapy treatment
used, the concentration of chemotherapy, the carrier solution used, volume of perfusate,
perfusate temperature, time duration, patient, and technique of procedure used [17, 25].
Following a successful CRS procedure, patients have a high survival rate than patients
who receive an unsuccessful complete CRS procedure [17, 26]. The first three-
dimensional CFD model was developed in this study to model drug penetration of a
singular tumor nodule embedded in healthy tissue located in the intestine within the
peritoneal cavity [17]. Both diffusive forces and convective forces were modeled in the
peritoneal cavity. The chemotherapy treatment modeled was cisplatin as it is widely
investigated in HIPEC research [17]. Based on Reynolds number calculations, the flow
profile was assumed to be laminar as the Reynolds number was only 200. It was found
that lower flow velocities delivered less cisplatin to the tumor surface and higher
velocities had low flow patterns on the tumor surface and was non-uniform [17]. The
study found that larger nodules are more difficult to treat and the most important factors
to control drug delivery are velocity and temperature; with velocity, moderate flow
between 0.01 and 1m/s are optimal for cisplatin delivery [17]. This simulation study was
referenced to determine efficacy of mesh refinement analysis and to provide additional

information on drug penetration on tumor nodules during HIPEC.



A retrospective study in Guangzhou, China was conducted to study the safety and
effectiveness of high-precision HIPEC in patients. A total of 1,2000 patients were
included in the retrospective study. The study used a HIPEC device they developed called
“BR-TRG-I-type hyperthermic intraperitoneal perfusion chemotherapy device” (BR-
TRG-I1I; Guangzhou, China). This research aimed to study the safety and effectiveness of
HIPEC in general in peritoneal carcinomatosis patients and provide novel methodology
in treating peritoneal carcinomatosis[27]. HIPEC is typically delivered for 3 sessions at a
perfusion velocity of 450 to 600 cc/min, with inflow temperature of 43°C, and with each
session lasting 90 minutes[27]. Patients in this study attempted to receive three sessions
of a closed HIPEC post CRS surgery [27] with two inlet and two outlet catheters in “Y”’
shape with inlet catheters in superior position. The chemotherapy drug and dosage was
selected based on the primary tumor and the patient’s body weight [27]. Parameters for
HIPEC were perfusion set to 90 minutes, perfusion velocity between 450 and 600
mL/min, and inflow temperature set to 43°C. Outflow temperature at time 90 minutes
was recorded to be 42+0.2°C [27]. The outcome of this study showed that HIPEC proved
safe to treat peritoneal carcinomatosis with low adverse event rates [27]. Results from the

retrospective study will be used as validation for the research conducted in this study.



1. METHODS

A. Overview

The model was designed in SOLIDWORKS (V.2021, Dassault Systemes,
Waltham, MA), a 3D computer-aided design (CAD) software. The organs modeled were
the stomach, liver, transverse colon, transverse colon mesentery, small bowel, and the
small bowel mesentery. Other organs and tissue were not modeled, as they are either
removed during surgery or do not occupy the intraperitoneal space. Ansys Fluent
(Version 2022 R1, Ansys, Inc. Canonsburg, PA), was used to complete the CFD
simulation within the modeled anatomy. The study referenced previous research
regarding a 3D CFD model of interstitial fluid pressure and drug distribution in
heterogeneous tumor nodules during intraperitoneal chemotherapy [28] as well as a 3D
CFD simulation modeling drug penetration to tumor nodules in HIPEC [17]. The model
is a simplified version of the peritoneal cavity and organs to serve as proof of concept to

be detailed in the future using computerized tomography scans (CT-scan).

