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Abstract

Purpose—To develop and validate a computational model that simulates 1) tissue heating with
high intensity focused ultrasound (HIFU), and 2) resulting hyperthermia-mediated drug delivery
from temperature-sensitive liposomes (TSL).

Materials and methods—HIFU heating in tissue was simulated using a heat transfer model
based on the bioheat equation, including heat-induced cessation of perfusion. A spatio-temporal
multi-compartment pharmacokinetic model simulated intravascular release of doxorubicin from
TSL, its transport into interstitium, and cell uptake. Two heating schedules were simulated, each
lasting 30 min: 1) hyperthermia at 43°C (HT) and 2) hyperthermia followed by a high temperature
(50°C for 20 s) pulse (HT+). As preliminary model validation, in vivo studies were performed in
thigh muscle of a New Zealand White rabbit, where local hyperthermia with a clinical magnetic
resonance-guided HIFU system was applied following TSL administration.

Results—HT produced a defined region of high doxorubicin concentration (cellular
concentration ~15-23 ug/g) in the target region. Cellular drug uptake was directly related to HT
duration, with increasing doxorubicin uptake up to ~2 h. HT+ enhanced drug delivery by ~40%
compared to HT alone. Temperature difference between model and experiment within the
hyperthermia zone was on average 0.54°C. Doxorubicin concentration profile agreed qualitatively
with /n vivo fluorescence profile.
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Conclusions—Computational models can predict temperature and delivered drug from
combination of HIFU with TSL. Drug delivery using TSL may be enhanced by prolonged
hyperthermia up to 2 h or by local cessation of vascular perfusion with a high temperature pulse
following hyperthermia.

Keywords
drug delivery; focused ultrasound; hyperthermia; liposome; MR-HIFU; TSL

Introduction

Current chemotherapy regimens in clinical use are limited by severe systemic toxicity. To
reduce dose-limiting toxicity and improve tumour drug delivery, numerous drug delivery
systems (DDS) have been developed. Liposomes are one of the few DDS that are in clinical
use [1], and can target the tumour both passively and actively. Passive tumour targeting of
liposomes involves their accumulation in tumour tissue through leaky tumour vasculature via
enhanced permeability and retention (EPR) effect [2]. Active targeting of a tumour with
liposomes can be achieved through various means, one of them being triggered intravascular
release. An example of such targeting via triggered release is the use of temperature-
sensitive liposomal carriers, which have gained considerable attention and have been used in
several clinical trials [3-7].

Temperature-sensitive liposomes (TSL) are DDS that release content (usually a
chemotherapy agent) above a threshold temperature, typically ~40°C [8-13]. Mild
hyperthermia (40-45°C) in conjunction with liposomes can increase passive liposome
tumour accumulation [14], likely by enhancing the EPR effect. However, accumulation due
to EPR requires considerably more time than is afforded by the relatively fast clearance of
TSL [11]. Therefore, most tumour-specific drug delivery through the combination of mild
hyperthermia and TSL is likely due to heat-triggered intravascular release [14]. Fast-
releasing TSL (i.e. release within several seconds) [15-17] are well suited for intra-vascular
triggered release, as they can release their contents within the typically few seconds lasting
transit time of the tumour vascular network [18-20].

Localised hyperthermia as required for triggering drug release from TSL can be achieved by
a variety of methods including radiofrequency electric current, microwaves, laser, as well as
high intensity focused ultrasound (HIFU). Of these heating methods, HIFU is superior in
terms of controlled, noninvasive heating of precisely targeted tissues [21-24]. Several recent
studies demonstrated that the combination of TSL with HIFU allows for non-invasive
targeting of drug delivery [25-29].

