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A scalable hyperthermic
intravesical chemotherapy (HIVEC)
setup for rat models of bladder
cancer

J.W.Van Hattum®®, E. M. Scutigliani?*, R. F. C. P. A. Helderman3*, R. Zweije*,
H. M. Rodermond?, A. L. Oei**, J. Crezee*, J. R. Oddens?, T. M. De Reijke! & P. M. Krawczyk?**

Hyperthermic intravesical chemotherapy (HIVEC)—whereby the bladder is heated to + 43 °C during

a chemotherapy instillation—can improve outcomes of non-muscle invasive bladder cancer (NMIBC)
treatments. Experiments in animal models are required to explore new hyperthermia based
treatments. Existing HIVEC devices are not suitable for rodents or large-scale animal trials. We present
a HIVEC setup compatible with orthotopic rat models. An externally heated chemotherapeutic
solution is circulated in the bladder through a double-lumen catheter with flow rates controlled

using a peristaltic pump. Temperature sensors in the inflow channel, bladder and outflow channel
allow temperature monitoring and adjustments in real-time. At a constant flow rate of 2.5 mL/min
the system rapidly reaches the desired bladder temperature of 42—-43 °C with minimal variability
throughout a one-hour treatment in a rat bladder phantom, as well as in euthanised and live rats.
Mean intraluminal bladder temperatures were 42.92 °C (SD =0.15 °C), 42.45 °C (SD=0.37 °C) and
42.52°C(SD=0.09 °C) in the bladder phantom, euthanised, and live rats respectively. Thermal camera
measurements showed homogenous heat distributions over the bladder wall. The setup provides
well-controlled thermal dose and the upscaling needed for performing large scale HIVEC experiments
in rats.

With almost 550,000 new confirmed cases in 2018 worldwide, bladder cancer (BC) is the 6th and 17th most
frequently diagnosed malignancy in men and women, respectively'. The majority (75-85%) of patients present
with non-muscle-invasive bladder cancer (NMIBC)?. Although NMIBC has a favourable 5-year survival rate of
70%, this is offset by a high 5-year recurrence rate (50-70%). Moreover, there is a 10-20% chance of progression
to muscle-invasive bladder cancer (MIBC), which reduces the 5-year survival rate up to 50%>*. The standard
treatment for NMIBC consists of transurethral resection of the entire visible tumour (TUR-T), followed by
intravesical instillations with either the immunostimulatory Bacillus Calmette-Guérin (BCG) or chemotherapy
(e.g- mitomycin-C or epirubicin) . Depending on the clinicopathological risk group for recurrence and progres-
sion, the number of instillations varies from a single dose of chemotherapy, immediately following TUR-T in the
low-risk category, to a series of repeated instillations for up to one year with chemotherapeutics, or one to three
years with BCG in the intermediate- and high-risk groups®. A radical cystectomy (RC) or chemoradiotherapy is
recommended for NMIBC patients in the highest risk group and those with MIBC. However, not all patients are
suitable or willing to undergo RC or chemoradiotherapy due to high rates of morbidity, mortality, and a negative
impact on quality of life’~”. Therefore, alternative treatment regimens that prevent the recurrence of NMIBC,
and minimize its chance to progress to MIBC, are urgently needed to improve the outcomes.
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One such regimen is hyperthermic intravesical chemotherapy (HIVEC), in which chemotherapeutic solu-
tions are introduced into the bladder, while maintaining the bladder wall at supra-physiological—i.e. hyperther-
mic—temperatures of 42-43 °C for approximately one hour. To achieve the desired temperature, most methods
use either radiofrequency waves?, applied with intravesical or external antennas, or external heating of the
chemotherapeutic solution that is then circulated into and out of the bladder, through a double-lumen catheter®.