B. Design of Abdominal Cavity

The developed model implements a 3D cavity shape based on the axial, sagittal,
and coronal plane from the standard dimensions for an adult abdomen. A collaborating
physician assisted in the modeling of the cavity to assure reasonable approximations of
organ proportions. The cavity was created with dimensions 23.12” tall, 9.71” deep, and

15.65” wide. The transverse colon was added so that it would divide the upper third of



the abdomen from the lower portion, and to be attached along the entirety of the posterior
abdomen. The diameter of the colon is 2” and total width is 15.52”. The stomach was
made to attach to the superior aspect of the abdominal cavity and to be locked into place
after positioning behind the liver. Between the attachments was open space. The stomach
is 7.29” wide, 2.70” deep, and the esophagus diameter is 1.10”. The small bowel was
modeled first as a 3D trapezoid and then each bowel section was cut out and smoothed to
represent a highly simplified version of the small bowel. While the design is simplified, it
does occupy 80% of the volume below the transverse colon which is anatomically
correct. The length of the small bowel is 97, height of 6” and width of 8”. The liver was
created to occupy the space in the upper right area of the abdomen. The height is 7.8”,
14” from apex to apex, and 7.72” deep. The liver was to be fastened along the edge
formed by its upper and posterior surfaces, attaching on the anatomical right side
posterior aspect of the abdominal wall. Dimensions of the cavity and organs are

summarized in Table 1.

C. Design of Final Assembly

The final assembly was created from each part file. The posterior and anterior
wall part file was imported into an assembly in SOLIDWORKS as the reference point. A
circular extrusion was made on the superior surface of the wall for the esophagus of the
stomach. The stomach was mated to the cavity wall through the esophageal attachment
point located on the part. The mate was made by making the circles tangent and
coincident. Next, the transverse colon and mesentery were mated to the cavity wall. Two
circles were extruded from the left and right side of the cavity wall to mate to the colon.

The circles were made tangent and coincident to attach the colon to the cavity wall. The



transverse colon was located one-third down from the front of the cavity position. The
mesentery of the colon was locked in place after ensuring a connection between the

posterior wall and mesentery.

The liver was then imported into the assembly and positioned in the uppermost,
superior left hand corner. Once that attachment was made, the liver was placed on top of
the stomach and above the transverse colon. A mated lock was used to secure the position
of the liver. Lastly, the small bowel and mesentery was inserted into the cavity. The small
bowel was located inferior to the transverse colon. The mesentery of the small bowel ran
parallel to the transverse colon. No attachment points were made between the small
bowel and cavity wall. Both the mesentery and small bowel were free floating in the
abdominal cavity. The bowel was mated by locking it in place with the cavity wall. The
final cavity assembly can be seen in Figure 1. Probes to measure temperature and flow
were placed, in Ansys Fluent, in the simulated abdomen at seven areas of interest: under
the root of the mesentery, deep pelvis, behind the stomach, behind and under the liver,
and between the colon and small bowel. To calculate standard deviations for the
temperature and velocity magnitude at each of the probe locations, 3 rake probes were

used in each location and can be seen in Figure 2.

D. Design and Placement of Catheters

One catheter part was used to model both inflow and outflow types for the
simulation. To represent the catheter, 0.4 diameter holes were cut through the cavity
with a boss base extrusion that extends 3.00” internally in the cavity. This simplified
catheter design was used as the faces inside the peritoneal cavity would be used as the

boundary conditions for inflow and outflow of fluid.



Catheters were placed at the superior and inferior portions of the cavity. Two
catheters at each portion were inserted to simulate the VV-shaped catheter used in clinical
practice. The faces inside of the peritoneal cavity were used as the surface to define inlet
boundary conditions. Because there were two inlet surfaces, the desired flow rate (either
800cc/min for normal flow or 1120cc/min for increased flow) had to be divided by two
and each face was set to the calculated value (each face was set to 0.0133 m/s for regular

flow and 0.0187 m/s for the increased flow rate).

E. Numerical Methods

Ansys Fluent was used for the CFD simulation. A pressure-based solver was used
for the simulation over a density-based solver as typically, a density-based solver is
recommended for high-speed compressible flow and in this simulation, an incompressible
flow was modeled [29]. Also, the pressure-based solver solves the pressure equation to
conserve mass, which is of interest. The pressure-velocity coupling scheme was chosen
as it controls the manner in which pressure and velocity are updated when the pressure-
based solver is chosen [30]. Coupling pressure and velocity was chosen due to the robust

properties for transient solutions that a coupled solver provides [30].