A variety of physiological, biological, biophysical, DDS, and drug parameters affect
hyperthermia-mediated drug delivery from TSL. Computer simulations provide a means to
efficiently examine effects of these parameters. Among other benefits offered by computer
simulations, they can suggest optimal delivery strategies by enabling detailed examination of
heating algorithms (e.g. varying temperature and time), varying tumour transport parameters
(e.g. vessel permeability, perfusion), and modifying TSL properties (e.g. release rate). /n
silicomodels have provided accurate descriptions of thermal therapies and drug delivery via
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TSL and other carriers [30-32, 16, 28]. Here, we present a mathematical model that
combines a heat transfer model with a drug delivery model to simulate both HIFU-induced
tissue heating and hyperthermia-mediated drug delivery from TSL-encapsulated doxorubicin
(TSL-DOX). The model includes heat-induced changes in perfusion — which in turn affect
drug delivery. This feature of the model allowed examination of a novel strategy: a brief
temperature elevation above the mild hyperthermia range was used following heat-induced
delivery to cause local vascular shutdown, forming a drug depot. Further, the effect of
hyperthermia duration on delivered drug was examined, and the results of simulations were
compared to an /n vivo study.

To simulate HIFU-induced tissue heating and resulting drug delivery of DOX delivered via
TSL, we combined two spatiotemporal finite element models: 1) a heat transfer model based
on the bioheat equation, and 2) a drug delivery model [16, 28]. The two models were
coupled in that temperature and perfusion were fed from the heat transfer into the drug
delivery model. The current model extends upon prior models by estimating the cancer cell
survival fraction due to both thermal exposure as well as DOX uptake. The finite element
software Comsol (Version 3.5 a) was used for both the heat transfer and the drug delivery
model. The models were implemented as 2D axially symmetric. Temporal resolution was
0.3-2 s, and triangular element size was 0.5-2.5 mm.

Simulation of HIFU heating

The heat transfer model used the bioheat equation [33] to simulate tissue heating (Equation
1), with parameters listed in Table 1.

oT
pesy =V kN +kuiry - Quiry — DP - pyicoiwp(T = Thi) o

In this equation, DPrefers to the decrease in perfusion due to heat-induced coagulation,
where DPis 1 initially and becomes 0 at complete vascular shutdown. The HIFU heat source
term (power density profile Oy, (W/m3)) was calculated based on MR thermometry data
from a phantom study as follows:

Sonications with a clinical MR-HIFU system (Sonalleve 1.5 T, Philips Medical Systems,
Vantaa, Finland) were performed in a tissue-mimicking agar-silica gel phantom (2 wt% agar
and 2 wt% silica particles) [34]. An 8-mm diameter target region was sonicated for 30 s at
100 W power, and 1.2 MHz frequency. Temperature was monitored in slices both
perpendicular and parallel to the beam axis centred at the target region. Temperature was
monitored by a multishot RF-spoiled FFE-EPI sequence with 7 k-space lines acquired per
excitation. Imaging parameters were: TR = 54 ms, TE = 30 ms, matrix of 144 x 144, FOV of
200 x 200 mm?, slice thickness of 7 mm, flip angle = 19°, bandwidth=252 Hz, and a 121-
binomial water-selective excitation pulse. The spatial resolution was 1.39 mm x 1.39 mm x
7.0 mm, with temporal sampling time of 2.5 s. Temperature maps were calculated in real
time via proton resonance frequency shift (PRFS) technique [35]. Temperature maps were
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corrected for baseline drift by referencing temperature change to a reference region in
proximity, but outside the heated region.

Initial rate of temperature rise for each voxel (bilinear approximation of the first 10 s of
heating) was calculated, from which the HIFU heat source term Qg in Equation 1 was
determined.

To maintain a constant temperature throughout the simulation, a proportional-integral (PI)
controller was implemented that adjusted applied power using temperature 7 at the centre of
the heated region as control temperature location:

kgrru = kp(Tset -7+ ki/Tset -T 2

To model decrease of perfusion (DP) due to vascular coagulation, an Arrhenius model was
used:

t
DP =exp — (/ Ae'AE/[RT(T)]df) (3)
0

Arrhenius parameters A (frequency factor) and A£ (activation energy) were determined by
fitting Equation 3 to experimental data from a prior study [36]. To calculate the expected cell
survival fraction (£SF) due to thermal damage; also an Arrhenius damage model was used
(i.e. the same as Equation 3, substituting £SFfor DP, and with different parameters A, AE)
based on Arrhenius parameters from a prior study [37].

