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Background: Hyperthermic intraperitoneal chemotherapy (HIPEC) targets intraperitoneal tumors with
heated drug solutions via catheters inserted into the peritoneal space. Although studies have focused on
clinical outcomes, the flow dynamics at specific intra-abdominal locations at-risk of harboring malignant
cells remain poorly understood but are likely to impact the drug pharmacokinetics. Consequently, optimal
protocols remain uncertain, with efficacy critically dependent on drug temperature and flow rate. This
study tested the hypothesis that fluid flow dynamics at specific at-risk locations could be evaluated via a
computational fluid dynamics (CFD) model of closed HIPEC in a simulated human abdominal cavity, with
the goal to enable protocol optimization.

Methods: A computer-aided-design (CAD) model of a human intraperitoneal cavity (30 L) was coupled
with computational fluid dynamics analysis. The tested HIPEC cycle parameters included catheter position
and flow rates. The cavity was subjected to forward (superior to inferior flow) or reverse flow directions
at 800 or 1,120 cc/min through four catheters, two as inlets and two as outlets, placed in upper and lower
abdominal positions (net fluid volume: 18.5 L). Probes to measure temperature and flow were simulated
between small and large bowels, inferior to small bowel mesentery, next to duodenum, superior to liver,
superior to fundus, posterior to stomach, and posterior to liver.

Results: The simulations highlight heterogeneity in temperatures and flow that may occur during HIPEC
at particular at-risk locations as a function of chemotherapy flow rate and direction. Temperature and fluid
flow over the course of 90 min respectively varied from 0.93 K and <0.001 m/s inferior to small bowel
mesentery (800 cc/min forward flow) to 3.6 K and 0.01 m/s next to the duodenum (either 800 or 1,120 cc/min
forward flow). The results further suggest that monitoring outflow temperature may be inadequate for
assessing HIPEC performance at at-risk locations.

Conclusions: Without intra-abdominal temperature monitoring at at-risk locations, it may be unfeasible
to determine whether target temperatures and temperature homogeneity are being achieved during HIPEC.
This work demonstrates that computational analysis offers the capability to monitor intra-abdominal
locations at-risk of suboptimal heating and fluid flow given specific HIPEC parameters, and represents a first

step towards designing efficacious tumor targeting during HIPEC.
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Introduction
Background

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
cyto-reductive surgery (CRS) plus HIPEC in the U.S. (1).
HIPEC is considered for managing digestive tract (2) as
well as ovarian (3,4) cancers. During HIPEC, a heated
chemotherapy solution is circulated through the abdomen
for a period, typically 1-2 hours, to treat tumor cells post
CRS (5,6). HIPEC may be advantageous over systemically

Highlight box

Key findings

® This study implemented a computational fluid dynamics (CFD)-
based model of the abdominal cavity and associated key organs to
evaluate the fluid dynamics at specific at-risk locations where tumor
cells may be under-exposed to drug or higher temperature during
HIPEC. Simulations quantitatively evaluated temperature changes
and fluid velocities as a function of cycle parameters. Even with
the best combination of parameters tested, several intra-abdominal
locations had not yet reached the target temperature by 30 min.
The results further suggest that monitoring outflow temperature
may be inadequate for assessing hyperthermic intraperitoneal
chemotherapy (HIPEC) performance at at-risk locations.

What is known and what is new?

* Since chemotherapy performance during HIPEC improves with
increasing temperature, intra-abdominal thermal heterogeneity
could yield uneven therapeutic performance. This study
implemented a CFD model as a tool to quantitatively evaluate the
flow of drug within the abdominal cavity during closed HIPEC,
enabling detailed evaluation of fluid flow dynamics at at-risk

locations.

What is the implication, and what should change now?

¢ Computational modeling can quantitatively evaluate HIPEC
performance at at-risk locations to enable procedure optimization
without solely relying on outflow temperature. Expanding the
modeling capabilities to explore alternative catheter arrangements
in addition to other cycle parameters may allow for designing
techniques that produce rapid equilibration of temperature across
all at-risk locations, with the goal to maximize tissue exposure
times while minimizing overall procedure durations.
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administered bolus injection by directly exposing cancer
cells disseminated within the abdominal cavity to cytotoxic
doses without relying on diffusion from the vascular
network.