The pressure-velocity coupling scheme used was the SIMPLEC (SIMPLE-
Consistent) algorithm, due to the benefit of the increased under-relaxation that can be
applied. Under-relaxation factors increase the stability of the simulation by dampening
the solution. Under-Relaxation factors for the solution control were set as follows:
pressure = 0.3, density = 1, body forces = 1, momentum = 0.7, turbulent Kinetic energy =
0.8, specific dissipation rate = 0.8, turbulent viscosity = 1, and energy = 1. 0 skewness

correction and the Rhie-Chow: distance-based flux type were used. As this simulation has

10



a complicated, turbulent flow, SIMPLEC aides in improving convergence by being

limited by the pressure-velocity coupling [30].

The least squares cell based spatial discretization gradient was used. Spatial
discretization scheme for pressure was set to second order, and second order upwind was
set for momentum, turbulent kinetic energy, specific dissipation rate, and energy. First
order implicit scheme for transient formulation discretization was used. Transient
simulations were performed to resolve solver preferences at 0.25s time step for 90

minutes.

F. General Equations

In using the pressure-based solver approach, the velocity field is obtained from
the momentum equations and the pressure field is extracted by solving a pressure
equation by manipulating continuity and momentum equations [30]. The pressure-based
solver uses an algorithm, the projection method, wherein the constraint of mass
conservation of the velocity field is gained by solving for pressure [30]. Pressure is
derived from continuity and momentum equations in that the velocity field, corrected by
pressure, satisfies continuity [30]. The governing equations are solved repeatedly until
the solution converges due to the equations being nonlinear and coupled [30]. The
Navier-Stokes equation governs the fluid dynamic equations and can be described by the
momentum and mass conservation equations. The conservation of mass equation can be
written as (Eqg.1)[30],

dp e
¢ TV (V) = S (1)

11



where p is the density, v is the velocity vector and the source, S , is the mass added to

the continuous phase from dispersed second phase [30].

The conservation of momentum is described by (Eqg. 2)[30],
a s SR
E(pv)+v-(pvv)=—Vp+p+pg+F, (2)

where p is the density, v is velocity vector, p is static pressure, pg is gravitational body

force, and F is external body forces.

G. Flow Profile

To determine turbulent or laminar fluid flow, the Reynolds number was calculated

using,

%L_QpL
N

(3)

where V is the flow velocity [m/s], computed from the average fluid flow rate (m?/s) and
area (m) of the catheter (Q and A, respectively). L is the characteristic length [m], and the
kinematic viscosity, v, of the fluid [m?/s] is represented using the dynamic viscosity, u
(kg/m-s) and the density (kg/m?). Using the maximum fluid flow rate of 1120 cc/min
(1.8667x10° m%/s), the density of water (991.47 kg/m?), diameter of catheter (0.01016m),

dynamic viscosity of 6.302x10* kg/m-s and area of catheter as 3.24293x10* m?, we find

3
(1.8667x10-5 mT) (991.47 %) (0.01016m)
~ 3,759. (4)

Repax =
(6.302)610_4 %) (3.24293x10‘4m2)
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Turbulency depends on the geometry of the fluid flow region. In fully developed pipe
flow, this transition occurs around Re = 2300 [17]. Therefore, the Reynolds number in
this simulation determines turbulency. The k-omega SST turbulency model was used in

the simulation.

H. Grid Independence

Grid independence in this simulation was ensured through mesh refinement
(Figure 3A). Mesh sensitivity analysis was performed with three levels of resolution:
low, medium, and high resolution meshes. The low-resolution mesh contained 158859
nodes and 803073 elements. The medium-resolution mesh contained 212444 nodes and
1069090 elements. Lastly, the high-resolution mesh contained 786837 nodes and
4081208 elements. The temperature at the outlet was the parameter used to compare the
mesh refinements. The outlet temperature for each mesh size were similar with percent
error between low and medium mesh of 0.0332, medium and high of 0.0055, and high
and low of 0.0387. Since the percent error between the medium and high mesh was not
statistically significant, the results of this study can be regarded as grid independent, and
the medium refined mesh should be used to calculate results in the remainder of the

study.