Hyperthermia exerts various microscopic and macroscopic effects that enhance the efficacy of multiple other
treatments, the most established being increased perfusion of the tumour, which enhances drug delivery into vari-
ous tumour types, including bladder cancer'®'2. At a molecular level, hyperthermia triggers large-scale protein
unfolding, affecting a wide range of cellular processes'*', of which the interference with DNA repair mechanisms
plays an important role in the promotion of hyperthermia-based treatment regimens'. In addition, various
in vitro studies have demonstrated that heat alters membrane characteristics and permeability, likely increasing
intracellular concentrations of chemotherapeutic agents'®-". In line with these observations, increased cytotoxic-
ity of various chemotherapeutics in combination with hyperthermia has been observed in bladder- and a variety
of cancer cell lines?**%. In vivo animal studies show that HIVEC increases the concentration of mitomycin-C
in the bladder wall, and inhibits tumour growth, compared to treatment at room temperature?*~?. In line with
these findings, clinical evidence further supports the potential of HIVEC. Although currently HIVEC is only
considered as a treatment alternative for patients after BCG-failure who cannot undergo radical cystectomy?,
a growing body of evidence demonstrates that HIVEC can reduce tumour recurrence rates, compared with
standard therapy, as well as produce promising long term bladder preservation rates after BCG-failure”*’. These
studies underscore the potential of HIVEC but also emphasize the need to further explore its mechanisms of
action, efficacy and applicability in preclinical investigations, using reliable experimental systems.

Multiple rat models have been established to study bladder cancer biology and treatment response in vivo®.
Orthotopic cancer models closely resemble canonical bladder cancer development®* and thus appear to be more
suitable than heterotopic models for recapitulating the clinical HIVEC treatments. There are several methods to
simulate HIVEC in animal models, such as conductive heating®****, radiofrequency induced hyperthermia (RF-
HT)**-%, magnetic nanoparticles’®*, photothermal ablative therapy*®*, and high intensity focused ultrasound
(HIFU)**%2, These techniques vary in technical complexity and compatibility with orthotopic tumour models
(Table 1). Published in vivo studies focusing on local heating of the bladder generally rely on large animals (e.g.
rabbit, pig, sheep) as model systems, in conjunction with clinically used HIVEC systems, or large experimental
setups unsuitable for rats'>?***%3, On the other hand, systems for local heating of the bladder in rats based on
capacitive heating techniques or magnetic fluid hyperthermia®>***, pose high technical demands that make
them challenging to implement and are thus incompatible with larger scale experiments. To our knowledge, a
practical and scalable HIVEC system using conductive heating for rats with orthotopic bladder tumour models
has not yet been developed®.

Here, we present a dedicated bladder instillation system, based on a double-lumen catheter, that is suitable for
performing chemohyperthermia (CHT) in rats. We demonstrate that the system can achieve well-controlled local
heating of the bladder that can be reliably monitored, maintained and adjusted during treatment. Importantly,
it is cost-effective and scalable, making it suitable for preclinical studies in different animal models to accelerate
the improvement of existing and development of novel intravesical bladder cancer treatments.

Material and Methods

Global setup overview. The setup (Fig. 1) (interactive figure and data) is conceptually similar to the clini-
cal COMBAT BRS system (innoMedicus AG, Cham, Switzerland), where an externally heated chemotherapeutic
solution is circulated through a double-lumen catheter that is inserted into the patient’s bladder via the urethra.
The setup is further modelled on a previously reported bladder instillation system that was designed to reduce
background noise during MRI imaging of rodents*. The setup is a semi-open system, in which the flow rate is
regulated by a peristaltic pump. From the fluid reservoir, the solution is guided through a heating block. The
heated solution is then circulated through the bladder via a double-lumen catheter®. The inner tube in the
double-lumen catheter forces active inflow, while outflow occurs passively through the catheter’s outer tube
(Fig. 1), as we found that forcing an active outflow by a closed-loop system results in the trapping of air in the
bladder and flow disruptions in the outflow tubing of the catheter, leading to higher fluctuations of the intravesi-
cal temperature. Heat loss through the tubing is minimized by insulating foam. The temperature of the circulat-
ing solution can be monitored in the (i) inflow channel, (ii) outflow channel, and (iii) bladder lumen, using thin
thermocouples inserted via standard y-branched tubing connectors.

Technical specifications. A peristaltic pump (Minipuls 2, Gilson, Villiers le Bel, France) was used to cir-
culate the liquid through a semi-open loop of insulated silicone tubing (autoclavable nylon N3A, inner diameter
(ID) =1.00 mm, outer diameter (OD)=1.78 mm, Smiths Medical, Minneapolis, Minnesota USA). One-way con-
nectors (REF 1050, VBM Medizintechnik GmbH, Sulz am Neckar, Germany) were used to connect the different
parts of the circulatory system. The sections of the system between the pump and the bladder, and between the
bladder and the pump are referred to as the inflow channel and outflow channel, respectively.