The chemotherapy can be applied directly while the
abdomen is surgically opened after the CRS (7) or via
catheters following abdominal closure (8). Closed HIPEC
involves filling the abdominal cavity with a solution heated
to 43-45 °C containing a chemotherapy drug such as
mitomycin C or cisplatin, which is then cycled through the
abdomen using inlet and outlet catheters in series with a
pump (9-11). Regardless of approach, it is critical for the
success of HIPEC that the peritoneal surfaces be exposed
equally at elevated temperatures over the course of the
procedure, typically >39 °C, while avoiding healthy tissue
over-exposure or higher temperatures, e.g., ~43 °C (9),
so that every cancer cell disseminated in the abdomen is
subjected to high temperature and cytotoxic drug levels.

Rationale and knowledge gap

While studies have established concepts such as synergism
between chemotherapy and hyperthermia (12) and the
degree of tumor tissue penetration (13), relatively little
is understood about how flow influences temperature
homogeneity and drug distribution. Recent literature
highlights that HIPEC efficacy remains controversial,
due in part to variation of key cycle parameters in clinical
practice (14-16), including temperature, volume, flow rate,
and duration. A comprehensive understanding of these
parameters is a prerequisite to developing a standardized
high-quality HIPEC technique.

Objective

An analysis involving a computational fluid dynamics (CFD)
simulation offers a means to evaluate the effect of therapy
parameters such as abdominal local temperatures and flow
rates on treatment efficacy. CFD has been extensively
applied to study flow in organs and physiological systems,
including cardiovascular function (17,18), aortic (19) and
brain aneurysms (20,21), stomach food digestion (22),
hepatic microcirculation (23), lung airflow and aerosol
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deposition (24), maternal-fetal umbilical cord heat and blood
exchange (25), and intraperitoneal cisplatin penetration
into mouse tumor nodules (26). CFD has been used to
simulate drug penetration into tumor nodules during open
HIPEC, simulating fluid flow in a single direction (13),
finding that moderate flow velocities between 0.01 and
1 m/s in the intraperitoneal cavity were optimal for cisplatin
delivery. Recently, a treatment planning software was
developed to evaluate the impact of treatment strategies on
thermal and drug distributions during closed HIPEC, with
simulation results compared to clinical measurements (27).
However, the contribution of catheter flow rate and
direction at specific locations at-risk of suboptimal drug and
temperature exposure. especially during closed HIPEC,
would benefit from further analysis. This study implements
a CFD model to simulate the flow of solution within the
abdominal cavity during closed HIPEC, enabling evaluation
of fluid flow dynamics at specific at-risk locations.
The longer term objective is to develop a platform for
personalized HIPEC evaluation of drug delivery from a
kinetic and dynamic viewpoint.

Methods
Design of abdominal cavity

"To represent a human intra-abdominal cavity undergoing
HIPEC, an abdominal intraperitoneal space (volume: 30 L)
was designed in SOLIDWORKS (V.2021, Dassault
Systemes, Waltham, MA), software for 3D computer-
aided design (CAD). This model contained stomach, liver,
transverse colon, transverse colon mesentery (TCM),
small bowel, and 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,
USA), was used to complete the CFD simulation within
the modeled anatomy. The model was implemented as a
3D cavity shape resembling the axial, sagittal, and coronal
planes of an adult abdomen. Because chemotherapeutics
in HIPEC, such as cisplatin (28), are commonly diluted
in a water-based solution such as 1.5% dextrose isotonic
peritoneal dialysis solution or saline (29,30), water was
chosen as the simulated fluid. Accordingly, the cavity was
modeled as an enclosure filled with water (net fluid volume:
18.5 L) assumed to contain rigid, unmovable organs. In
doing so, it was further assumed that HIPEC chemotherapy
negligibly affects the fluid dynamics of the interstitial
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media. For simplicity, effects of gravitational forces and
the viscoelastic properties of abdominal organs (31)
were neglected and will be considered in future work.
Material properties for water were provided in the Ansys
Fluent Fluid Library. Organ material properties were
obtained from a tissue property database provided by I'T’IS
Foundation (32). Material properties are in Table S1. Cell
zone conditions for liver, small bowel and mesentery, liver,
and transverse colon were set to solid.