I. Time Step Independence

Time step independence was determined through time step sensitivity analysis for
both the outlet temperature (Figure 3B) and the temperature for each probe location at
5400s (Figure 3C). Time step sizes analyzed were 0.0625s, 0.25s, and 1s. Outlet

temperature was the parameter chosen to compare between time step sizes for the first

13



analysis. In this analysis, the percent error between 0.0625s and 0.25s was 0.00071, 0.25s
and 1s was 2.93x107°, and 1s and 0.0625s was 0.00073. In the second analysis, outlet
temperature was chosen as the parameter to be evaluated for each probe location. Based
on the data shown in Figure 3B and 3C, the model is time step independent and 0.25s

was chosen for simulations moving forward.

J. Simulation Parameters and Initial Conditions

To further define the study, the following steps were taken to set up the initial
conditions and definitions of the simulation. The time dependent variables were set to run
for 5400s. The fluid in the model was set to water and the solids were set to user defined
materials for the tissue models defined later in the setup. The material properties of water
were used to simulate chemotherapy drugs as cisplatin, a common chemotherapy drug
administered during HIPEC, is diluted in a water based medium. Material properties of
the chemotherapy drug vs. material properties of water would have negligible effects on
fluid dynamics. The initial fluid conditions were set to a temperature of 316.15 K (42°C).
User defined materials were assigned to each organ using values gathered from a tissue
property database provided by the IT’IS Foundation [31], as listed in Table 2. The
density, thermal conductivity, and heat capacity of each tissue type were thus defined
within the software. Each tissue model was then able to be set to its respective material.
The material properties for water used in the model are as follows: density of 998.2
kg/m?®, specific heat of 4182 J/(kg K), thermal conductivity of 0.6 W/(m K), and viscosity
of 0.001003 kg/(m s). Catheters were given material properties of silicone rubber with a
density of 1400 kg/m?, specific heat of 1175 J/(kg K), and thermal conductivity of 0.6

W/(m K). The cavity itself was modeled as an enclosure in ANSY'S Design Modeler and

14



thus was set as fluid cell zone conditioning for the simulation. Cell zone conditions for
the liver, small bowel and mesentery, liver, and transverse colon were set to solid. Lastly,
boundary conditions were set to define the inlet and outlet conditions. For the baseline
study, the inlets were set in the superior position (forward flow) and outlets in the inferior
position. The inlet boundary condition was set to a mass-flow inlet with baseline flow
rate, provided by the collaborating surgeon, of 0.0133 kg/s (800cc/min) and an initial
gauge pressure of 0 Pa, as well as a 5% turbulent intensity and turbulent viscosity ratio of
10. Inlet temperature was set to 316.15K (42°C). Outlet boundary condition was set to
pressure outlet with a gauge pressure of 0 Pa, backflow pressure specification of total
pressure, 5% backflow turbulent intensity and a backflow turbulent viscosity ratio of 10
which are the default values in Ansys Fluent. Outlet temperature and outlet flow rate

were set as convergence criterion.

After the baseline condition of 800cc/min, forward flow was completed, three
subsequent simulations were run. The first simulation was in the reverse direction (inlets
in superior position) with flow rate set to 800cc/min (0.0133 kg/s) with all the same
material properties and boundary conditions as in the first trial. Second, a simulation was
run with a 40% increase of flowrate of 1120cc/min (0.01867 kg/s) in the forward position
(superior inlets). Lastly, a reverse flow (inferior inlets) simulation was run with increased

flow rate of 1120cc/min (0.01867 kg/s).
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I1l. RESULTS

A. Simulation Results

The simulated abdominal cavity structure is shown in Figure 1. Catheters were
placed at the superior and inferior portions of the cavity as shown (Figure 1C). Two
catheters on each end were inserted to simulate the V-shaped catheter used in clinical
practice. Probes were placed at points of interest within the cavity (Figure 2), with
locations as defined in Table 3. Flow rate values were expressed as velocity magnitudes

as amount of flow, not direction, was of interest.