Simulation of TSL drug delivery

An overview of the drug delivery model is presented in Figure 1. The tumour was
represented by three compartments: 1) plasma, 2) extracellular-extravascular space (EES),
and 3) intracellular space. These compartments were considered spatially varying, i.e. each
location within the tumour was associated with individual drug concentrations for each
compartment. In addition, a lump tissue body compartment (representing all body tissues
except tumour), and a lump plasma compartment were considered (not shown in Figure 1).
Pharmacokinetics of DOX after release were based on prior studies [40], and a published
DOX cell uptake model based on /n vitro studies in a lung cancer cell line was implemented,
where both active and passive transport mechanisms are considered [41].

TSL-DOX was administered as a bolus injection at a dose of 1.21 mg/kg body weight
(corresponding to a total dose of 85 mg in a 70 kg human), considering pharmacokinetic
data of this TSL formulation [7] in the model. Spatially and temporally varying temperature
and perfusion calculated by the heat transfer model were used as input data in the drug
delivery model. Local temperature dictated the rate of release of DOX from TSL in plasma.
Temperature-dependent release rate was implemented based on prior /n vitro measurements
(e.g. complete release in ~5 s at 40°C) [16]. Following release in plasma, DOX crosses the
vessel wall into the EES, and is taken up by cells.
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DOX concentration. Subscripts for concentrations refer to various compartments (p, Plasma;

e, EES; i, intracellular; t, body tissue); superscripts refer either to tumour (T), or body/
systemic compartments (B). Model parameters for the drug delivery model are listed in
Table 2. More detailed descriptions of the various terms in the equations can be found in a

prior publication [16]).
TSL-DOX concentration in systemic plasma:

de
»_TSL
—a = ~kersrep rs— Rr31¢p TSL

DOX concentration in systemic plasma:

T
ﬁ _ /U(vacgvg)dV /FT dv oT

B
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DOX concentration in systemic tissue:

dct B
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DOX concentration in tumour plasma:
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DOX concentration in tumour EES:
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DOX concentration in cancer cells:
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Cell survival model

An exponential fit to the data from Kerr et al. [50] was used to calculate expected cell
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survival as a function of intracellular concentration. To compute overall cell survival, effect

of heat and toxic effect of DOX were considered as independent. That means that the
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estimated overall cell survival is the product of expected cell survival due to heat and
expected cell survival due to DOX exposure.

Heating regimen
TSL-DOX was allowed to circulate at 37°C for 15 min before heat was induced to emulate

delay between administration and treatment in the clinics. Two different cases of tissue
heating were modelled:

. Hyperthermia (HT), where tissue was heated to a target temperature 75,~43°C
for 30 min.
. Hyperthermia followed by a short high temperature exposure (HT+), where

tissue was heated with target temperature 7,,~43°C, for 30 min, followed by a
high temperature pulse with target temperature 75,~50°C for 20 s to cause
vascular shut down, while limiting heat-induced cell death.

. In an additional simulation, the effect of HT duration on cell uptake was
examined, where tissue temperature was kept constant at 43°C for an extended
period of time (up to 5 h).

Model for comparison to in vivo data

As preliminary validation of our modelling study, we compared the model to an /n vivo
experiment in a rabbit. This /7 vivo study employed a novel hyperthermia algorithm
described in detail in the paper by Partanen et al. in this issue [51]. Briefly, the focal spot
was moved along circular trajectories of 4 mm and 8 mm diameter to create a region of
uniform temperatures. Average temperature along each trajectory was used in a binary
feedback control algorithm, where sonication was initiated if temperature declined below
41°C, and sonication was stopped if temperature reached 42°C (implemented separately for
4 - and 8-mm trajectories). We implemented this algorithm in our heat transfer simulation to
allow direct comparison to /n vivo results, where HIFU heating profile used in the model
was measured in phantoms as described earlier for both trajectories individually. This was a
2-D model in a plane orthogonal to the HIFU beam path (see Figure 2A, dashed line), i.e.
not axi-symmetric as the models above. In addition, tissue baseline temperature in the model
was reduced to 35°C to reproduce the conditions in the /n vivo study.