Design and placement of catheters and intra-abdominal
probes

Catheters were simulated at the upper and lower regions
of the peritoneal cavity. Two catheters at each portion
were inserted to simulate the two-pronged Y-shaped
catheter used in clinical practice (10). To represent each
catheter, 0.4” diameter holes (1.016 cm) were simulated
through the abdominal cavity with tubes extending 3.00”
(7.62 cm) into the cavity. All catheters were assumed to
have the same dimensions. Catheters were given material
properties of silicone rubber with a density of 1,049 kg/m’,
specific heat of 1050 J/(kg-K), and thermal conductivity of
1.9 W/(m-K) (33). To investigate heterogeneity in fluid
flow within the abdominal cavity, temperature and flow
were measured in Ansys Fluent at seven at-risk locations:
between small and large bowels, inferior to small bowel
mesentery, next to duodenum, superior to liver, superior
to fundus, posterior to stomach, and posterior to liver. To
calculate variation in temperature and velocity magnitude,
infinitesimally sized (“rake”) probes (n=3, evenly spaced)
were used at each location.

Characterization of fluid flow

"To analyze the effect of flow rate and direction, 800 cc/min
(0.0133 kg/s) and a 40% increase in flow (1,120 cc¢/min or
0.01867 kg/s) were evaluated with either upper to lower
(forward) or lower to upper (reverse) flow directions, for a
total of four cases. These numbers are approximate given
that the density of liquid water decreases as temperature
increases at constant pressure. To determine flow
characteristics, the Reynolds number was calculated as in

Appendix 1.

Model of fluid flow

Because fluid flow is assumed incompressible, a pressure-

7 Gastrointest Oncol 2024;15(4):1847-1860 | https://dx.doi.org/10.21037/jgo-24-352


https://cdn.amegroups.cn/static/public/JGO-24-352-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-24-352-Supplementary.pdf

1850

based solver was applied over a density-based solver that is
typically used to evaluate high-speed compressible flow (34).
To improve the robustness of transient solutions, pressure
and velocity were coupled. Velocity and pressure were
solved via momentum and pressure-based continuity
equations, respectively (35). Since flow may not be
distributed equally across the two outlet catheters and
thus potentially be non-laminar (Re >2,000), the flow was
modelled using the SST k-0 model, the default k-» model
in Ansys Fluent (35). SST k- has also been found to better
replicate blood flow patterns than laminar flow models, as
well as k-¢ RNG and standard k-® models (36). The model
of fluid flow is further described in Appendix 1.

Model of beat transport

Fluid energy was modeled using the conservation of energy
equation in (10) and solved using the pressure-based
solver. The model for heat transport is further described in
Appendix 1.

Initial and boundary conditions

The circular catheter cross-sectional surfaces inside the
cavity served as the boundary conditions for fluid inflow
and outflow. Fluid inlets were placed at either the upper
abdominal region (forward flow) with outlets in the lower
region or with inlets in the lower region (reverse flow) and
outlets in the upper region. The inlet boundary condition
was set to a mass-flow with baseline flow rate, provided
by the collaborating surgeon, of 0.0133 kg/s (800 cc/min),
with all other settings at default values. The outlet boundary
condition was set to pressure outlet using default settings.
To represent a slight decrease in temperature normally
found in anesthetized patients (37), body fluid within the
cavity and organs were set to 309.15 K (36 °C). Inlet fluid
temperature was set to 316.15 K (43 °C). Based on prior
studies, target tissue temperature was set at 39 °C (38).
Heat transfer to and from the catheters was assumed to
be negligible in this study and was not modeled. The
abdominal cavity was treated as the boundary of the system
with a Dirichlet boundary condition of 309.15 K. All other
initial condition settings were left at default values.

Numerical methods

Double precision mode was used for the CFD simulations.
SIMPLEC (SIMPLE-Consistent) with default settings

© Journal of Gastrointestinal Oncology. All rights reserved.
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was used to improve the convergence of pressure-velocity
coupling (35). Convergence criteria for each time step was
set to 1E-2 for continuity, 1E-4 for velocity components,
k, and o, and 1E-6 for energy. Because HIPEC is normally
performed for 1 to 2 hours (5,6), time was set to run for 90
simulated minutes.