A forward flow of 800 cc/min from the superior to the inferior parts of the cavity
represents the standard clinical setting. A 40% increase in this flow (1120 cc/min) was
also evaluated, as well as reverse flow from the inferior to the superior position. The
average change in fluid temperature with respect to time within the cavity for each of

these conditions is shown in Figure 4. Data was retrieved every 600s.

Figure 4A shows the average change in fluid temperature at each probe location
with respect to time of forward flow of 800cc/min. This graph shows that average change
of temperature is ~0.004 K/s at t=600s of the simulation vs. the end (t=5400s). Probe 2,
located inferior to the small bowel mesentery, is the only exception where the average
change in temperature begins at 0 at t=600s and finishes the simulation at 0.001038 K/s.
With this probe being located so closely to the small bowel mesentery, the temperature

not stabilizing in this location is not surprising. The mesentery creates a challenge for
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flow profile as it is difficult for fluid to reach the areas between each “level” of bowel.
This would explain why at t=5400, the change in temperature is slightly greater than the

other probes and does not converge to 0 with a decreased flow rate.

Figure 4B shows the average change in fluid temperature at each probe location
with respect to time of forward flow of 1120cc/min. Again, probe 2 (inferior to small
bowel mesentery) started at 0 K/s and ended at 0.000610 K/s. The standard deviations
(n=3) were higher at the beginning of the simulation and gradually lessened over the
course of the simulation. Toward the end of the simulation, probe 7 (posterior to liver)
started a cyclical pattern of increasing and decreasing in change of temperature. Probes 4,
5, and 7 all ended with negative change in temperature over time which indicates that

these locations are losing temperature to the fluid.

Figure 4C shows the average change in fluid temperature at each probe location
with respect to time of reverse flow of 800cc/min. With a reverse flow, the change in
temperature with respect to time is increased at the beginning and converges to 0 at the
end of the simulation (t=5400s). Again, the standard deviations at the end of the
simulation are relatively 0. This graph shows that as the simulation progresses, the
change in temperature decreases, meaning that the chemotherapy drugs are not losing

temperature to the organs.

Figure 4D shows the average change in fluid temperature at each probe location
with respect to time of reverse flow of 1120cc/min. This graph mimics Figure 4C,
however in this dataset, probe 2 (inferior to small bowel mesentery) starts out high in the

beginning of the simulation and converges to 0 at the end of the simulation. With the
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increased flow rate, the fluid was able to reach the mesentery locations and allowed for

the fluid to interact with organ.

Flow rates and fluid temperatures recorded by each probe location in time for
800cc/min forward and reverse flow as well as 1120cc/min forward and reverse flow are
shown in Figure 5. During forward flow, probe 2 (inferior to small bowel mesentery) has
low temperatures compared to the other probe locations (Figure 5A and Figure 5B).
Again, this is due to the challenges that the small bowel poses for fluid to reach target
tissue in this area as well as the probe location being below the TCM which receives a
lower flow and thus, not reaching as high of temperatures as above the TCM. In the
reverse flow direction, the probe 2 temperature was able to reach ~312K at t=5400s
(Figure 5C and Figure 5D) due to the proximity to the inlet (inferior position). Based on
these data sets, the reverse flow results in a steady increase of temperature representing

moderate hyperthermia which is considered successful in HIPEC.

Figure 6 depicts the velocity magnitude (m/s) over time at t=600s and t=5400s. In
the forward direction (Figure 6A and Figure 6B), the increased velocity magnitudes at
probe 2 (inferior to small bowel mesentery) and probe 6 (posterior to stomach). This is
due to vertexing occurring at these locations. In the reverse flow direction (Figure 6C
and Figure 6D), the velocity magnitude is lower than the forward flow direction.
Reversing the flow with inlet at the inferior position of the abdomen shows decreased
velocity magnitude in probes 3, 4, 5, 6 and 7 due to the barrier to flow created by the

TCM (Figure 6C and Figure 6D).