In vivo experiment

All animal-related procedures were approved and carried out under an animal use protocol
approved by the USA’s National Institutes of Health (NIH) Animal Care and Use
Committee. Treatment set-up and animal handling/experimental procedures were the same
as published earlier [29]. A lyso-lecithin containing TSL formulation with same release rate
properties used in the simulations (ThermoDox(r), Celsion Corp., USA) was provided
through a Collaborative Research and Development Agreement at a concentration of 1.8 mg
doxorubicin/mL. Following anesthesia, a New Zealand White rabbit was infused with TSL
at a dose of 5 mg DOX/kg body weight. Acoustic coupling was achieved by submerging the
shaved thigh in a degassed water bath directly above the transducer. Body temperature
(rectal) and breathing rate were monitored using standard MR-compatible devices. A
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dedicated optical temperature probe (diameter 0.56 mm, Luxtron 3100, LumaSense
Technologies, Santa Clara, CA, USA) was inserted in the thigh muscle near the location that
was to be heated (outside of the HIFU beam path), and remained in the muscle throughout
the treatment duration. The probe was used to acquire a baseline temperature for MR
thermometry, prior to each sonication. Treatment was planned using a 3D coronal scan (3D
turbo spin echo (TSE) sequence with repetition time (TR) 1600 ms, time to echo (TE) 30
ms, matrix of 640 x 640, field of view (FOV) 200 x 200 mm?, slice thickness of 2 mm, stack
of 80 slices, TSE factor 70, SENSE factor 2, bandwidth 585 Hz, coronal scan plane). MR
thermometry as well as sonications were performed using a clinical MR-HIFU system
(Sonalleve 1.5 T, Philips Medical Systems, Vantaa, Finland), as described in the phantom
experiment above. Three 10-min sonications were performed sequentially at one location
(i.e. total of 30 min HT) in the superficial thigh muscle of a New Zealand White rabbit (n=
1), at an acoustic power of 25 W, using a sonication frequency of 1.2 MHz. All other
characteristics of the system are explained in detail in the paper by Partanen et al. in this
issue. A 5-min cool-down period between each sonication allowed temperature return to
baseline. The target heating zone was the same size as in the computational model (8 mm
diameter, ~20 mm length). Sonication was controlled based on average temperature along
two circular trajectories of 4 mm and 8 mm in diameter in the coronal plane. Binary control
was employed to maintain average trajectory temperature between 41-42°C for both
trajectories, as in the computer model.

Following MR-HIFU + TSL-DOX therapy, distribution of DOX was evaluated with
epifluorescent microscopy. Frozen tissue samples were sectioned with a thickness of 7 um
with a cryostat and stored at —80°C until further use. Slides were counterstained with TO-
PRO®-3 (Invitrogen, Carlsbad, CA, USA) at 7-9 mM to identify nuclei, coverslipped
(incubated 20-25 min), and then imaged. Imaging was performed with a 10 x objective
(pixel size 2.58 um) using an epi-fluorescent microscope (Zeiss, Axio Imager.M1,
Thornwood, NY, USA) equipped with a monochrome CCD camera, motorised scanning
stage, and mosaic stitching software (Axiovision, Zeiss). Two independent channels were
obtained: Cy5 for nuclei (not shown in results) and a custom filter cube (ex: 480/40 nm, em:
600/60 nm, and dichroic: 505Ip) corresponding to excitation and emission spectra of DOX.

Drug delivery by combination of HIFU and TSL was simulated for 30 min for two cases: 1)
mild hyperthermia (HT); 2) mild hyperthermia followed by brief high temperature exposure
(HT+).

Heating and its effect on perfusion

The temperature distribution for the modelling study at the end of the 30-min heating for HT
is shown on the left side of Figure 2A. The right image in Figure 2A shows perfusion
relative to its starting value for HT. Hyperthermia caused a limited decrease in perfusion (it
remained >75% of its initial value in the entire treatment cell). For HT and HT+ conditions,
both temperature and perfusion changes are shown at the location of highest temperature
(arrow in Figure 2A), in Figures 3A and 3C. Perfusion decreased linearly with time during
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HT, and a nearly instantaneous termination of flow was observed once the temperature
increased rapidly at the end of hyperthermia in the HT+ case (Figure 3C). Note that the
model excluded any possible restoration of vascular function after flow cessation.