Heating was achieved by passing a section of the silicone tubing, without insulation, through a manually-
adjustable laboratory heating block (BSH 200, Benchmark Scientific Inc. Edison, New Jersey USA) with a cus-
tom block, machined out of aluminum, that tightly encapsulated 4 loops of tubing (~ 27 cm) to ensure efficient
heat transfer between the heating block and the liquid circulating in the tubing. Downstream from the heating
block, the silicone tubing was connected to a section of thin intramedic polyethylene tubing (ID=0.61 mm,
OD =0.28 mm, Becton Dickinson and Company, Franklin Lakes, New Jersey USA). This connection was realized
using a cut-off tip and the rubber plunger of a standard 1 mL luer syringe (BD Plastipak, Becton Dickinson S.A.,
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Tumour model tested
Technique Location Animal Technical specification | (compatibility) Technical Complexity Example
. . Clinically used 915 MHz . Low (Catheter not suited | van Valenberg et al.*®
Intravesical Pig/Sheep intravesical antenna None (orthotopic) for smaller animals) Rath-Wolfson et al.*®
}lj adiofrequency induced Regional pelvic Mice 245 GHz external None (both) High Salahi et al.?’
yperthermia applicator
Regional pelvic Rat 434 MHZ external None (both) High Haveman et al.’®
applicator
Submersion of the hind Heterotopic subcutane-
Regional extremity Athymic mice | legin a thermostatically P Low Amano et al.”
ously hind leg
controlled water bath
Intraperitoneal injection | Mice Smgle prehea.ted intra- Heterotopic in abdomen | Low Orsolic et al.*
peritoneal injection
Conductive heat Custom made circulator
Intravesical closed recir- . Y . Low (Catheter not suited T B
. Pig system connected to a None (orthotopic) . Mikhail et al.
culation system for smaller animals)
transurethral catheter
Repeated injection every
Intravesical injection Rabbit 3 min via transurethral None (orthotopic) Low Ucar et al. **
catheter
Magnetic field applicator
. (Actium Biosystems, . . . 39
Intravesical Rats Boulder, CO), 40 kHz, None (orthotopic) High Oliveira et al.
strength to 6 kA/m
Magnetic nanoparticles
Exposure of intratumour-
Intratumoural injection Mice ally applied njanopartlcle; Heterotopic subcutane- High Stapf et al. ¢
to an alternating magnetic | ously
field
Intravesical gold nanopar-
. . ticles instillation treated . . %
Intravesical Mice with externally adminis- Orthotopic High Yang et al.
tered 808 nm diode laser
Photothermal ablative laser heating of infused
therapy Intravesical Single-walled SWNHs in the bladder
carbon nanohorns . . wall using a 1,064 nm CW . 4
delivered with fiberoptic Pig ex vivo diode-pumped fibre laser None (both) High Hood etal.
microneedle (IPG Photonics, Oxford,
MA)
Pelvic Magnetic reso- 256-cc}11annel p};lased?rray
nance-guided high-inten- | . transducer with a radius )
] Pig of curvature of 70 mm. At | None (both) High Zhu et al. #
sity focused ultrasound f £1 MHz and
(MRgHIFU) a frequency o Z an
Ultrasound pressure of —6 dB
. . 2.25 MHz piezoelectric .
Eeglonal ultrasonlc Rat ceramic disc transmitting Heterotopic Subcutane- High Longo et al.**
yperthermia . ously
acoustic wave

Table 1. Overview of several methods to simulate HIVEC in animal models.

Camino de Valdeoliva, Madrid, Spain). The thin tubing was threaded through a hole pierced in the plunger using
a hypodermic needle. The plunger was then installed inside the cut-off syringe, serving as a seal, such that a suf-
ficient length (~7 cm) of the thin tubing protruded through the tip of the syringe. Upon inserting into a standard
IV catheter (22 G for mice or 17 G for rats, Vasofix Safety IV Catheter with injection port, B. Braun Melsungen
AG, Melsungen, Germany), the thin tubing formed the catheter’s inner lumen, with the length of the thin tubing
chosen such that it protruded ~ 2 mm beyond the catheter after full insertion, to deliver the heated liquid into the
bladder. The lumen of the i.v. catheter and its standard syringe port were connected to silicone tubing (outflow
channel), such that after exiting the bladder through the other lumen of the catheter, the liquid was directed to an
open-top reservoir and, via more silicone tubing was led through the peristaltic pump, closing the system loop.
The tubing system had additional three-way connectors, close to the catheter, to enable thermometry (Fig. 1).