The differences in fluid temperatures and in flow rates comparing forward vs.

reverse inlet flow as well as 800 vs. 1120cc/min flow rates are quantified by time 5400s
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at each probe location in Figure 7, highlighting the potential heterogeneity between the
various probe locations. In Figure 7A, the difference in temperature between forward and
reverse flows was high at probes 2 and 3 for both flow rates, and high for probe 4 at
800cc/min. In Figure 7B, the difference in velocity magnitude between forward and
reverse directions of the fluid was low at all probe locations. Figure 7C shows that the
difference in temperature between 800cc/min and 1120 cc/min is higher at probe 2 for
both directions. Figure 7D shows the difference in velocity magnitude is increased at
probe location 2 for both flow directions, and probes 4, 5, 6 for the reverse flow. Overall,
the results indicate that flow rate does not influence the difference in temperature in
relation to inlet direction (forward vs. reverse) but does influence flow velocity
magnitude in both directions at probe 2 and an increased effect in the reverse direction at
probes 3, 4, 5, 6, and 7. The results also indicate that the flow direction has an effect on
the temperature for both 800cc/min and 1120cc/min at probes 3 and 4 but does not

influence flow velocity magnitude for either flow rate.

B. Validation

A real-world, retrospective study, completed in Guangzhou, China, titled “Safety
and Effectiveness of High-Precision Hyperthermic Intraperitoneal Perfusion
Chemotherapy in Peritoneal Carcinomatosis: A Real-World Study” is used to validate
this study. In this study, there was a total patient population of 1,200. Typically, 3
sessions of HIPEC were performed at flow rates of 450 to 600 cc/min, with inflow
temperature of 43°C, and with each session lasting 90 minutes[27]. The two inlet and two
outlet catheters were inserted in V-shape with inlet catheters in superior position. The

chemotherapy drug and dosage was selected based on the primary tumor and the patient’s
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body weight [27]. Outlet temperatures at 0 min, 30 min, 60 min, 90 min, and 120 min
were recorded in this study. At time t=0 min, the outflow temperature was recorded to be
39.6£0.7°C [27]. At t=30 min, outflow temperature was 41.9+0.2°C, while at t=60 min,
outflow temperature was recorded as 42.0+£0.2°C [27]. At time t=90 min, outflow
temperature was 42.0+0.1°C and ended the simulation at t=120 min with an outflow

temperature of 39.7+£0.2°C [27].

In the CFD model, using forward direction flow (superior inlets) and 800cc/min
flow rate for 90 minutes, the outlet temperature was recorded to be 311.53K (38.38°C).
The percent error between the CFD simulation and the real-world study for outlet

temperature is 8.26%.
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IV. DISCUSSION

This study implements a computational fluid dynamic simulation of the
abdominal cavity and associated key organs to evaluate the effect of therapy parameters
on potential outcomes of the HIPEC procedure. Two flow rates and two inlet positions
were evaluated to determine best practices for HIPEC success The simulations enable
evaluation of flow rate, inlet flow direction, and fluid temperature within the cavity. This
data provides a comprehensive evaluation of how the internal abdominal environment
might affect temperatures and flow during HIPEC. It was found that a reasonable
temperature equilibrium develops over the course of the procedure and that the procedure

IS susceptible to variations in technique which may impact clinical efficacy.

CFD simulations have been used in other research studies extensively to study
flow in organs and physiological systems. Some examples include cardiovascular
function [18], aortic [19] and brain aneurysms [20], stomach food digestion [21], hepatic
microcirculation [22], lung airflow and aerosol deposition [23], and maternal-fetal
umbilical cord heat and blood exchange [24]. Drug penetration in tumor nodules during
HIPEC has also been studied [17]. The outcome of this study determined that the most
important factors to control drug delivery are velocity and temperature; with velocity,

moderate flow between 0.01 and 1m/s are optimal for cisplatin delivery [17].
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Additionally, clinical studies have been performed to evaluate outcomes of
HIPEC [27]. Results from this study proved the HIPEC safe to treat peritoneal

carcinomatosis with low adverse event rates [27].