Effects of heating/perfusion on drug delivery

In our simulation, following TSL administration, systemic and tumour plasma free drug
concentrations increased to a maximum of 0.159 ug/g at #= 6 min due to slow DOX leakage
of TSL at body temperature (this increase is not visible in the graphs in Figure 3B and 3D
due to their scale). As a result, small amounts of DOX were taken up by EES and cells,
resulting in slow increase in intracellular DOX concentration during the first 15 min (Figures
3B, 3D), before heat-triggered release. In the case of HT, DOX continuously accumulated in
the central heated region for the entire heating duration (Figure 3B). DOX concentrations in
plasma declined rapidly after heating was discontinued and TSL release stopped (#= 45
min). The low plasma concentrations result in back diffusion of DOX still present in EES
into plasma, driving the decrease in the intracellular drug concentration after =50 min
(Figure 3B). In contrast, the cessation of perfusion after heating in the HT+ scenario (Figure
3C) avoids any DOX back diffusion, resulting in prolonged DOX exposure of cells even
after heating is discontinued (Figure 3D). Maximum cell concentration was 32.2 ug/g (¢= 80
min) for HT+, and 22.8 pg/g (= 40 min) for HT. Note that after cessation of perfusion in
the HT+ case, the model does not allow for any transport to or from the plasma
compartment; i.e. even though plasma concentrations are calculated in the model and
presented in Figure 3D, they have no impact.

Cellular damage induced by drug and heat

Thermally induced cell kill at the centre of the heating zone (i.e. location of maximum
temperature of ~43°C, arrow in Figure 2B) resulted in survival fractions of 30% after HT
and 15% after HT+. At the same location, DOX resulted in survival fractions of 33% after
HT and 12% after HT+. Combining thermal and DOX-induced damage, overall survival was
3% after HT, and 1% after HT+. Outside the central region of temperatures exceeding 42°C
(Figure 2A), DOX-induced cell damage dominates with negligible thermal damage (Figure
2B).

Effect of hyperthermia exposure time on cellular drug uptake

In a separate model, the effect of hyperthermia duration on cellular DOX uptake was
simulated (43°C hyperthermia for 5 h). A maximum intracellular DOX concentration of 47
ng/g was reached after approximately 2 h (Figure 4) and slowly decreased afterwards (data
not shown). The maximum cell concentration occurred when equilibrium between active cell
uptake and passive outward transport from cells takes place, and is mainly defined by TSL
plasma half-life (i.e. with more stable TSL, even longer hyperthermia exposures would be
beneficial).

In vivo HIFU+TSL drug delivery and comparison to simulation

To observe drug delivery and compare /n vivo and simulation results, MR-HIFU was used to
provide HT treatment of a rabbit thigh muscle following an injection of TSL (Figure 5A).
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The temperature profile was comparable between model and experiment (Figures 5B, 5E,
5F), with average temperature deviation of 0.54°C within the hyperthermic zone. /n vivo, the
heating resulted in a 41.7° £ 1.1°C (mean = SD) temperature within the hyperthermic zone
(T10 =43.1°C, T90 = 40.3°C), with a mean thermal dose of 12.1 CEM43 (suggesting that
no significant thermal damage was induced). The heating resulted in an enhanced DOX
fluorescence signal in extracted tissue of the heated muscle region (microscopy image where
maximum fluorescence was measured is presented in Figure 5C.). DOX distribution
measured via fluorescence microscopy demonstrated ~6 times higher DOX fluorescence
averaged over a 5 mm diameter concentric region around the target centre compared to
regions ~15 mm distant from the target area (outside the field of view of Figure 5C).
Simulated drug concentration profile qualitatively agreed in relative magnitude with the
DOX fluorescence (Figure 5D). Note, however, that the simulation included a cell uptake
model derived from lung cancer cells, as no mathematical model for muscle cells is
available.