Thermometry. Three constantan-copper multipoint temperature probes (diameter 0.5 mm, Volenec RD
Int, Trebes, Czech Republic) were placed in the inflow channel, bladder lumen and outflow channel, via three-
way connectors (in the inflow and outflow channels) and via the outer lumen of the catheter (in the bladder
lumen), and plugged into a custom-made thermometry system with an accuracy better than 0.2 °C. Tempera-
ture was readable in real-time and logged every second. Temperature corrections were possible by adjusting the
temperature of the heating block, while maintaining a fixed flow rate. Temperatures of the skin, external bladder
wall and pelvis were measured with a thermal camera (FLIR one Pro, Teledyne FLIR LLC, Wislonville, Oregon,
USA). The abdomen of rats was not shaved before treatment.

Flow rate measurements. The inflow or outflow tract were placed in an Erlenmeyer. From the moment
the setup was turned on, a scale was used to assess weight increases on-the-minute, providing a basis for estimat-
ing the flow rate by assuming a water density of 1 g per mL.
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Figure 1. Overview of the HIVEC setup. Top left, schematic overview of setup showing the semi-open
circulatory loop, flow direction and location of temperature probes. Bottom left, zoom-in of bladder and double-
lumen catheter showing placement of temperature probes in the inflow channel, bladder, and outflow channel.
Top Right, overview of setup with the bladder phantom. Bottom right, bladder phantom with the double lumen
catheter fully inserted. The liquid inflow trajectory is shown in red, the outflow in blue, and the tips of the
temperature probes are marked with white dots.

Treatment procedures. The outer part of the double lumen catheter was lubricated (Instillagel, Farco-
Pharma GmbH, Koln, Germany) and inserted into the bladder phantom or into the bladder via the urethra
of female rats. The inner part of the catheter, connected to the inflow channel via a cut-off 1 mL luer syringe
(as described above), was then gently inserted into the catheter. Three-way connectors (BD Connecta luer-lok,
Becton Dickinson Infusion Therapy AB, Helsingburg, Sweden) were used to introduce the temperature probes
at three locations in the system (Fig. 1).

Bladder phantom. The bladder phantom was constructed by cutting down the barrel of a 5 mL syringe
(Becton Dickinson Infusion Therapy AB, Helsingburg, Sweden) to 2 mL. The tube was closed by inserting rub-
ber plungers from two 5 mL syringes on both ends, such that volume adjustment was possible by moving the
rubber plungers. The catheter was introduced into the bladder phantom through one of the plungers with a
needle from a Vasofix Safety IV Catheter.

Validation. We validated the setup by performing a one-hour HIVEC instillation in (i) a plastic bladder
phantom, with a volume of ~ 1 mL—comparable to that of a rat bladder, (ii) freshly euthanised rats, and (iii) live
rats under general anaesthesia. We evaluated the system’s ability to reach and maintain a clinically relevant intra-
vesical temperature of 42-43 °C for one hour. With the thermal camera we mapped the heat distribution during
the procedure and evaluated whether uniform heating of the bladder wall was achieved. Temperature data were
gathered from 4, 8 and 3 independent experiments in the bladder phantom, euthanised and anesthetised rats
respectively.

Animal experiments. Al experimental protocols were approved by the Animal Research Institute (ARIA)
of the Amsterdam University Medical Centers under project number 17-3746. Experiments were performed in
accordance with Dutch legislation on animal experimentation and in compliance with the ARRIVE guidelines.

Euthanised rats. Eight female Lewis rats, 6-10 months of age, were euthanised using 100% CO, and treated
within two hours after euthanisation. The body temperature after euthanisation was increased by placing ani-
mals on a heating plate bench heated to at 37 °C. After 60 min of treatment, the abdomen was opened to inspect
the bladder wall for possible perforations or other signs of damage. To assess the temperature of the external
bladder wall during treatments, the abdomen of selected animals was opened before the start of the treatment
and monitored throughout the entire procedure.