In this study, the results highlight the heterogeneity introduced by variation of the
procedure parameters. As the simulation progressed, the change in temperature over time
converged to 0 K/s (Figure 4). By reversing the flow direction, the peritoneal cavity
intrabdominal temperature was more homogenous than in the forward direction (Figure
5) and were closer to target temperatures of 39-40°C. Velocity magnitudes at each probe
location were also lower in the reverse flow rejection than in the forward flow direction
(Figure 6). Figure 6 also indicates that in the reverse direction, the flow velocity is
greater at 1120cc/min than 800cc/min. There does not seem to be a difference in flow
velocity magnitudes from t=600s to t=5400s (Figure 6). Results in Figure 7A and
Figure 7B indicate that the flow direction influences the temperature for both 800cc/min
and 1120cc/min at probes 3 and 4 but does not influence flow velocity magnitude for
either flow rate. Results in Figure 7C and Figure 7D indicate that flow is homogenous
for temperature in relation to inlet direction (forward vs. reverse) but is heterogenous in
relation to inlet positioning temperature and flow velocity at probe 2. The flow rate has

an increased effect on flow velocity in the reverse direction at probes 3, 4, 5, 6, and 7.

The findings in this simulation represent an important first step in understanding
the shortcomings of the HIPEC technique, which with further analysis taking into
consideration patient variables could lead to optimization. This model used forward
direction flow (superior inlets) and 800cc/min flow rate for 90 minutes. The outlet

temperature was recorded to be 311.53K (38.38°C). The percent error between this study
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and the real-world, retrospective study, completed in Guangzhou, China [27] for outlet
temperature is 2.947%. This difference could be due to the decreased flow rate in the
real-world study than in the CFD model. Further validation should be completed with

more clinical data at different flow rates and flow directions.

A significant decrease in temperature and flow by 5400s may be partially due to
obstruction to the reverse flow caused by the structures in the abdomen. Different
catheter inlet locations are expected to yield correspondingly different temperature and
flow conditions, which could be evaluated to maintain desired temperatures during the
duration of the procedure and to attempt minimizing the heterogeneity in temperature.
The combination of different locations and flow rates could thus be dynamically adjusted
to optimize outcomes. Further, dynamically varying flow directions could also be
evaluated. The results suggest that such changes would be expected to yield significant

differences in intraperitoneal heat distribution.

One restriction of this simulation is the organs being modeled as solids and not
with viscoelastic properties. It is proposed in future work to mobilize and add mechanical
properties to the tissue models. Human tissue is a nonlinear elastic material that also has
viscoelastic properties which are difficult to define in CFD modeling. Another limitation
of this study is the simplification of the anatomy. In future work, it would be beneficial to
use CT scans to create the 3D CAD organs. This study focused on the thermal properties
as an essential first step to correctly simulating the procedure. Moving forward, the
model could incorporate findings from other CFD research in drug penetration during
HIPEC. Doing so would allow for a more realistic approximation of the procedure and

aid in the ability to translate these findings to clinical practice. An extensive exploration
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of flow parameters was not undertaken in this pilot study. In future studies, lower flow
rates, increased inlet temperatures, increased number of probes should be studied to
further isolate the proper parameters for efficient and effective HIPEC. However, even
the limited number of flow parameters tested in this study demonstrate how variable the
quality of HIPEC may be with relatively minor changes in technique. Further work
should be completed to further validate these findings in the clinical setting. Temperature
distributions in human subjects would provide insight into the variability in flow behavior
between individual patients as well as between different techniques or catheter
arrangements. After further validation, optimal flow parameters including catheter
position and numbers could be established to minimize heterogeneity in drug delivery
and temperature. Ideally, the dimensions of the cavity and the organs could be specified

to match those of individual patients, allowing for personalization of the treatment.