Statistical analysis

All statistical analyses comparing simulation results were
performed using Welch’s 7-test with Bonferroni correction
applied for multiple hypothesis testing (P,;<0.05).

Results
Simulation of abdominal cavity

The completed SOLIDWORKS design is shown from
anterior (Figure 1A) and isometric (Figure 1B) views.
Dimensions of the abdominal cavity and organs simulated
are specified in Table S2. Y-shaped catheters were placed in
upper and lower regions in the abdominal cavity (Figure 1C)
to match clinical practice at our institution (10). To measure
flow velocity and temperature at different locations within
the simulated abdominal cavity, infinitesimally sized (“rake”)
probes (n=3) were added to seven at-risk locations as shown
in Figure 2. Grid and time step independence were ensured
as described in Appendix 1.

Effect of fluid rate and direction on intra-abdominal
temperature change

To evaluate the effect of fluid flow on temperature change
at the different intra-abdominal locations, fluid entered
the abdominal cavity at either 800 or 1,120 cc/min in
either forward (upper to lower) or reverse (lower to upper)
directions. The average change in fluid temperature with
respect to time within the cavity at each probe location
for each of these conditions is shown in Figure 3 at 10 min
intervals, showing that temperature had fairly stabilized
by 30 min for all cases. Almost all probes experienced a
monotonic increase in temperature that steadily plateaued
over the course of the simulation. Unsurprisingly, standard
deviations decreased as average temperature change
decreased. Probe 2 (inferior to small bowel mesentery)
was secluded from forward fluid flow, being blocked by the
TCM and had a delayed temperature response at 800 cc/min
(Figure 34). However, temperature change over time at
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Figure 1 Abdominal cavity simulated in SOLIDWORKS. (A) Anterior view; (B) isometric view; (C) upper and lower positioning of
catheters in the cavity (dual inlets and outlets were used to represent Y-shaped catheters).

-

Figure 2 Placement of probes at seven at-risk locations within the simulated abdominal cavity [each probe is a “rake” (n=3, crosshair
symbols)]. (A) Isometric view; (B) anterior view; (C) posterior view showing upper (blue) and lower (red) catheters; (D) locations of probe
“rakes” (bolded crosshair symbols): 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. As an example, inlet flow is shown by blue arrows and outlet flow
is denoted by red arrows.
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Figure 3 Average change in temperature (T) with respect to time (t) within the cavity at each probe location. (A) Forward flow (upper inlet) at

baseline 800 cc/min; (B) forward flow at 1,120 cc/min representing a 40% increase from baseline; (C) reverse flow (lower inlet) at 800 cc/min;

(D) reverse flow at 1,120 cc/min. Probe locations; 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. Error bars: standard deviation; each probe

was represented as a “rake” (n=3) in Ansys Fluent.

Probe 2 was significantly higher under reverse flow relative
to forward flow at certain times of the procedure at both
800 cc/min (1.83E-4 vs. 5.49E-4 K/s at t=40 min; P,y
=0.020) and 1,120 cc¢/min (1.63E-4 vs. 0.00 K/s at t=90 min;
P,;=0.042), highlighting the heterogeneity of temperature
at particular locations and their dependence on fluid flow
direction.

Temperatures at at-risk locations

To evaluate temperature values at the various at-risk
locations, flow rates and fluid temperatures were recorded
for each of the four flow cases. Temperatures were largely
uniform for most probed locations with both 800 and
1,120 cc/min forward fluid flow (Figure 44,48, respectively),
rising from 309.15 K initial condition to ~312 K in both cases
by 90 min. However, 800 cc/min forward flow only increased
temperatures at Probe 2 (inferior to small bowel mesentery)
by ~1 K due to obstruction by the TCM. Temperatures
at Probe 2 under forward flow were significantly lower
compared to other probes by t=90 min in both 800 cc/min
(P,4=0.05) and 1,120 cc/min (P,4=<0.05) cases. This
trend was absent in reverse flow for both 800 cc/min

© Journal of Gastrointestinal Oncology. All rights reserved.