Discussion

HIFU is a non-invasive technique that can be used to heat tissue to ablative temperatures, as
well as to induce non-destructive hyperthermic temperatures (40-45°C). Via MR image
guidance the focal zone can be positioned precisely in the target tissue. While HIFU ablation
at temperatures above ~60°C allows rapid destruction of target tissue volumes, in many
cases this approach is not sufficient or feasible. For example, specific anatomy, proximity of
sensitive structures, or proximity of large vasculature may preclude complete tumour
ablation. Further, many cancers (e.g. prostate and brain) represent diffuse disease that is not
amenable to localised treatment and require a regional treatment approach. In these cases,
the combination of HIFU with TSL can facilitate targeted drug delivery and consequently
increase the anti-tumour effect [25, 52, 16, 26, 29]. However, there is a lack of data
regarding optimal heating durations and the most advantageous temperature ranges.
Computational models such as the one presented here can be used to quantify such
parameters and help to carry out a preliminary selection for further experimental studies.

In the current study we combined a heat transfer model with a drug delivery model specific
for a particular TSL-DOX formulation [29]. Experimental data derived from HIFU phantom
experiments were used to extract the heating SAR profile of a clinical MR-HIFU system.
This allowed us to simulate tissue heating, and calculate temperature and heat-induced
perfusion changes for this HIFU system. The temperature and perfusion data were then used
as input parameters in a drug delivery model.

Temperature-dependent liposomal drug release rate was based on prior /n vitro studies [16,
17]. DOX transvascular transport, cellular uptake, as well as the expected cell survival of
treated tumour cells were modelled based on prior experimental data [41, 50]. The combined
model was then used to compare two different applications of heat: HT and HT+ in
combination with administration of TSL-DOX.
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Hyperthermia

In the case of HT, mild hyperthermia was simulated for 30 min, which resulted in only
minor reduction in perfusion (Figure 3A). Since temperatures above 44°C result in rapid loss
of perfusion [36] and therefore reduced drug delivery, but temperatures above 40°C are
necessary to trigger TSL drug release, tight temperature control is of great importance [53].
Liposomal release of DOX takes place within seconds at temperatures >40°C for the TSL
formulation considered here [16]. Therefore, most of the release occurs during transit of
TSL through the tumour microvasculature; this keeps concentration of bioavailable DOX
(i.e. after release) in the tumour plasma elevated, with subsequent transport of DOX into
EES and cell uptake (Figure 3B). When heating is discontinued, concentrations in tumour
plasma and EES drop rapidly due to back diffusion of bioavailable DOX from EES into
plasma, followed by removal due to perfusion. In response, intracellular DOX concentration
starts to decrease soon after hyperthermia is discontinued, and EES concentration rapidly
declines. Therefore, the peak intracellular concentration during HT was reached
immediately after hyperthermia was discontinued (Figure 3B).

Hyperthermia plus high temperature pulse

In this algorithm, an additional short high temperature pulse was applied following the 30
min hyperthermia period (Figure 3C). The aim was to stop perfusion (without heat-mediated
cell kill, i.e. no thermal ablation), and Figure 3C confirms that in our model perfusion was
reduced to almost zero. Hence no back diffusion of DOX from EES into plasma can take
place (as was the case after discontinuation of hyperthermia for the HT case), and all DOX
present within the EES is eventually taken up by cells; i.e. eliminating perfusion resulted in a
depot of bioavailable DOX within the target region. As a result, peak intracellular
concentration of DOX was increased by roughly a third compared to hyperthermia alone.
Note that we did not consider any potential cytotoxic effects resulting from this elimination
of perfusion, which may cause additional cell damage.

Effect of hyperthermia exposure time on cell uptake

Duration of hyperthermia directly correlates with the amount of delivered drug, since cells
continue to take up DOX as long as sufficient concentrations are present within the EES.
Maximum intracellular concentration was obtained immediately following the end of
heating in the case of HT (Figure 3B). To examine the effect of extended hyperthermia
duration on cellular uptake, we assumed in a separate simulation constant hyperthermic
temperatures for extended duration to find the maximum achievable cellular DOX
concentration. The maximum intracellular concentration was reached after ~2 h of
hyperthermia with 47 ug/g (Figure 4), and was primarily limited by the plasma half-life of
1.75 h for this type of TSL [7]. Therefore, longer heating durations than the 30 min
considered above would lead to higher intracellular DOX concentrations and might be more
effective for tumour treatment. In practice, 40 min of heat provides ~50% of the maximum
concentration while 1 h provides ~75% of the maximum concentration. In addition, delivery
could be enhanced by initiating heating as soon as possible after administration of drug or
alternatively administering TSL-DOX during hyperthermia, again due to the relatively short
plasma half-life of this TSL formulation (Figure 4).
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Cellular damage induced by drug and heat