Considering the observations on flow rate, velocity magnitude, outlet temperature,
and temperature distribution in this study, it is suggested that HIPEC should be
performed with reverse flow rate (inferior inlet) at a flow rate of 1120cc/min. These
surgical parameters are ideal for multiple reasons. The first is that the average change in
temperature with respect to time consistently converges to 0 at each location of interest
(Figure 4D). Second, the temperature distribution across the cavity results in a steady
increase of temperature (Figure 5D), especially probe location 2 (inferior to small bowel
mesentery) which is a major area of concern for temperature distribution and fluid
interaction as this area is difficult for fluid to reach due to the TCM, anatomical
positioning, and organ design. Lastly, the reverse flow direction at 1120 cc/min had

increased velocity magnitude.
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With further simulation development, the simulation could be designed to assist in
determining patient specific treatment plans for flow rate, inlet position, and inlet
temperature parameters. This work represents a first step in determining appropriate input
flow rate and inlet catheter positioning to achieve efficacious tumor targeting during the

HIPEC procedure.
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APPENDIX

TABLE 1 - DIMENSIONS OF THE ABDOMINAL CAVITY AND THE ORGANS
SIMULATED USING ANSYS FLUENT

Component Height (in) Depth (in) Width (in)
Cavity 23.12 9.71 15.65
Transverse Colon | 2.75 2.00 (diam) 15.52
Stomach 4.42 2.70 7.29
Esophagus 4.16 2.74 1.10 (diam)
Small Bowel 9.00 6.00 8.00
Liver 7.83 7.72 14.02 (apex to
apex)

TABLE 2 - MATERIAL PROPERTIES USED IN SIMULATION.

Tissue Type Density Heat Thermal
(kg/m3) | Capacity Conductivity
(J/kg/°C) (W/m/°C)
Stomach 1088 3690 0.53
Liver 1079 3540 0.52
Transverse Colon 1088 3655 0.54
Small intestine 1030 3595 0.49
Silicone Rubber 1400 1175 0.60
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TABLE 3 - LOCATION OF PROBES WITHIN THE SIMULATED ABDOMINAL

CAVITY
Probe # Location

1 Between small and large
bowels

2 Inferior to small bowel
mesentery

3 Next to duodenum

4 Superior to liver

5 Superior to fundus

6 Posterior to stomach

7 Posterior to liver
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FIGURE 1 - Abdominal cavity simulated in SOLIDWORKS. (A) Anterior view; (B)
Isometric view; (C) Positioning of catheters at top and bottom of cavity (dual inlet and
outlets were used to represent the VV-shaped catheters).
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FIGURE 2 - Location of 4 probes in 7 areas of interest within the cavity. (A) Isometric
view; (B) Anterior view; (C) View of catheters from posterior view (D) Probe locations
numbered. NOTE: 4 probes were placed at each of the 7 areas of interest.
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FIGURE 4 - Average change in temperature (T) with respect to time (t) within the cavity
at each probe location. (A) Forward flow (superior inlet) at baseline 800 cc/min; (B)
Forward flow (superior inlet) at 1120cc/min representing a 40% increase from baseline;
(C) Reverse flow (inferior inlet) at 800cc/min; (D) Reverse flow (inferior inlet) at 1120
cc/min. Error bars: SD n=3
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FIGURE 5 - Temperatures in the abdominal cavity at each probe location at 600s and
5400s of flow time. (A) Fluid temperature during forward (superior inlet) flow at
800cc/min flow; (B) Fluid temperature during forward (superior inlet) flow at
1120cc/min flow; (C) Fluid temperature during reverse (inferior inlet) flow at 800cc/min
flow; (D) Fluid temperature during reverse (inferior inlet) flow at 1120cc/min flow; Error
bars: SD, n=3.
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FIGURE 6 - Flow rates in the abdominal cavity at each probe location at 600s and 5400s
of flow time. (A) Velocity magnitudes of flow during forward (superior inlet) flow at
800cc/min flow; (B) Velocity magnitudes of flow during forward flow (superior inlet) at
1120cc/min flow; (C) Velocity magnitudes of flow during reverse (inferior inlet) flow at
800cc/min flow; (D) Velocity magnitudes of flow during reverse flow (inferior inlet)
flow at 1120cc/min flow. Error bars: SD, n=3.
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Figure 7D.
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