(Figure 4C) and 1,120 cc/min cases (Figure 4D), with Probe 2
temperatures responding, and reaching similar temperatures
to the other probes by 20 and 10 min, respectively. Average
temperature of Probe 3 (next to duodenum) trended
~1 K lower than the other probes under reverse flow,
suggesting that heating was not uniformly occurring during
the simulated procedure. The time to reach the target
temperature and the maximum temperature reached at
each probe location are summarized in 7able 1. The time
to target temperature for each probe differed significantly
between cycle conditions, overall ranging from 16.28 to
86.44 min between the probes and conditions tested, and
with some probes failing to reach it. Positioning the inflow
in reverse configuration decreased the time for Probes 1, 2,
and 4 to reach the target temperature. As expected, a higher
flow rate also decreased this time for all probes. These data
further show that although some probes reached the target
temperature within the course of the procedure, they would
be exposed to it for <60 min. In contrast, the outflow did
not necessarily reflect the conditions at the probes, reaching
311.65+0.18 K by 90 min for all the configurations tested.
Differences in temperature at 90 min under forward
and reverse flow at each probe are highlighted for 800 and
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Figure 4 Temperatures in the abdominal cavity at each probe location measured every 10 min for 90 min of flow time. (A) Fluid temperature

during forward (upper inlet) flow at 800 cc/min flow; (B) fluid temperature during forward flow at 1,120 cc¢/min flow; (C) fluid temperature

during reverse (lower inlet) flow at 800 cc/min flow; (D) fluid temperature during reverse flow at 1,120 cc/min flow. Probe locations; 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. Error bars: standard deviation; each probe was represented as a “rake” (n=3) in Ansys Fluent; *,

P,;<0.05.

Table 1 Temperature assessment during simulated HIPEC

Forward 800 cc/min

Forward 1,120 cc/min

Reverse 800 cc/min

Reverse 1,120 cc/min

Probe Max Temp (K) Time to o (min) Max Temp (K) Time to a (min) Max Temp (K) Time to a (min) Max Temp (K) Time to a (min)
1 312.14 (0.22) [49.20] 312.23 (0.20) 59.66 312.39 (0.25) 42.95 312.35 (0.41) 37.14
2 310.08 (0.12) NR 310.94 (0.18) NR 311.87 (0.43) [66.83] 312.44 (0.14) 46.60
3 312.73 (0.15) 23.44 312.72 (0.18) 17.15 311.42 (0.67) NR 311.56 (0.63) [75.58]
4 312.14 (0.16) [50.02] 312.21 (0.17) 54.08 312.17 (0.52) 77.90 312.40 (0.37) 32.46
5 312.37 (0.35) 38.99 312.38 (0.28) 30.24 312.08 (0.06) NR 312.42 (0.04) 36.28
6 312.58 (0.40) 25.50 312.68 (0.06) 16.28 311.93 (0.43) [30.60] 312.32 (0.10) 30.95
7 312.16 (0.19) 86.44 312.28 (0.23) 42.68 312.27 (0.12) 61.79 312.35(0.12) 44.67

For each configuration, shown are maximum average temperature attained for each probe during the simulated procedure [average (SD)]
and the time for probe average temperature to reach > a (where a =312.15 K). Cases for which average temperature failed to reach > a
but (average temperature + SD) > a within the duration of the procedure (90 min), the time for (average temperature + SD) > a is shown
in square brackets. All other cases are denoted by “NR” (temperature not reached). Probe locations; 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. Each probe was represented as a “rake” (n=3) in Ansys Fluent. HIPEC, hyperthermic intraperitoneal chemotherapy; SD, standard

deviation.

© Journal of Gastrointestinal Oncology. All rights reserved.
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Figure 5 Temperatures in the abdominal cavity at each probe location at 90 min of flow time. (A) Temperatures compared between forward

(upper inlet) and reverse (lower inlet) flow at 800 cc/min flow rate; (B) temperatures compared between forward and reverse flow at

1,120 cc/min flow rate; (C) temperatures compared between 800 and 1,120 cc/min flow rates under forward flow; (D) temperatures

compared between 800 and 1,120 cc/min flow rates under reverse flow. Probe locations; 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. Error
bars: standard deviation; each probe was represented as a “rake” (n=3) in Ansys Fluent; *, P<0.05; **, P<0.01.