Anesthetised rats. Three six-months-old female Lewis rats were anesthetised before treatment using 2% isoflu-
rane in 100% oxygen, after pretreatment with 0.05 mg/kg buprenorphine. The body temperature was maintained
throughout the procedures by placing rats on a 37 °C heated mattress bench. After transurethral catheterisation
and during HIVEC treatments, the animals were continuously monitored for macroscopic hematuria or blood
clots in the catheter and circulating system. During treatment, the lower abdomen of the rats was massaged deli-
cately every five minutes to prevent air bubbles from accumulating in the bladder. After 60 min, the abdomen
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Figure 2. Setup validation using a bladder phantom. (a) Flow rates of the inflow and outflow in bladder
phantom at fixed pump setting of 2.5 mL/min (n=3). (b) Average temperature kinetics during one hour of
HIVEC in the bladder phantom. (c) Average temperature during the steady state phase (600-3600 s). (d)
Temperature difference between the bladder and the inflow/outflow channels during steady-state phase. (e)
Average temperature difference between the bladder and inflow/outflow channels during steady state phase. All
data are mean + SD. All temperature data were gathered in four independent experiments.

was opened to monitor for any signs of damage and to measure the bladder wall temperatures with the thermal
camera. When treatment was completed, rats were euthanised using 100% CO, while under anesthesia.

Data availability, analysis and statistics. Statistical analyses were performed using GraphPad Prism
version 9. One way ANOVA analysis with Dunnett’s multiple comparisons test was used to compare the tem-
peratures at different locations in the system. Statistical significance was assumed for adjusted p values <0.05.
Interactive charts and figures were produced using the FiglinQ platform (https://figling.com). All source data
and figures can be explored at Figling.

Results

Validation. Using the phantom, we observed minimal fluctuations of the liquid flow rate in the inflow- and
outflow tubing, demonstrating that stable flow rates in the entire system can be achieved and maintained over
extended periods of time (Fig. 2a) (interactive figure and data). We subsequently evaluated the system’s ability to
reach and maintain a clinically relevant intravesical temperature of 42-43 °C for one hour. We set the flow rate at
2.5 mL/min while adjusting the temperature of the heating block if necessary. Clinical convective systems use an
adjustable flow rate up to 200 mL/min*. Since the bladder volume of rats (1.0 mL) is much smaller than humans
500 ml we found that changing the flow rate had a significant negative impact on the temperature control. With a
flow rate of 2.5 mL/min we were able to ensure rapid and stable heating of the bladder lumen. At lower flow rates
we observed significant heat loss in the inflow channel. This resulted in a greater temperature gradient between
the inflow and outflow channel and led to instable temperatures inside the bladder. By monitoring the tempera-
ture in the inflow channel, the phantom lumen and the outflow channel, as depicted in Fig. 1, we found that
the target intra-luminal temperature could be reached within 10 min (Fig. 2b). Temperatures averaged over the
subsequent steady-state phase of the treatment were 45.25 °C (SD =0.37 °C), 42.92 °C (SD=0.15 °C), 41.77 °C
(SD=0.12 °C) in the inflow channel, phantom lumen and outflow channel, respectively (Fig. 2b,c).

During this phase, we also observed a near-constant temperature difference between the inflow/outflow chan-
nel and the phantom lumen (Fig. 2d,e). The average temperature difference between the phantom lumen and
the inflow channel was 2.34 °C (p <0.0001), while outflow temperatures were 1.14 °C lower than in the bladder
phantom (p=0.002). The variation in temperature difference between the bladder phantom and outflow channel
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Figure 3. Temperature measurements during HIVEC in euthanised rats. (a) Left; overview of setup with an
euthanized rat and thermal camera, Right; close up of fully assembled double-lumen catheter inserted into
the bladder. (b) Average temperature kinetics during the entire treatment. (c) Average temperature during

the steady state phase of the treatment (600-3600 s). (d) Temperature difference between the bladder and
inflow/outflow channels during the steady state phase. (e) Average temperature difference between the bladder
and inflow/outflow channels during steady state phase. (f) Connected average bladder, inflow and outflow
temperatures of individual treatments during the steady state phase. (g) Left; thermal camera image of rat 7
during the procedure. Right; corresponding temperatures during the procedure of rat 7 with skin temperature
obtained from the thermal camera. (h) Left; thermal camera image of rat 8 with opened abdomen during
HIVEC. Right; corresponding temperatures with external bladder wall and pelvic temperatures obtained from
the thermal camera. Data are mean + SD. Temperature data were gathered from 8 independent experiments.
Experiments with thermal camera were performed, one representative measurement is shown.

was slightly lower than that between the bladder phantom and the inflow channel (Fig. 2d). Data from all indi-
vidual treatments and respective differences are shown in Supplementary Figs. S1-S3 (interactive figure and data).