Expected cell survival was calculated resulting from thermal exposure, as well as from DOX
exposure. While the combination HT+DOX can produce synergistic cell kill [54, 55], no
synergy effects were considered in our models. In the cases of HT and HT+, thermal damage
of cells was generally negligible due to low thermal dose, except in the most central region
where temperatures above 42°C were obtained (Figure 2A). The majority of cellular damage
in the targeted tissue region was due to DOX uptake (Figure 2B). Complete cell death from
DOX exposure, e.g. 99% cell kill would require intracellular concentrations of DOX of ~60
ug/g [50], which is considerably larger than achieved here. The bystander effect — which
results in cell death due to destruction of neighbouring cancer/stroma cells — is not
considered here and likely will provide additional cell kill, i.e. the achieved DOX
concentrations are likely sufficient for complete destruction. Furthermore, survival will
depend on cell type, i.e. quantitative data on cell uptake and survival for various cancer cell
lines would improve accuracy of our models in predicting treatment effect for a particular
cancer type.

In vivo HIFU+TSL drug delivery and comparison to simulation

An in vivo study performed in rabbit thigh muscle, where HT was performed for a total of
30 min (Figure 5A), demonstrated ability of DOX delivery in a localised manner (Figure
5C). DOX fluorescence was ~6 times higher in the target region compared to muscle tissue
regions distant from the hyperthermic region. The same hyperthermia algorithm used in /n
vivo study was implemented in the heat transfer model. As a result, the radial temperature
profile closely matched between model and /n vivo study, with ~0.5°C deviation on average
(Figure 5B). Drug concentration profile from the simulation agreed well with fluorescence
profile from the /in vivo study (Figure 5D), though it should be noted that the exact location
of the slide used to visualise DOX fluorescence relative to the targeted region is not exactly
known. The presented comparison to preliminary /in vivo results thus suggests feasibility of
the modelling approach presented, in both predicting tissue temperature profile during
HIFU-mediated hyperthermia as well as in estimating the amount of delivered drug.

Conclusions

We present computer simulations to predict the amount of delivered drug for different heat
exposures, and estimate achieved cell kill by both heat and drug. Our models suggest a direct
correlation between hyperthermia duration and drug uptake by cancer cells. Maximum
concentration of drug was achieved after 2 h of hyperthermia. Cell uptake may be also
enhanced by heat-induced vascular shutdown following hyperthermia, which facilitates a
drug depot effect. Modelling results agree with preliminary /in vivo results in a rabbit animal
model with regard to both temperature and drug concentration. After further validation,
computer models may thus allow quantitative comparison of different heating algorithms,
and facilitate treatment planning for this targeted drug delivery paradigm.
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vessel wall

Figure 1.
Drug delivery model overview. After TSL are exposed to hyperthermia, drug is released at

the target site at a rate depending on local temperature. Released drug can cross the vessel
wall into the EES, where drug diffuses and intracellular uptake takes place. Drug not taken
up by tissue is removed from the tumour plasma by blood perfusion (Figure reproduced
from Gasselhuber et al. [16]).
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Figure 2.
Computer model results in plane parallel to the HIFU beam path (transducer position

illustrated at bottom) shown for hyperthermia (HT) regimen (target temperature 43°C). (A)
Temperature map at the end of 30 min heating (left), corresponding perfusion map (right).
(B) Intracellular DOX concentration 35 min after initiation of HIFU (left), and resulting cell
survival due to cellular DOX uptake (right). White arrow in (A) indicates location
corresponding to Figure 3 plots and the white dashed line indicates the plane parallel to
transducer, corresponding to results in Figure 5.
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(A) Temperature and perfusion time course for HT case, and (B) corresponding
concentrations of TSL-DOX, and bioavailable DOX in plasma, EES and cells. (C)
Temperature and perfusion time course for the HT+ case, and (D) corresponding DOX
concentrations in tumour compartments. All data are shown at the location of highest
temperature (white arrow in Figure 2A).
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90 105 120 135