1,120 cc/min in Figure 5A,5B, respectively. For comparison,
Figure 5C,5D quantify how probe temperatures at 90 min
under forward and reverse flow, respectively, were affected
by changing flow rate from 800 to 1,120 cc/min. The largest
difference between temperature and fluid flow was between
Probe 2 under 800 cc/min forward flow configuration
(0.93 K and 1E-5 m/s) and Probe 3 (3.6 K and 0.01 m/s)
under both 800 and 1,120 cc/min in forward flow (Figure 5C).
This analysis shows that the location at Probe 2 benefited
from reverse flow irrespective of flow rate and from higher
flow during forward flow. The location at Probe 6 (posterior
to stomach) benefited from forward flow at 1,120 cc¢/min,
while the location at Probe 5 (superior to fundus) benefited
from higher flow under reverse flow.

Fluid velocities at at-risk locations

"To investigate differences in fluid flow as a function of intra-
abdominal location, velocity magnitudes were measured at
each probe. The magnitudes for both 800 cc/min (Figure 64)
and 1,120 cc/min (Figure 6B) consistently trended higher for
forward flow at 90 min compared to reverse flow. Probe 2,
being secluded from fluid flow by the TCM, experienced

© Journal of Gastrointestinal Oncology. All rights reserved.

a low fluid velocity for all flow cases (<0.001 m/s). Due to
its proximity to inlets during forward flow and the large
bowel mesentery relative to other probe locations, velocity
magnitude at Probe 3 (next to duodenum) under forward
flow trended higher than with reverse flow. However,
variation for forward fluid flow was large for both 800 cc/min
(8.5E-3 m/s) and 1,120 cc/min (1.1E-2 m/s), indicating
that selection of flow entrance rate and direction may
yield heterogeneous temperature and velocity magnitude
responses during HIPEC at multiple locations. Velocity
magnitude at Probe 4 (superior to liver) was significantly
higher in forward flow compared to reverse flow at both
800 cc/min (1.20E-3 wvs. 5.06E-4 m/s; P=0.028) and
1,120 cc/min (2.46E-3 vs. 7.62E-4 m/s; P=0.018). Probe
5 (superior to fundus) at 800 cc/min flow rate had higher
velocity magnitude in forward (2.23E-3 m/s) vs. reverse
(5.89E-4 m/s) conditions (P=2E-4). Velocity magnitude at
Probe 6 (posterior to stomach) was significantly higher at
1,120 cc/min (1.04E-2 m/s vs. 4.51E-3 m/s; P=0.011). Lastly,
velocity magnitudes at Probe 1 (between small and large
bowels) and Probe 7 (posterior to liver) did not significantly
differ under changing flow directions.

With the exception of Probe 4 (superior to liver)

7 Gastrointest Oncol 2024;15(4):1847-1860 | https://dx.doi.org/10.21037/jgo-24-352



Journal of Gastrointestinal Oncology, Vol 15, No 4 August 2024

800 cc/min flow rate
0.025
R4
£ 0.020
E
2 0.015
g
£ 0.010
3 0.005 4 — _[
0.000 T 1 T = - .| = iI‘I_
Probe 1 Probe 2 Probe 3 Probe4 Probe5 Probe6 Probe 7
® Forward flow Reverse flow
c Forward flow 800 cc/min vs. 1,120 cc/min
0.025
@
E 0.020
3
Z 0.015
&
£ 0.010 &
2 B
$ 0.005 L
,I, e - I I
0.000 : . - . : Bl

Probe 1 Probe2 Probe 3 Probe4 Probe5 Probe 6 Probe 7
=800 cc/min = 1,120 cc/min

Velocity magnitude, m/s

1855

v o)

1,120 cc/min flow rate
0.025

o
o
IS]
=]

0.015 —

0.010

0.005 = I 2

0.000 & = — -. = -. = T L

Probe 1 Probe 2 Probe 3 Probe4 Probe5 Probe6 Probe 7
m Forward flow Reverse flow

O

Reverse flow 800 cc/min vs. 1,120 cc/min
0.025

g
o
o
o

0.015

0.010

0.005

Velocity magnitude, m/s

0.000

Probe 1 Probe 2 Probe 3 Probe4 Probe5 Probe 6 Probe7

800 cc/min 1,120 cc/min
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under forward flow (P=0.017), velocity magnitude did not
significantly differ for the various locations between 800
and 1,120 cc/min cases under forward (Figure 6C) and
reverse (Figure 6D) flows. The potential heterogeneity in
temperature induced by the flow rate and direction at the
various at-risk locations is summarized in Figure 7, showing
that change in flow rate yielded significant differences in
temperatures at Probe 3 (next to duodenum) and Probe
5 (superior to fundus) (Figure 74) and in flow velocities
at Probe 4 (superior to liver) and Probe 6 (posterior to
stomach) (Figure 7B). In comparison, change in flow
direction yielded significant difference in temperature at
Probe 6 (Figure 7C) and in flow velocities at Probe 4 and
Probe 6 (Figure 7D).