We then proceeded to validate our setup in euthanised (Fig. 3) (interactive figure and data) and live, anaes-
thetized (Fig. 4) (interactive figure and data) rats. We observed similar heating kinetics as when using the
bladder phantom (Fig. 3b,c), with adequate temperature control and consistent difference between the inflow,
the lumen and the outflow. The average luminal bladder temperature during the stable phase of the treatment
was 42.45 °C (SD=0.37 °C) and 42.52 °C (SD =0.09 °C) in euthanised (Fig. 3c) and anaesthetized (Fig. 4b) rats,
respectively. The temperature difference between the bladder and the inflow/outflow channels in euthanised
rats was comparable to that measured in the bladder phantom, showing lower variation between the lumen
and the outflow (mean AT =1.09 °C, SD=0.30 °C, p <0.0001) than between the bladder and the inflow (mean
AT =2.01 °C, SD=0.63 °C, p<0.0001) (Figs. 3b,d,e). Although the differences between luminal vs inflow and
luminal vs outflow temperatures were consistent between measurements in euthanised rats, the highest luminal
temperatures did not always correspond with the highest temperatures in the inflow or outflow channels (Fig. 3f).

During HIVEC in anaesthetized rats, we initially observed a greater temperature difference between the
inflow, the bladder lumen and the outflow, which nevertheless did not affect the mean luminal temperature
(Fig. 4d-f). The individual bladder temperatures showed a trend of decreasing temperature variation in consecu-
tive measurements (Fig. 4d, S3). Maintaining stable temperature in anaesthetized rats 1 and 2 required some
manual correction of the heating block settings during treatment, but the results demonstrate that such adjust-
ments are feasible and effective.

To evaluate whether uniform and local heating of the bladder wall was achieved, we used a thermal camera
and mapped heat distribution during the procedure. Imaging of the animal skin surface showed a small tempera-
ture increase during the first phase of the treatment (Fig. 3f and Fig. 4g). During the first 8 min of the treatment
in anaesthetized rat 2, its skin surface temperature increased from 32.36 °C to 34.15 °C, while the luminal bladder
temperature reached a stable temperature of 41.83 °C within this time (Fig. 4f). Importantly, after opening the
abdominal and pelvic cavity during the procedure we observed uniform heating of the bladder (Fig. 3h), with a
minimal temperature increase of the surrounding tissue. The average luminal bladder temperature during treat-
ment in euthanised rats was 42.45 °C (SD =0.37 °C), corresponding to an external bladder wall temperature of
41.15 °C (Fig. 3g). A temperature probe placed non-invasively in the oesophagus of anaesthetized rats showed
no increase in the body temperature (Fig. 4a). We also did not observe any signs of haematuria or blood clots
after catheterization or during the procedure.

Discussion

An optimal HIVEC setup should provide a sufficiently high intraluminal temperature that can be maintained
over extended periods of time. Compared to published temperature data from clinical HIVEC trials, our system
is able to reach and maintain relevant bladder temperatures with low variability within each instillation and
between different instillations*. Furthermore, clinically recorded median temperatures are generally lower than
the temperatures that we were regularly able to reach in our experiments*®, suggesting that our setup is capable of
a well-controlled thermal dose. The small variability between measurements also enables treatment at different
thermal doses. Importantly, the temperature increase remained mostly confined to the bladder, which is critical
for protection of surrounding organs.