Effect of hyperthermia exposure duration on drug uptake, assuming a constant temperature
of 43°C after £= 15 min. TSL-DOX concentration decreases due to limited TSL stability in
plasma. Maximum intracellular DOX concentration was reached after ~2 h of hyperthermia,
and limited by TSL-DOX plasma half-life.
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(A) Temperature map during HT measured via MR Thermometry, overlaid on pre-
procedural proton density-weighted coronal image of rabbit thigh muscle. (B) Radial
temperature profile (time-averaged over HT duration) from /n vivo study (blue), compared to
model (red). Profile location in model was chosen such that it traversed maximum
temperature point (see Figure 2A, white dashed line). Temperature deviation between
simulation and /n vivo study was 0.54°C (mean over 15 mm radius). (C) DOX distribution
measured via fluorescence microscopy in extracted tissue sample. (D) DOX fluorescence
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profile (blue) in two orthogonal directions (dashed lines marked (1) and (2) in (C), compared
to DOX concentration profile from computer model (red). Mean temperature map (time-
averaged over HT duration) is shown for the /n vivo experiment (E), and the modelling study
(F). All results are shown in the plane perpendicular to the HIFU beam path (see dashed line
in Figure 2A).
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Table 1
Parameters of the HIFU heat transfer model.

Symbol  Description Value Source

o Mass density of tissue 1060 kg m™3 [38]

c Specific heat of tissue 3600 J kg™lK1 [38]

k Thermal conductivity of tissue 0.6 Wm K1 [38]

Cor Specific heat of blood 3800 J kg~1K? [38]

Wy Blood perfusion rate 0.018s7t [39]

Tor Arterial blood temperature 37°C NA

ky Controller parameter (proportional term) 0.2 NA

ki Controller parameter (integral term) 0.01 NA

A Frequency factor for perfusion decrease 8.056e160 st Fitted to prior data [36]
AE Activation energy for perfusion decrease  9.960e5 J mole™!  Fitted to prior data [36]
A Frequency factor for cell survival 2.95e80 571 [37]

AE Activation energy for cell survival 5.064e5 J mole~t [37]

R Universal gas constant 8.314 Jmole ! K NA
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Table 2
Parameters for the drug delivery model.
Symbol  Description Value Source
Hct Haematocrit 0.45 [42]
Hctymour  Haematocrit for tumour microvasculature 0.19 [43]
kp Transfer constant from systemic plasma to tissue  1.6e-3s71 Calculated with parameters from [44]
ke Transfer constant for clearance 1.1e-3s7t Calculated with parameters from [44]
k; Transfer constant from tissue to systemic plasma  4.6809e-5 s* Calculated with parameters from [44]
Ke st Rate constant of TSL clearance 2.228e-4 571 Fitted to data from [7]
Kiei Parameter for intracellular uptake 2.2572 [41]
Koci Parameter for intracellular uptake 0.0452 kg/m?3 [41]
Kaci Parameter for intracellular uptake 2.8056e—4 571 [41]
Kici Parameter for intracellular uptake 5.2875e-4 kg/m3  [41]
PS Permeability surface area product for DOX 7e-3s71 [45]
Total blood volume in body 553L Calculated with: blood = 7.9% of body weight [46]
vh
Volume of systemic plasma 3.04L
vB vEBa - He
Viissue Volume for body tissue (organs, etc.) 64.47 L Calculated with: blood = 7.9% of body weight [46]
Volume fraction of tumour vascular space 0.092 [47]
Ve
Volume fraction of tumour plasma space 0.07452
VZ; VZ(I — Hettymour)
Volume fraction of tumour EES 0.454 [48]
ve
Volume fraction of tumour intracellular space 0.454
vl (1 -of -]
R Release rate of DOX from TSL variable (s™1) [16]
Rpsr Release rate of DOX from TSL at 37°C variable (s™) [16]
f Release fraction of DOX from TSL variable biexponential fit
Plasma flow in tumour plasma space variable (s71) Calculated with heat transfer model
F;u Note: A, = plasma flow/plasma volume
T Temperature variable (°C) Calculated with heat transfer model
Diff Diffusion coefficient for ablated tissue 1.1e-7 cm?/s [49]
Diffusion coefficient for non-ablated tissue 6.7e—7 cm?/s
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