Comparison to clinical data

To contextualize the simulation results with current
literature, outlet temperature results were compared to
a retrospective study of 1,200 patients (10) completed in
Guangzhou, China. In that study, 3 sessions of HIPEC were
performed at flow rates of 450 to 600 cc/min, with inlet
fluid temperature of 43 °C, and with each session lasting

© Journal of Gastrointestinal Oncology. All rights reserved.

90 min, with inlet catheters in upper abdominal position.
Chemotherapy drug and dosage were selected based on the
primary tumor and the patient’s body weight (10). Outlet
temperatures were recorded at procedure start and at 30 min
intervals up to 120 min, with the procedure ending at
t=90 min. Fluid temperature at outlets rose from 39.6 (SD
0.7 °C) at procedure start to 42.0 °C (SD 0.1 °C) after 90 min.
In this study’s CFD model, using forward direction flow
(upper inlets) and 525 cc/min flow rate with inlet fluid
temperature of 43 °C for 90 min, the outlet temperature
was recorded as 38.06 °C (SD 0.58 °C) with an absolute
difference of 3.94 °C at t=90 min from the data in (10). Of
note, flow rate varied between patients in (10), whereas
CFD flow rates were held constant in this study.

Discussion
Key findings

HIPEC is a treatment strategy for peritoneal carcinomatosis
that is applied in a consistently unstandardized manner.
This study implemented a CFD-based model of the
abdominal cavity and associated key organs to evaluate the
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effect of therapy parameters at specific at-risk locations
where tumor cells may be under-exposed to drug or higher
temperature. Two flow rates (800 and 1,120 cc/min) and two
flow directions were simulated to evaluate temperatures and
flow at these locations. Simulations show that temperature
and fluid flow over the course of the procedure varied from
0.93 K and <0.001 m/s inferior to small bowel mesentery
(800 cc/min forward flow) to 3.6 K and 0.01 m/s next to the
duodenum (either 800 or 1,120 cc/min forward flow). The
results suggest that monitoring outflow temperature may
be inadequate for assessing HIPEC performance at at-risk
locations.

Strengtbs and limitations

The model presented in this study enables monitoring
of temperature changes and fluid velocities at intra-
abdominal at-risk locations as a function of HIPEC
procedure parameters, which is not feasible by only
monitoring the outflow temperature. The flexibility of
the modeling approach enables investigating parameters
to minimize flow and temperature heterogeneity at at-
risk locations to maximize therapeutic efficacy. This study

© Journal of Gastrointestinal Oncology. All rights reserved.

used 39.0 °C as the minimum target temperature to define
“successful” treatment during HIPEC. It is unlikely that
synergy occurs in such a binary fashion around a specific
temperature, but instead there is a spectrum of synergy
that occurs with increasing temperature (38). Additionally,
there is no clear consensus on the minimum temperature
needed (38-40). A strength of this model is the continuous
monitoring of endpoints as the cycle progresses. allowing
for the assessment of success for any particular temperature
threshold.