Uneven heat distribution inside the bladder can lead to the so-called cold- and hot spots. These can occur
due to electric field heterogeneity in capacitive heating techniques or due to the formation of air bubbles in
the bladder during the treatment*>*. Hot spots can lead to heating of surrounding structures within the range
of the electric field, such as the rectum and vagina, while simultaneously creating uneven heating of the blad-
der wall, depending on the position relative to RF source*®*”*. Measurements using a thermal-vision camera
showed homogenous heating of the external bladder wall (Figs. 3h, 4g). In some in vivo studies focusing on the
thermal distribution during HIVEC in larger animals (e.g. sheep or pig), there was a need to surgically place
thermal probes in the pelvis and in different layers of the bladder wall*>*%. Due to the thin bladder wall of rats
(100-120 pm thickness of the detrusor muscle)?’, this was not possible in our setup, but also not necessary in
view of the small bladder volume. One concern in HIVEC is formation of air bubbles, which can disturb the
flow patterns and cause uneven heat distribution. In our system, we believe this can be minimized by regular
abdominal massage of the pelvic region. Finally, as the system will ultimately be used in heterotopic tumour
models, accurate thermometry will still be needed to evaluate the effect of bladder tumours on heat distribution.

When treating live, anesthetised rats, the temperature variability was larger than what we expected based on
the prior experiments with bladder phantom and euthanised rats (Figs. 2b, 3b, 4a). This can be explained by the
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Figure 4. Temperature measurements during HIVEC in live anesthetised rats. (a) Average temperature kinetics
during the entire treatment. (b) Average temperatures during the steady-state phase of the treatment. (c)
Temperature differences between the bladder lumen and inflow/outflow channels during the steady state phase.
(d) Average temperature difference between bladder lumen and inflow/outflow channels during the steady-state
phase of treatment. (e) Individual bladder lumen temperature kinetics during the entire procedure. (f) Left;
thermal camera image from rat 2 at the start of the procedure and after 500 s, Right; corresponding core and
skin temperatures, measured with the thermal camera. (g) Left; thermal camera image at start and after 300 s,
with opened abdomen, exposing the pelvis and bladder wall. Right; corresponding (other) temperatures in

the system. Data are mean + SD. Temperature measurements were gathered from 3 independent experiments.
Thermal camera imaging measurements were performed in all rats and showed consistent heating kinetics
between individual experiments.
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fact that treatment of live rats was executed in a flow cabinet with a lower ambient temperature, leading to an
increased temperature loss of the tubing system to the environment. This had to be compensated for by increasing
the inflow temperature, and caused a larger difference between the bladder and inflow channels (Fig. 4d). The
lower ambient temperature can also explain the decreased bladder wall temperature measured in live anesthetised
rats, as compared to euthanised rats (Figs. 3h, 4g). Importantly, however, the intraluminal thermal dose was not
affected by these external fluctuations, underscoring the robustness of the system.

Since in vivo HIVEC treatment schedules usually consist of a series of repeated instillations, and are generally
applied to groups of animals, it is important to ensure a minimally invasive, stable and scalable setup. Although
we did not observe hematuria or clot formation during treatment, a possibility remains of urethral or bladder
mucosal damage that could lead to dysuria and animal discomfort, especially upon repeated application. Further
experiments are needed to explore such effects. The study by Haveman et al. showed, however, that the effects of
a similar procedure on rat bladder volume and blood urea nitrogen levels normalize within days*. To support
experiments with larger numbers of animals, the complexity and invasiveness of the setup can be lowered even
further. Although we measured the temperature at three different locations, the outflow temperature showed a
relatively constant deviation from the intraluminal temperature in all experiments, suggesting that it can serve as
a surrogate for bladder temperature. Eliminating the intraluminal sensor will facilitate the application procedures,
reduce the impact on the urinary tract of the treated animals, and may make the setup compatible with smaller
rodents (e.g. mice), where the dimensions of the bladder and urinary tract complicate temperature monitoring
in the bladder. In fact, we found that when equipped with a thinner catheter (22 gauge), HIVEC instillations
are indeed feasible in mice. In addition, our approach can accommodate simultaneous treatment of multiple
animals by splitting the inflow channel (and adjusting the flow rate/heating block temperature accordingly), or
by using extra heating blocks/circulatory loops attached to a single pump, or even multiple pumps. To further
optimize the setup for larger-scale experiments, automated temperature control could be implemented based
solely on the outflow temperature.

In summary, this study presents a simple, scalable, reliable, and cost-effective setup for HIVEC treatments in
rodents. The system achieves rapid and stable local heating of the bladder lumen and bladder wall, while con-
tinuous, multi-point monitoring allows for swift temperature adjustments, if required. The setup can already be
used to study hyperthermia-based treatment combinations in vivo, while further improvements can render it
even less invasive and suitable for repeated, larger scale experiments, in both rats and mice.

Data availability
All source data and figures can be explored at Figling.
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