The simulations treated organs as rigid bodies with no
viscoelastic properties. Abdominal organs are known to
behave viscoelastically (31), which may affect fluid flow and,
by extension, heat distribution in the abdominal cavity. It is
unclear, however, whether non-rigid organs would improve
or impede the fluid flow and associated heat transport at at-
risk locations. The catheter inflow and outflow were limited
in this study to the anterior of the abdominal cavity; other
configurations may be evaluated in future work. Gravity was
also neglected in the model; its effect on HIPEC delivery
and catheter placement could be considered. The effects of
heat transfer from the abdomen to the exterior, fluid flow in
vasculature, and organs surrounding the abdominal cavity,
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including the thoracic cavity and pelvic bones, will also be
considered in future work. Thermal heterogeneity would
likely be increased due to gravitational forces and additional
organs; closed HIPEC procedures have been performed
on prostrated patients (10) which would likely reduce fluid
flow through posterior regions of the cavity under the
catheter placement used here. Other intra-abdominal at-
risk locations could be evaluated; the ones in this study
were chosen for their clinical relevance. The anatomy of
the 3D abdominal cavity and organs, especially the small
bowel, was simplified for these simulations and may affect
the temperature distribution. Despite this simplification, the
results of this study are consistent with (41), which found that
HIPEC efficacy reduced and was associated with decreased
survival when peritoneal tumors were located on the small
bowel. Future 3D cavity and organ design could be informed
by anthropometric data and patient-specific CT scans to
investigate interpatient heterogeneity and to personalize model
predictions. This study contrasted 800 and 1,120 cc/min.
However, flow rates as low as 600 cc/min (10) have been
reported and could be investigated.

Comparison with similar research

Previous work has developed CFD simulations to study flow
in organs and physiological systems (13,17,19,20,22-25).
Recently, thermal profiles during HIPEC with flow rates
of 1,600-1,800 cc/min in five (upper, mid- and suprapubic)
abdominal regions were evaluated with a detailed anatomical
model (27), comparing the simulation results to clinically
measured data (42) and varying key treatment parameters
to evaluate their effect on these profiles. In comparison
to previous CFD efforts, our study evaluated flow and
temperatures at specific at-risk locations using lower flow
rates (800 and 1,120 cc/min). Although higher flow rates
have been shown to improve overall abdominal heating
during HIPEC (43), lower flow rates (i.e., 600-1,000 cc/min)
have seen extensive use (44,45). Furthermore, large
volume infusions may be associated with adverse patient
outcomes (46,47). The procedure parameters are critical, as
complications dependent on these parameters have included
gastrointestinal, pulmonary, and hematological events (48),
with overall morbidity and mortality rates of 12-60% and
0.9-5.8%, respectively (49).

Explanation of findings

Because cisplatin performance has been shown to improve
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with increasing temperature from 37 to 43 °C (50), thermal
heterogeneity in the abdominal cavity could yield uneven
therapeutic performance. This suggests that the efficacy
of temperature-sensitive chemotherapeutics common to
HIPEC may depend on both fluid flow rate and direction
of flow, making catheter placement and flow rates an
important consideration to reach potentially under-exposed
locations where tumor cells may be present. The results
further suggest that monitoring outflow temperature
may be inadequate for assessing HIPEC performance.
Without intra-abdominal temperature monitoring of at-risk
locations, it may not be feasible to determine whether target
temperatures and temperature homogeneity are being
achieved.

Implications and actions needed

The CFD model presented here represents a first step
towards designing efficacious tumor targeting during
HIPEC. Even with the best combination of cycle
parameters tested, several intra-abdominal locations had
not yet reached the target temperature by 30 min (Figure 4).
While longer cycle times are the standard in the U.S. (51),
these results raise a concern that achieving acceptable
treatment duration of at-risk locations may not be possible
without excessively long cycle times. However, the present
model tested relatively few cycle parameters based on a
standard four-catheter (two inlet and two outlet) circuit as
is commonly used with the Belmont pumps, which is the
practice at our institution (52). Expanding the capabilities
of the model to incorporate new catheter arrangements in
addition to the other cycle parameters previously mentioned
may allow for designing techniques that produce rapid
equilibration of temperature across all at-risk locations,
which would also allow for maximizing tissue exposure
times while minimizing overall procedure durations.

Conclusions

It may be unfeasible to assess whether target temperatures
and temperature homogeneity is being achieved during
HIPEC without temperature monitoring at at-risk
locations. Monitoring outflow temperature may be
insufficient for this purpose. The results of this study
demonstrate that computational analysis offers the
capability to monitor intra-abdominal locations at-risk of
suboptimal heating and fluid flow as a function of HIPEC
parameters. In particular, catheter placement and flow rates

7 Gastrointest Oncol 2024;15(4):1847-1860 | https://dx.doi.org/10.21037/jgo-24-352



1858

are an important consideration to reach potentially under-
exposed locations where tumor cells may remain post
CRS. This study provides an initial step towards designing
efficacious tumor targeting during HIPEC.
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